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Quantum measurements

• Described	by	POVMs

• State	after	the	measurement	

• Probability	

• Projective	measurement	
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• Global	reversible	time	evolution	

• Emergence	of	thermal	states	through	
entanglement	and	course	graining	12
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• Unitary	orbit	of	thermal	states	is	full	rank	! third	law	3
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Thermodynamics from a quantum perspective

• Global	reversible	time	evolution	

• Emergence	of	thermal	states	through	
entanglement	and	course	graining	
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• Unitary	orbit	of	thermal	states	is	full	rank	! third	law	

;9!55!$9!<$=$5>'0"$9?$0=::	it	is	impossible	to	cool	down	to	
absolute	zero	with	finite	resources.	
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Contradiction?

@11=$9A'!'56:"B!='/5!5:

• Fridge	coupled	to	target	system	
directly	(laser	cooling),	or	bulk	
(dilution,	etc.)

• Work	invested,	target	system	gets	
closer	to	ground	state

• Limited	by	third	law
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Contradiction?
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• Measurement	apparatus	coupled	to	
target	system.

• Measurement	in	energy	eigenbasis.	
Outcome															with	probability	

• Limitations?
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<latexit sha1_base64="mh38Kwz6QjMSt15X+UCnQ7EpTD0=">AAAB7XicjVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCbOT3mTM7MwyMyuEJf/gxYMiXv0fb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVb96gNV/LWjlMMEzqQPOaMWic1u3qoenGvVA4q/gzkb1KGBeq90nu3r1iWoLRMUGM6gZ/aMKfaciZwUuxmBlPKRnSAHUclTdCE+ezaCTl2Sp/ESruSlszUrxM5TYwZJ5HrTKgdmp/eVPzN62Q2vghzLtPMomTzRXEmiFVk+jrpc43MirEjlGnubiVsSDVl1gVU/F8IzWolOK1Ub87KtctFHAU4hCM4gQDOoQbXUIcGMLiDB3iCZ095j96L9zpvXfIWMwfwDd7bJ52Bjyc=</latexit>

Contradiction?

C:!/8"$9A'!'56:"B!='/5!5:

• Measurement	apparatus	coupled	to	
target	system.

• Measurement	in	energy	eigenbasis.	
Outcome															with	probability	

• Limitations?

|Eii hEi|
<latexit sha1_base64="8TutUiLFHRQv6MzCXW2q2aEtrpE=">AAACA3icbVDLSsNAFL2pr1pfsS7dDBbBhZSkCrosiuCygn1AE8JkOmmHTh7MTMQSuvQ33Cq4E7d+iH6N0zQLbT0wcDj3XObc4yecSWVZX0ZpZXVtfaO8Wdna3tndM/erHRmngtA2iXksej6WlLOIthVTnPYSQXHoc9r1x9ezefeBCsni6F5NEuqGeBixgBGstOSZVWdMVXbjsanjC5wTz6xZdSsHWiZ2QWpQoOWZ384gJmlII0U4lrJvW4lyMywUI5xOK04qaYLJGA9pX9MIh1S6WZ59io61MkBBLPSLFMrV3xsZDqWchL52hliN5OJsJp4inV3f8Z+nn6rg0s1YlKSKRmT+YZBypGI0KwQNmKBE8YkmmAimMyMywgITpWur6DLsxdOXSadRt8/qjbvzWvOqqKUMh3AEJ2DDBTThFlrQBgKP8Awv8Go8GW/Gu/Ext5aMYucA/sD4/AHL65eT</latexit>

e��Ei

Z(�)
<latexit sha1_base64="B1gikd54qzMa7AyDbZKSMo2u4Ow=">AAACEnicbVDLSgNBEJyNrxhfUY9eBoOQHAy7UdBjUASPEcwDs2uYnfQmQ2YfzMwKYdlv8OKvePGgiFdP3vwbZ5McNLGgoajqprvLjTiTyjS/jdzS8srqWn69sLG5tb1T3N1ryTAWFJo05KHouEQCZwE0FVMcOpEA4rsc2u7oMvPbDyAkC4NbNY7A8ckgYB6jRGmpV6zYniA0gfvk2HZBEXzVY2ma2D5RQ0p4cpeWJ3ol7RVLZtWcAC8Sa0ZKaIZGr/hl90Ma+xAoyomUXcuMlJMQoRjlkBbsWEJE6IgMoKtpQHyQTjJ5KcVHWuljLxS6AoUn6u+JhPhSjn1Xd2anynkvE//zurHyzp2EBVGsIKDTRV7MsQpxlg/uMwFU8bEmhAqmb8V0SHRGSqdY0CFY8y8vklatap1UazenpfrFLI48OkCHqIwsdIbq6Bo1UBNR9Iie0St6M56MF+Pd+Ji25ozZzD76A+PzB5zEng8=</latexit>

PURESTATE PURE STATE



C:!/8"$9A'!'56:"B!='/5!5:

• Measurement	apparatus	coupled	to	
target	system.

