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Nobelpreis	für	Physik	2022:	Anton	Zeilinger…

Anton	Zeilinger

“…	für	Experimente	mit	verschränkten	Photonen,	die	den	Nachweis	
der	Verletzung	Bell’scher	Ungleichungen	erlaubten	und	wegweisend	

für	die	Quanteninformationswissenschaften	waren.”

Die	Welt	ist	nicht	lokal-realistisch.
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<latexit sha1_base64="4uh/nMILER6FttxWeROfxI6w1N8=">AAAB9HicbVDJTgJBEK3BDXFDPXrpSEw8kRnF5Uj04hETWRJmQnqaGujQs9DdQ0II3+HFg8Z49WO8+Tc2MAcFX1LJy3tVqarnJ4IrbdvfVm5tfWNzK79d2Nnd2z8oHh41VJxKhnUWi1i2fKpQ8AjrmmuBrUQiDX2BTX9wP/ObI5SKx9GTHifohbQX8YAzqo3kuQKHbiApI5ek0imW7LI9B1klTkZKkKHWKX653ZilIUaaCapU27ET7U2o1JwJnBbcVGFC2YD2sG1oRENU3mR+9JScGaVLgliaijSZq78nJjRUahz6pjOkuq+WvZn4n9dOdXDrTXiUpBojtlgUpILomMwSIF0ukWkxNoQyyc2thPWpyUCbnAomBGf55VXSuCg71+Wrx0qpepfFkYcTOIVzcOAGqvAANagDgyE8wyu8WSPrxXq3PhatOSubOYY/sD5/AHlFkUM=</latexit>
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statistisch	unabhängig	sind	und	keine	Kommunikation	stattfindet.
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existierende	Eigenschaften	der	Welt	enthüllt	haben,	und	sie	
nicht	erst	im	Moment	des	Aufschreibens	erzeugt	wurden.
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<latexit sha1_base64="4uh/nMILER6FttxWeROfxI6w1N8=">AAAB9HicbVDJTgJBEK3BDXFDPXrpSEw8kRnF5Uj04hETWRJmQnqaGujQs9DdQ0II3+HFg8Z49WO8+Tc2MAcFX1LJy3tVqarnJ4IrbdvfVm5tfWNzK79d2Nnd2z8oHh41VJxKhnUWi1i2fKpQ8AjrmmuBrUQiDX2BTX9wP/ObI5SKx9GTHifohbQX8YAzqo3kuQKHbiApI5ek0imW7LI9B1klTkZKkKHWKX653ZilIUaaCapU27ET7U2o1JwJnBbcVGFC2YD2sG1oRENU3mR+9JScGaVLgliaijSZq78nJjRUahz6pjOkuq+WvZn4n9dOdXDrTXiUpBojtlgUpILomMwSIF0ukWkxNoQyyc2thPWpyUCbnAomBGf55VXSuCg71+Wrx0qpepfFkYcTOIVzcOAGqvAANagDgyE8wyu8WSPrxXq3PhatOSubOYY/sD5/AHlFkUM=</latexit>

 3

4
(75%).

Das	ist	eine	Bell’sche	Ungleichung	(John	Bell	1964).

1a.	Experimente	mit	Münzen

• Lokalität	bedeutet	in	etwa,	dass	die	beiden	Münzwürfe	
statistisch	unabhängig	sind	und	keine	Kommunikation	stattfindet.

• Realismus	bedeutet	in	etwa,	dass	die	Ergebnisse	nur	bereits	
existierende	Eigenschaften	der	Welt	enthüllt	haben,	und	sie	
nicht	erst	im	Moment	des	Aufschreibens	erzeugt	wurden.

Mehr	Details:	gleich.



Überblick

1.	Was	wir	wissen	und	vermuten
1a.	Experimente	mit	Münzen	
1b.	Die	Quantenwelt	ist	nicht	lokal-realistisch	
1c.	Was	tun	damit?	->	Erzeugung	sicherer	Zufallszahlen	
1d.	In	was	für	einer	verrückten	Welt	leben	wir,	die	das	ermöglicht?