• Measurement	in	energy	eigenbasis.	
Outcome															with	probability	

• Limitations?

@11=$9A'!'56:"B!='/5!5:

• Fridge	coupled	to	target	system	
directly	(laser	cooling),	or	bulk	
(dilution,	etc.)

• Work	invested,	target	system	gets	
closer	to	ground	state

• Limited	by	third	law

|Eii hEi|
<latexit sha1_base64="8TutUiLFHRQv6MzCXW2q2aEtrpE=">AAACA3icbVDLSsNAFL2pr1pfsS7dDBbBhZSkCrosiuCygn1AE8JkOmmHTh7MTMQSuvQ33Cq4E7d+iH6N0zQLbT0wcDj3XObc4yecSWVZX0ZpZXVtfaO8Wdna3tndM/erHRmngtA2iXksej6WlLOIthVTnPYSQXHoc9r1x9ezefeBCsni6F5NEuqGeBixgBGstOSZVWdMVXbjsanjC5wTz6xZdSsHWiZ2QWpQoOWZ384gJmlII0U4lrJvW4lyMywUI5xOK04qaYLJGA9pX9MIh1S6WZ59io61MkBBLPSLFMrV3xsZDqWchL52hliN5OJsJp4inV3f8Z+nn6rg0s1YlKSKRmT+YZBypGI0KwQNmKBE8YkmmAimMyMywgITpWur6DLsxdOXSadRt8/qjbvzWvOqqKUMh3AEJ2DDBTThFlrQBgKP8Awv8Go8GW/Gu/Ext5aMYucA/sD4/AHL65eT</latexit>

e��Ei

Z (! )
<latexit sha1_base64="B1gikd54qzMa7AyDbZKSMo2u4Ow=">AAACEnicbVDLSgNBEJyNrxhfUY9eBoOQHAy7UdBjUASPEcwDs2uYnfQmQ2YfzMwKYdlv8OKvePGgiFdP3vwbZ5McNLGgoajqprvLjTiTyjS/jdzS8srqWn69sLG5tb1T3N1ryTAWFJo05KHouEQCZwE0FVMcOpEA4rsc2u7oMvPbDyAkC4NbNY7A8ckgYB6jRGmpV6zYniA0gfvk2HZBEXzVY2ma2D5RQ0p4cpeWJ3ol7RVLZtWcAC8Sa0ZKaIZGr/hl90Ma+xAoyomUXcuMlJMQoRjlkBbsWEJE6IgMoKtpQHyQTjJ5KcVHWuljLxS6AoUn6u+JhPhSjn1Xd2anynkvE//zurHyzp2EBVGsIKDTRV7MsQpxlg/uMwFU8bEmhAqmb8V0SHRGSqdY0CFY8y8vklatap1UazenpfrFLI48OkCHqIwsdIbq6Bo1UBNR9Iie0St6M56MF+Pd+Ji25ozZzD76A+PzB5zEng8=</latexit>

?
E1
E2

E3

! s
<latexit sha1_base64="9tIhiYA9nk9ewSQFsYKxgHN5vr0=">AAAB7XicjVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCbOT3mTM7MwyMyuEJf/gxYMiXv0fb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVb96gNV/LWjlMMEzqQPOaMWic1u3qoeqZXKgcVfwbyNynDAvVe6b3bVyxLUFomqDGdwE9tmFNtORM4KXYzgyllIzrAjqOSJmjCfHbthBw7pU9ipV1JS2bq14mcJsaMk8h1JtQOzU9vKv7mdTIbX4Q5l2lmUbL5ojgTxCoyfZ30uUZmxdgRyjR3txI2pJoy6wIq/i+EZrUSnFaqN2fl2uUijgIcwhGcQADnUINrqEMDGNzBAzzBs6e8R+/Fe523LnmLmQP4Bu/tE7E1jzQ=</latexit>

! s
<latexit sha1_base64="9tIhiYA9nk9ewSQFsYKxgHN5vr0=">AAAB7XicjVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCbOT3mTM7MwyMyuEJf/gxYMiXv0fb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVb96gNV/LWjlMMEzqQPOaMWic1u3qoeqZXKgcVfwbyNynDAvVe6b3bVyxLUFomqDGdwE9tmFNtORM4KXYzgyllIzrAjqOSJmjCfHbthBw7pU9ipV1JS2bq14mcJsaMk8h1JtQOzU9vKv7mdTIbX4Q5l2lmUbL5ojgTxCoyfZ30uUZmxdgRyjR3txI2pJoy6wIq/i+EZrUSnFaqN2fl2uUijgIcwhGcQADnUINrqEMDGNzBAzzBs6e8R+/Fe523LnmLmQP4Bu/tE7E1jzQ=</latexit>

! f
<latexit sha1_base64="mh38Kwz6QjMSt15X+UCnQ7EpTD0=">AAAB7XicjVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCbOT3mTM7MwyMyuEJf/gxYMiXv0fb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVb96gNV/LWjlMMEzqQPOaMWic1u3qoenGvVA4q/gzkb1KGBeq90nu3r1iWoLRMUGM6gZ/aMKfaciZwUuxmBlPKRnSAHUclTdCE+ezaCTl2Sp/ESruSlszUrxM5TYwZJ5HrTKgdmp/eVPzN62Q2vghzLtPMomTzRXEmiFVk+jrpc43MirEjlGnubiVsSDVl1gVU/F8IzWolOK1Ub87KtctFHAU4hCM4gQDOoQbXUIcGMLiDB3iCZ095j96L9zpvXfIWMwfwDd7bJ52Bjyc=</latexit>

D1E'?!9'!'B:!/8":B:95'=:!%:'56:'/>/5:B'$9'!'/5!5:'F1"<$GG:9'<>'56:'56$"G'=!EH

Contradiction?
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• Quantum	measurement
• Description/	definition

• Ideal	measurement
• 3	mathematical	properties
• Qubit	example

• Results
• Ideal	measurements	are	not	possible
• Approximations	to	ideal	measurements
• Quantifying	the	energetic	cost	of	a	measurement

• Summary	and	future	works

Outline



Measurement

⇢S ! ⇢P "# ÷⇢SP
<latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit>



⇢S ! ⇢P "# ÷⇢SP
<latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit>

!"<latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit><latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit><latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit><latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit>

Measurement



⇢S ! ⇢P "# ÷⇢SP
<latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit>

!"<latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit><latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit><latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit><latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit>

|0!
S

"# ! 0

|1!
S

"# ! 1
<latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit>

⇧i =
X

n

| ̃( i)
n ih ̃( i)

n |
<latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit>

Measurement



⇢S ! ⇢P "# ÷⇢SP
<latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit>

!"<latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit><latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit><latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit><latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit>

|0!
S

"# ! 0

|1!
S

"# ! 1
<latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit>

⇧i =
X

n

| ̃( i)
n ih ̃( i)

n |
<latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit>

|0!
S

"# ! 0

|1!
S

"# ! 1
<latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit>

|0!
S

"# ! 0

|1!
S

"# ! 1
<latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit>

Measurement



⇢S ! ⇢P "# ÷⇢SP
<latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit>

!"<latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit><latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit><latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit><latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit>

|0!
S

"# ! 0

|1!
S

"# ! 1
<latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit>

⇧i =
X

n

| ̃( i)
n ih ̃( i)

n |
<latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit>

|0!
S

"# ! 0

|1!
S

"# ! 1
<latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit>

|0!
S

"# ! 0

|1!
S

"# ! 1
<latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit>

!̃ P
<latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="PB9preFo8oBUpp2cbmg3ntYNdzU="></latexit><latexit sha1_base64="/AVr/QW4JDfMuwVWnuh6pj16F6Y="></latexit><latexit sha1_base64="/AVr/QW4JDfMuwVWnuh6pj16F6Y="></latexit><latexit sha1_base64="c464krxYocsgPJSKRrJo3Kpy+30="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit>

“observing	the	pointer”

Measurement



⇢S ! ⇢P "# ÷⇢SP
<latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit>

!"<latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit><latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit><latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit><latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit>

|0i
S
 ! ! 0

|1i
S
 ! ! 1

<latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit>

⇧i =
X

n

| ̃(i)
n ih ̃(i)

n |
<latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit>

|0i
S
 ! ! 0

|1i
S
 ! ! 1

<latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit>

|0i
S
 ! ! 0

|1i
S
 ! ! 1

<latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit>

!̃ P
<latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="PB9preFo8oBUpp2cbmg3ntYNdzU="></latexit><latexit sha1_base64="/AVr/QW4JDfMuwVWnuh6pj16F6Y="></latexit><latexit sha1_base64="/AVr/QW4JDfMuwVWnuh6pj16F6Y="></latexit><latexit sha1_base64="c464krxYocsgPJSKRrJo3Kpy+30="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit>