2.	Worüber	wir	uns	wundern	—	und	was	mich	antreibt
2a.	Vielleicht	stellen	wir	die	falschen	Fragen	
2b.	Der	Blick	von	innen:	“was	passiert	mit	mir	als	nächstes?”	
2c.	Die	Suche	nach	einer	modernen	Version	des	Idealismus

0.	Kurze	Vorstellung
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Mathemarsche	Formulierung	von	“lokalem	Realismus”



Mathemarsche	Formulierung	von	“lokalem	Realismus”

<latexit sha1_base64="9ANar4/jSCG3r5pgtaxKx6Cb5Mc="></latexit>

P (a, b|x, y) =
Z

⇤
P (a|x,�)P (b|y,�) dµ(�)

aus:	Polino	et	al.,	Nat.	Commun.	14,	909	(2023)



aus:	Polino	et	al.,	Nat.	Commun.	14,	909	(2023)

<latexit sha1_base64="9ANar4/jSCG3r5pgtaxKx6Cb5Mc="></latexit>

P (a, b|x, y) =
Z

⇤
P (a|x,�)P (b|y,�) dµ(�)

Alices	
Ergebnis

Alices	
Münzwurf

Bobs	
Ergebnis

Bobs	
Münzwurf

Mathemarsche	Formulierung	von	“lokalem	Realismus”



<latexit sha1_base64="9ANar4/jSCG3r5pgtaxKx6Cb5Mc="></latexit>

P (a, b|x, y) =
Z

⇤
P (a|x,�)P (b|y,�) dµ(�)

“Versteckte	Variable”:	
alles,	das	vorher	zu	Alice	
und	Bob	gegangen	ist	
(Strategie,	Luftmoleküle);	
“gemeinsame	Ursache”.

Mathemarsche	Formulierung	von	“lokalem	Realismus”

aus:	Polino	et	al.,	Nat.	Commun.	14,	909	(2023)



<latexit sha1_base64="9ANar4/jSCG3r5pgtaxKx6Cb5Mc="></latexit>

P (a, b|x, y) =
Z

⇤
P (a|x,�)P (b|y,�) dµ(�)

statistisches	Mittel	über	
alle	möglichen	Werte

Mathemarsche	Formulierung	von	“lokalem	Realismus”

aus:	Polino	et	al.,	Nat.	Commun.	14,	909	(2023)

“Versteckte	Variable”:	
alles,	das	vorher	zu	Alice	
und	Bob	gegangen	ist	
(Strategie,	Luftmoleküle);	
“gemeinsame	Ursache”.



<latexit sha1_base64="9ANar4/jSCG3r5pgtaxKx6Cb5Mc="></latexit>

P (a, b|x, y) =
Z

⇤
P (a|x,�)P (b|y,�) dµ(�)

Alices	Ergebnis	(a)	hängt	
nur	von	ihrem	Münzresultat	
(x)	und	den	versteckten	
Variablen	ab.

Mathemarsche	Formulierung	von	“lokalem	Realismus”

aus:	Polino	et	al.,	Nat.	Commun.	14,	909	(2023)



<latexit sha1_base64="9ANar4/jSCG3r5pgtaxKx6Cb5Mc="></latexit>

P (a, b|x, y) =
Z

⇤
P (a|x,�)P (b|y,�) dµ(�)

Bobs	Ergebnis	(b)	hängt	
nur	von	seinem	Münzresultat	
(y)	und	den	versteckten	
Variablen	ab.

Mathemarsche	Formulierung	von	“lokalem	Realismus”

aus:	Polino	et	al.,	Nat.	Commun.	14,	909	(2023)



<latexit sha1_base64="9ANar4/jSCG3r5pgtaxKx6Cb5Mc="></latexit>

P (a, b|x, y) =
Z

⇤
P (a|x,�)P (b|y,�) dµ(�)

Die	Ergebnisse	sind	statistisch	
unabhängig,	gegeben	die	
Münzresultate	und	versteckten	
Variablen.

Mathemarsche	Formulierung	von	“lokalem	Realismus”

aus:	Polino	et	al.,	Nat.	Commun.	14,	909	(2023)



Mathemarsche	Formulierung	von	“lokalem	Realismus”
<latexit sha1_base64="9ANar4/jSCG3r5pgtaxKx6Cb5Mc="></latexit>

P (a, b|x, y) =
Z

⇤
P (a|x,�)P (b|y,�) dµ(�)



Mathemarsche	Formulierung	von	“lokalem	Realismus”
<latexit sha1_base64="9ANar4/jSCG3r5pgtaxKx6Cb5Mc="></latexit>

P (a, b|x, y) =
Z

⇤
P (a|x,�)P (b|y,�) dµ(�)

• Lokalität:	für	jeden	festen	Wert	von						sind	
die	Ergebnisse	a	und	b	statistisch	unabhängig.