“observing	the	pointer”

Measurement



Measurement

⇢S ⌦ ⇢P �! ÷⇢SP
<latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit>

|0!
S

"# ! 0

|1!
S

"# ! 1
<latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit>

! i =
X

n

| ÷! (i )
n !" ÷! (i )

n |
<latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit>

|0!
S

"# ! 0

|1!
S

"# ! 1
<latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit>

÷! P
<latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="PB9preFo8oBUpp2cbmg3ntYNdzU="></latexit><latexit sha1_base64="/AVr/QW4JDfMuwVWnuh6pj16F6Y="></latexit><latexit sha1_base64="/AVr/QW4JDfMuwVWnuh6pj16F6Y="></latexit><latexit sha1_base64="c464krxYocsgPJSKRrJo3Kpy+30="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit>

“observing	the	pointer”

Measurement

0



⇢S ⌦ ⇢P �! ÷⇢SP
<latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit>

�!<latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit><latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit><latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit><latexit sha1_base64="2qBMTxbCFco/FSEjfrjyEcniEkI="></latexit>

|0!
S

"# ! 0

|1!
S

"# ! 1
<latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit>

! i =
X

n

| ÷! (i )
n !" ÷! (i )

n |
<latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit>

|0!
S

"# ! 0

|1!
S

"# ! 1
<latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit>

|0!
S

"# ! 0

|1!
S

"# ! 1
<latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit>

÷! P
<latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="PB9preFo8oBUpp2cbmg3ntYNdzU="></latexit><latexit sha1_base64="/AVr/QW4JDfMuwVWnuh6pj16F6Y="></latexit><latexit sha1_base64="/AVr/QW4JDfMuwVWnuh6pj16F6Y="></latexit><latexit sha1_base64="c464krxYocsgPJSKRrJo3Kpy+30="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit>

“observing	the	pointer”

Measurement



Measurement

⇢S ⌦ ⇢P �! ÷⇢SP
<latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit><latexit sha1_base64="5kIlFLTYRNnyb7ADN5yr/dBIjeI="></latexit>

|0!
S

"# ! 0

|1!
S

"# ! 1
<latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit>

! i =
X

n

| ÷! (i )
n !" ÷! (i )

n |
<latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit><latexit sha1_base64="bbJEltPLlbjR1DEamzLpLaCLOwA="></latexit>

|0!
S

"# ! 0

|1!
S

"# ! 1
<latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit><latexit sha1_base64="eRuMujmCHpt8PWmB0eyJ23PXjE8="></latexit>

÷! P
<latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="PB9preFo8oBUpp2cbmg3ntYNdzU="></latexit><latexit sha1_base64="/AVr/QW4JDfMuwVWnuh6pj16F6Y="></latexit><latexit sha1_base64="/AVr/QW4JDfMuwVWnuh6pj16F6Y="></latexit><latexit sha1_base64="c464krxYocsgPJSKRrJo3Kpy+30="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit><latexit sha1_base64="HrqCRYZgZY3kuAcHFG9fq6HLPl4="></latexit>

“observing	the	pointer”

Measurement

1



÷! SP =
!

i

! ii |i !" i | # ! ( i ) + o ! -diag. ,
<latexit sha1_base64="VHC+eYCPSlNJqN87LtM7SjdMLpU="></latexit><latexit sha1_base64="VHC+eYCPSlNJqN87LtM7SjdMLpU="></latexit><latexit sha1_base64="VHC+eYCPSlNJqN87LtM7SjdMLpU="></latexit><latexit sha1_base64="VHC+eYCPSlNJqN87LtM7SjdMLpU="></latexit>

The	$G:!='01/5I$95:"!?5$19'/5!5:with	perfect	correlation	has	the	form

Ideal measurements



Ideal measurement

⇢̃SP =

X

i

⇢ii |iihi| ⌦ ⇢(i)
+ o! -diag. ,

<latexit sha1_base64="VHC+eYCPSlNJqN87LtM7SjdMLpU="></latexit><latexit sha1_base64="VHC+eYCPSlNJqN87LtM7SjdMLpU="></latexit><latexit sha1_base64="VHC+eYCPSlNJqN87LtM7SjdMLpU="></latexit><latexit sha1_base64="VHC+eYCPSlNJqN87LtM7SjdMLpU="></latexit>

The	$G:!='01/5I$95:"!?5$19'/5!5:with	perfect	correlation	has	the	form

system

⇧i⇢
(j) = �ij⇢

(j)

<latexit sha1_base64="r4oqgQWeXFaLkJa2ZFnCJE4UU+M="></latexit><latexit sha1_base64="r4oqgQWeXFaLkJa2ZFnCJE4UU+M="></latexit><latexit sha1_base64="r4oqgQWeXFaLkJa2ZFnCJE4UU+M="></latexit><latexit sha1_base64="r4oqgQWeXFaLkJa2ZFnCJE4UU+M="></latexit>

Ideal measurements

pointer



Ideal measurement

⇢̃SP =

X

i

⇢ii |iihi| ⌦ ⇢(i)
+ o! -diag. ,

<latexit sha1_base64="VHC+eYCPSlNJqN87LtM7SjdMLpU="></latexit><latexit sha1_base64="VHC+eYCPSlNJqN87LtM7SjdMLpU="></latexit><latexit sha1_base64="VHC+eYCPSlNJqN87LtM7SjdMLpU="></latexit><latexit sha1_base64="VHC+eYCPSlNJqN87LtM7SjdMLpU="></latexit>

The	$G:!='01/5I$95:"!?5$19'/5!5:with	perfect	correlation	has	the	form

system

Can	be	pure	
entangled,	or	

classically	
correlated.⇧i⇢

(j) = �ij⇢
(j)

<latexit sha1_base64="r4oqgQWeXFaLkJa2ZFnCJE4UU+M="></latexit><latexit sha1_base64="r4oqgQWeXFaLkJa2ZFnCJE4UU+M="></latexit><latexit sha1_base64="r4oqgQWeXFaLkJa2ZFnCJE4UU+M="></latexit><latexit sha1_base64="r4oqgQWeXFaLkJa2ZFnCJE4UU+M="></latexit>

Ideal measurements

pointer



Ideal measurement

⇢̃SP =

X

i

⇢ii |iihi| ⌦ ⇢(i)
+ o! -diag. ,

<latexit sha1_base64="VHC+eYCPSlNJqN87LtM7SjdMLpU="></latexit><latexit sha1_base64="VHC+eYCPSlNJqN87LtM7SjdMLpU="></latexit><latexit sha1_base64="VHC+eYCPSlNJqN87LtM7SjdMLpU="></latexit><latexit sha1_base64="VHC+eYCPSlNJqN87LtM7SjdMLpU="></latexit>

The	$G:!='01/5I$95:"!?5$19'/5!5:with	perfect	correlation	has	the	form

Can	be	pure	
entangled,	or	

classically	
correlated.