• Realismus:	insbesondere	der	Wert	von						steht	schon	vor	den	
Messungen	fest	(und	wird	nicht	erst	durch	die	Messungen	erzeugt	etc.)

<latexit sha1_base64="2mfovkgD5KTlEg0+C1WKuNHg6EQ=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi1WXRjcsK9gFtKDeTSTt0MgkzE6GEfoQbF4q49Xvc+TdO2yy0emDgcM65zL0nSAXXxnW/nNLa+sbmVnm7srO7t39QPTzq6CRTlLVpIhLVC1AzwSVrG24E66WKYRwI1g0mt3O/+8iU5ol8MNOU+TGOJI84RWOl7kDYaIjDas2tuwuQv8QrSA0KtIbVz0GY0Cxm0lCBWvc9NzV+jspwKtisMsg0S5FOcMT6lkqMmfbzxbozcmaVkESJsk8aslB/TuQYaz2NA5uM0Yz1qjcX//P6mYmu/ZzLNDNM0uVHUSaIScj8dhJyxagRU0uQKm53JXSMCqmxDVVsCd7qyX9J56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGChN4ghd4dVLn2Xlz3pfRklPMHMMvOB/fQFePiA==</latexit>

ω

<latexit sha1_base64="2mfovkgD5KTlEg0+C1WKuNHg6EQ=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi1WXRjcsK9gFtKDeTSTt0MgkzE6GEfoQbF4q49Xvc+TdO2yy0emDgcM65zL0nSAXXxnW/nNLa+sbmVnm7srO7t39QPTzq6CRTlLVpIhLVC1AzwSVrG24E66WKYRwI1g0mt3O/+8iU5ol8MNOU+TGOJI84RWOl7kDYaIjDas2tuwuQv8QrSA0KtIbVz0GY0Cxm0lCBWvc9NzV+jspwKtisMsg0S5FOcMT6lkqMmfbzxbozcmaVkESJsk8aslB/TuQYaz2NA5uM0Yz1qjcX//P6mYmu/ZzLNDNM0uVHUSaIScj8dhJyxagRU0uQKm53JXSMCqmxDVVsCd7qyX9J56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGChN4ghd4dVLn2Xlz3pfRklPMHMMvOB/fQFePiA==</latexit>

ω



Mathemarsche	Formulierung	von	“lokalem	Realismus”
<latexit sha1_base64="9ANar4/jSCG3r5pgtaxKx6Cb5Mc="></latexit>

P (a, b|x, y) =
Z

⇤
P (a|x,�)P (b|y,�) dµ(�)

• Lokalität:	für	jeden	festen	Wert	von						sind	
die	Ergebnisse	a	und	b	statistisch	unabhängig.

• Realismus:	insbesondere	der	Wert	von						steht	schon	vor	den	
Messungen	fest	(und	wird	nicht	erst	durch	die	Messungen	erzeugt	etc.)

Klar	definiert	ist	eigentlich	nur	die	Kombination	beider	Annahmen.	
Jeder	versteht	unter	“Realismus”	etwas	anderes.

<latexit sha1_base64="2mfovkgD5KTlEg0+C1WKuNHg6EQ=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi1WXRjcsK9gFtKDeTSTt0MgkzE6GEfoQbF4q49Xvc+TdO2yy0emDgcM65zL0nSAXXxnW/nNLa+sbmVnm7srO7t39QPTzq6CRTlLVpIhLVC1AzwSVrG24E66WKYRwI1g0mt3O/+8iU5ol8MNOU+TGOJI84RWOl7kDYaIjDas2tuwuQv8QrSA0KtIbVz0GY0Cxm0lCBWvc9NzV+jspwKtisMsg0S5FOcMT6lkqMmfbzxbozcmaVkESJsk8aslB/TuQYaz2NA5uM0Yz1qjcX//P6mYmu/ZzLNDNM0uVHUSaIScj8dhJyxagRU0uQKm53JXSMCqmxDVVsCd7qyX9J56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGChN4ghd4dVLn2Xlz3pfRklPMHMMvOB/fQFePiA==</latexit>