|00! " 00|
<latexit sha1_base64="0thFq7j4K/HEHmaYxFrSPqCagHs=">AAACDHicbZDLSsNAFIYn9VbrLerSTbAIrkoigi6LblxWsBdoQplMT9uhk0mYOSmU0FfwCdzqE7gTt76DD+B7OGmzsK0Hhvn5/3M4hy9MBNfout9WaWNza3unvFvZ2z84PLKPT1o6ThWDJotFrDoh1SC4hCZyFNBJFNAoFNAOx/d53p6A0jyWTzhNIIjoUPIBZxSN1bNtfwyYue7MDxXN/55ddWvuvJx14RWiSopq9Owfvx+zNAKJTFCtu56bYJBRhZwJmFX8VENC2ZgOoWukpBHoIJtfPnMujNN3BrEyT6Izd/9OZDTSehqFpjOiONKrWW7+l3VTHNwGGZdJiiDZYtEgFQ7GTo7B6XMFDMXUCMoUN7c6bEQVZWhgLW0xXAyinIu3SmFdtK5qntGP19X6XUGoTM7IObkkHrkhdfJAGqRJGJmQF/JK3qxn6936sD4XrSWrmDklS2V9/QLfOZuE</latexit><latexit sha1_base64="0thFq7j4K/HEHmaYxFrSPqCagHs=">AAACDHicbZDLSsNAFIYn9VbrLerSTbAIrkoigi6LblxWsBdoQplMT9uhk0mYOSmU0FfwCdzqE7gTt76DD+B7OGmzsK0Hhvn5/3M4hy9MBNfout9WaWNza3unvFvZ2z84PLKPT1o6ThWDJotFrDoh1SC4hCZyFNBJFNAoFNAOx/d53p6A0jyWTzhNIIjoUPIBZxSN1bNtfwyYue7MDxXN/55ddWvuvJx14RWiSopq9Owfvx+zNAKJTFCtu56bYJBRhZwJmFX8VENC2ZgOoWukpBHoIJtfPnMujNN3BrEyT6Izd/9OZDTSehqFpjOiONKrWW7+l3VTHNwGGZdJiiDZYtEgFQ7GTo7B6XMFDMXUCMoUN7c6bEQVZWhgLW0xXAyinIu3SmFdtK5qntGP19X6XUGoTM7IObkkHrkhdfJAGqRJGJmQF/JK3qxn6936sD4XrSWrmDklS2V9/QLfOZuE</latexit><latexit sha1_base64="0thFq7j4K/HEHmaYxFrSPqCagHs=">AAACDHicbZDLSsNAFIYn9VbrLerSTbAIrkoigi6LblxWsBdoQplMT9uhk0mYOSmU0FfwCdzqE7gTt76DD+B7OGmzsK0Hhvn5/3M4hy9MBNfout9WaWNza3unvFvZ2z84PLKPT1o6ThWDJotFrDoh1SC4hCZyFNBJFNAoFNAOx/d53p6A0jyWTzhNIIjoUPIBZxSN1bNtfwyYue7MDxXN/55ddWvuvJx14RWiSopq9Owfvx+zNAKJTFCtu56bYJBRhZwJmFX8VENC2ZgOoWukpBHoIJtfPnMujNN3BrEyT6Izd/9OZDTSehqFpjOiONKrWW7+l3VTHNwGGZdJiiDZYtEgFQ7GTo7B6XMFDMXUCMoUN7c6bEQVZWhgLW0xXAyinIu3SmFdtK5qntGP19X6XUGoTM7IObkkHrkhdfJAGqRJGJmQF/JK3qxn6936sD4XrSWrmDklS2V9/QLfOZuE</latexit><latexit sha1_base64="0thFq7j4K/HEHmaYxFrSPqCagHs=">AAACDHicbZDLSsNAFIYn9VbrLerSTbAIrkoigi6LblxWsBdoQplMT9uhk0mYOSmU0FfwCdzqE7gTt76DD+B7OGmzsK0Hhvn5/3M4hy9MBNfout9WaWNza3unvFvZ2z84PLKPT1o6ThWDJotFrDoh1SC4hCZyFNBJFNAoFNAOx/d53p6A0jyWTzhNIIjoUPIBZxSN1bNtfwyYue7MDxXN/55ddWvuvJx14RWiSopq9Owfvx+zNAKJTFCtu56bYJBRhZwJmFX8VENC2ZgOoWukpBHoIJtfPnMujNN3BrEyT6Izd/9OZDTSehqFpjOiONKrWW7+l3VTHNwGGZdJiiDZYtEgFQ7GTo7B6XMFDMXUCMoUN7c6bEQVZWhgLW0xXAyinIu3SmFdtK5qntGP19X6XUGoTM7IObkkHrkhdfJAGqRJGJmQF/JK3qxn6936sD4XrSWrmDklS2V9/QLfOZuE</latexit>

system

pointer

⇧i⇢
(j) = �ij⇢

(j)

<latexit sha1_base64="r4oqgQWeXFaLkJa2ZFnCJE4UU+M="></latexit><latexit sha1_base64="r4oqgQWeXFaLkJa2ZFnCJE4UU+M="></latexit><latexit sha1_base64="r4oqgQWeXFaLkJa2ZFnCJE4UU+M="></latexit><latexit sha1_base64="r4oqgQWeXFaLkJa2ZFnCJE4UU+M="></latexit>

Ideal measurements

.J!B0=:



Ideal measurements

An	$G:!=measurement	satisfies	Kfundamental	properties.

(, ;9<$!/:G

3,L!$56F8=

K,M19I$9%!/$%:

Ideal measurements



(, ;9<$!/:G&'The	prob.	of	finding	the	pointer	in	the	state	“i”	after	the	
interaction	is	the	same	as	the	prob.	of	finding	the	system	in∣i⟩before	
the	interaction.

tr
⇥
I ! ! i !̃ SP

⇤
= tr

⇥
|i "#i |

S
! S] = ! ii $i.

<latexit sha1_base64="YR9XdJnApqj0tSeZ/pJBkv/nGcE="></latexit><latexit sha1_base64="YR9XdJnApqj0tSeZ/pJBkv/nGcE="></latexit><latexit sha1_base64="YR9XdJnApqj0tSeZ/pJBkv/nGcE="></latexit><latexit sha1_base64="YR9XdJnApqj0tSeZ/pJBkv/nGcE="></latexit>

Ideal measurements



(, ;9<$!/:G&'The	prob.	of	finding	the	pointer	in	the	state	“i”	after	the	
interaction	is	the	same	as	the	prob.	of	finding	the	system	in∣i⟩before	
the	interaction.

tr
⇥
I ! ! i !̃ SP

⇤
= tr

⇥
|i "#i |

S
! S] = ! ii $i.

<latexit sha1_base64="YR9XdJnApqj0tSeZ/pJBkv/nGcE="></latexit><latexit sha1_base64="YR9XdJnApqj0tSeZ/pJBkv/nGcE="></latexit><latexit sha1_base64="YR9XdJnApqj0tSeZ/pJBkv/nGcE="></latexit><latexit sha1_base64="YR9XdJnApqj0tSeZ/pJBkv/nGcE="></latexit>

3, L!$56F8=&'There	is	a	one-to-one	correspondence	between	the	pointer	
outcome	and	the	post-measurement	system	state.

C(⇢̃SP ) :=
X

i

tr
⇥
|i ihi |⌦⇧i ⇢̃SP

⇤
= 1

<latexit sha1_base64="PusxlmjFzNqlexjgIOKbtvNwhwI="></latexit><latexit sha1_base64="PusxlmjFzNqlexjgIOKbtvNwhwI="></latexit><latexit sha1_base64="PusxlmjFzNqlexjgIOKbtvNwhwI="></latexit><latexit sha1_base64="PusxlmjFzNqlexjgIOKbtvNwhwI="></latexit>

Ideal measurements



(, ;9<$!/:G&'The	prob.	of	finding	the	pointer	in	the	state	“i”	after	the	
interaction	is	the	same	as	the	prob.	of	finding	the	system	in∣i⟩before	
the	interaction.

tr
⇥
I ! ! i !̃ SP

⇤
= tr

⇥
|i "#i |

S
! S] = ! ii $i.

<latexit sha1_base64="YR9XdJnApqj0tSeZ/pJBkv/nGcE="></latexit><latexit sha1_base64="YR9XdJnApqj0tSeZ/pJBkv/nGcE="></latexit><latexit sha1_base64="YR9XdJnApqj0tSeZ/pJBkv/nGcE="></latexit><latexit sha1_base64="YR9XdJnApqj0tSeZ/pJBkv/nGcE="></latexit>

3, L!$56F8=&'There	is	a	one-to-one	correspondence	between	the	pointer	
outcome	and	the	post-measurement	system	state.

C(⇢̃SP ) :=
X

i

tr
⇥
|i ihi |⌦⇧i ⇢̃SP

⇤
= 1

<latexit sha1_base64="PusxlmjFzNqlexjgIOKbtvNwhwI="></latexit><latexit sha1_base64="PusxlmjFzNqlexjgIOKbtvNwhwI="></latexit><latexit sha1_base64="PusxlmjFzNqlexjgIOKbtvNwhwI="></latexit><latexit sha1_base64="PusxlmjFzNqlexjgIOKbtvNwhwI="></latexit>
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An	ideal	measurement	of	!"#$dimensional system	by	a	1-qubit	pointer.	
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<latexit sha1_base64="v/aZuuEdsSyul+EsdaCiaeGlhzk="></latexit><latexit sha1_base64="v/aZuuEdsSyul+EsdaCiaeGlhzk="></latexit><latexit sha1_base64="v/aZuuEdsSyul+EsdaCiaeGlhzk="></latexit><latexit sha1_base64="v/aZuuEdsSyul+EsdaCiaeGlhzk="></latexit>
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A	measurement	is	non-ideal	if	any	one	of	the	Kproperties	fails	to	hold.

(, ;9<$!/:G

3, L!$56F8=

K, M19I$9%!/$%:

Ideal measurements



• L!$56F8='measurements	(perfect	correlations)	are	possible	$F'!9G'19=>'
$F'one	can	prepare	pure	states.	

• By	the	third	law	of	thermodynamics,	one	cannot	prepare	pure	states,	
therefore	F!$56F8='measurements	not	possible	! ideal	measurements	
are	not	physically	feasible.

Theorem: ideal measurements are not possibleTheorem: ideal measurements are not possible



• L!$56F8='measurements	(perfect	correlations)	are	possible	$F'!9G'19=>'
$F'one	can	prepare	pure	states.	

• By	the	third	law	of	thermodynamics,	one	cannot	prepare	pure	states,	
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are	not	physically	feasible.
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Creating	pure	states	costs	
infinite	energy,	takes	

infinite	time,	or	requires	
infinite	particles.
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Since	ideal	measurements	are	not	possible,	we	would	like	to	determine	how	
closely	they	can	be	approximated.	
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Faithful	means	the	pointer	never shows	the	wrong	outcome
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closely	they	can	be	approximated.	
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The	initial	pointer	state	must	be	full	rank	
to	avoid	self-referential	descriptions	of	
measurements	which	rely	on	pure	states
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K, M19I$9%!/$%:

Since	ideal	measurements	are	not	possible,	we	would	like	to	determine	how	
closely	they	can	be	approximated.	

Approximating ideal measurements
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Now:

Since	ideal	measurements	are	not	possible,	we	would	like	to	determine	how	
closely	they	can	be	approximated.	
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Now:

Since	ideal	measurements	are	not	possible,	we	would	like	to	determine	how	
closely	they	can	be	approximated.	

U is	unbiased	(preserves	the	
probabilities)
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Energy cost of unbiased measurements
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K, M19I$9%!/$%:

N1!=&''to	bring												as	close	as	possible	to	the	ideal	post-interaction	state.	We	
know	that	pure	states	make	the	best	pointers.
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K, M19I$9%!/$%:

N1!=&''to	bring												as	close	as	possible	to	the	ideal	post-interaction	state.	We	
know	that	pure	states	make	the	best	pointers.
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(, @11=the	pointer	(bring	it	closer	to	a	
pure	state).

3, @1"":=!5:the	pointer	and	system	
(generate	as	much	correlation	as	
possible	to	effect	the	measurement).			
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Energy cost of unbiased measurements

�E = �E
cool

+�E
corr
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Energy cost of unbiased measurements
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(, @11=the	pointer.	

3, @1"":=!5:the	pointer	and	system	apply	by	applying	the	unitary	that	
achieves	the	best	possible	correlation	for	the	new	temperature	and	
number	of	particles	at	the	lowest	energy	cost	
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Energy cost of unbiased measurements

(, @11=the	pointer.	( IO8<$5'F"$GA:
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F.	Clivaz,	R.	Silva,	G.	Haack,	J.	Bohr	Brask,	N.	Brun-
ner,	and	M.	Huber,	“Unifying	paradigms	of	quan- tum	

refrigeration:	 resource-dependent	 limits,”	(2017),	
arXiv:1710.11624.	
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3, @1"":=!5:the	pointer	and	system.

ΔEcorr analytic	and	correlations:

Energy cost of unbiased measurements
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Best correlations for N-qubit pointer
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Cost of a non-ideal measurement
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The cost of correlating

• System:	1	qubit
• Pointer:	6-qubits	

(energy	gap	in	the	
microwave	
regime	PEP=1/30)

• Start	at	room	
temp	and	cool	
with	a	fridge	with	
gap	EF ,	until	the	
fridge	is	
“exhausted”	.

• Correlate	from	
new	temp	PQ,

Cost of a non-ideal measurement



Summary

• R6:1":B&'an	unbiased	measurement	can	always	be	
implemented	at	finite	cost	and	in	finite	time.

• @1"1==!">&'to	be	faithful,	the	pointer	has	to	be	cooled,	subject	
to	the	laws	of	thermodynamics.

• @19/:O8:9?:&'obtaining	reliable	knowledge	about	quantum	
systems	generically	requires	macroscopic	quantities	of	work;	
perfect	knowledge	is	infinitely	expensive.	

• S!=$G$5>&'results	valid	for	!"# system-pointer	Hamiltonian,	
fundamental	bounds	phrased	in	terms	of	dimension	and	β.



Future work

• Quantum	to	classical	transition	requires	macroscopic work	! robustness	
and	broadcastability.
• Fundamental	‘collapse’	and	other	foundational	questions.
• Work	Estimation	and	Work	Fluctuations	in	the	Presence	of	Non-Ideal	
Measurements	(Tiago	Debarba,	Gonzalo	Manzano,	Yelena	Guryanova,	
Marcus	Huber,	Nicolai	Friis arXiv:1902.08568	)

• Landauer erasure	and	other	schemes	using	infinite	control	(or	time)	trade	
–off	with	cost?		complexity	" ! energy	" ! time



Thank you

YIRG

Yelena	Guryanova Ämin Baumeler Costantino	Budroni

Paul	Erker Simon	Milz

Lucien	Jezequel

Student

Postdocs

Group
leaders