ω

<latexit sha1_base64="2mfovkgD5KTlEg0+C1WKuNHg6EQ=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi1WXRjcsK9gFtKDeTSTt0MgkzE6GEfoQbF4q49Xvc+TdO2yy0emDgcM65zL0nSAXXxnW/nNLa+sbmVnm7srO7t39QPTzq6CRTlLVpIhLVC1AzwSVrG24E66WKYRwI1g0mt3O/+8iU5ol8MNOU+TGOJI84RWOl7kDYaIjDas2tuwuQv8QrSA0KtIbVz0GY0Cxm0lCBWvc9NzV+jspwKtisMsg0S5FOcMT6lkqMmfbzxbozcmaVkESJsk8aslB/TuQYaz2NA5uM0Yz1qjcX//P6mYmu/ZzLNDNM0uVHUSaIScj8dhJyxagRU0uQKm53JXSMCqmxDVVsCd7qyX9J56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGChN4ghd4dVLn2Xlz3pfRklPMHMMvOB/fQFePiA==</latexit>

ω



Mathemarsche	Formulierung	von	“lokalem	Realismus”
<latexit sha1_base64="9ANar4/jSCG3r5pgtaxKx6Cb5Mc="></latexit>

P (a, b|x, y) =
Z

⇤
P (a|x,�)P (b|y,�) dµ(�)

Gewinnwahrscheinlichkeit
<latexit sha1_base64="2hjtkSpbyZI4/HVSxmLyqkwRcfE="></latexit>

Pwin =
1

4

�
P (+ + |KK) + P (�� |KK) + P (+ + |KZ) + P (�� |KZ)

+ P (+ + |ZK) + P (�� |ZK) + P (+� |ZZ) + P (�+ |ZZ)
�

<latexit sha1_base64="uEA568Sd1LdP/UVEYd2l9z2msEo=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4CjMal2PQi8cIZoHMGHo6NUmTnsXuHiUM+Q8vHhTx6r9482/sLAdNfFDweK+Kqnp+IrjStv1t5ZaWV1bX8uuFjc2t7Z3i7l5DxalkWGexiGXLpwoFj7CuuRbYSiTS0BfY9AfXY7/5iFLxOLrTwwS9kPYiHnBGtZHuXYEPbiApI6ekQjrFkl22JyCLxJmREsxQ6xS/3G7M0hAjzQRVqu 3YifYyKjVnAkcFN1WYUDagPWwbGtEQlZdNrh6RI6N0SRBLU5EmE/X3REZDpYahbzpDqvtq3huL/3ntVAeXXsajJNUYsemiIBVEx2QcAelyiUyLoSGUSW5uJaxPTQjaBFUwITjzLy+SxknZOS+f3VZK1atZHHk4gEM4BgcuoAo3UIM6MJDwDK/wZj1ZL9a79TFtzVmzmX34A+vzB9L+kW0=</latexit>

 3

4
(mit	etwas	Mühe).

• Lokalität:	für	jeden	festen	Wert	von						sind	
die	Ergebnisse	a	und	b	statistisch	unabhängig.

• Realismus:	insbesondere	der	Wert	von						steht	schon	vor	den	
Messungen	fest	(und	wird	nicht	erst	durch	die	Messungen	erzeugt	etc.)

Klar	definiert	ist	eigentlich	nur	die	Kombination	beider	Annahmen.	
Jeder	versteht	unter	“Realismus”	etwas	anderes.

<latexit sha1_base64="2mfovkgD5KTlEg0+C1WKuNHg6EQ=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi1WXRjcsK9gFtKDeTSTt0MgkzE6GEfoQbF4q49Xvc+TdO2yy0emDgcM65zL0nSAXXxnW/nNLa+sbmVnm7srO7t39QPTzq6CRTlLVpIhLVC1AzwSVrG24E66WKYRwI1g0mt3O/+8iU5ol8MNOU+TGOJI84RWOl7kDYaIjDas2tuwuQv8QrSA0KtIbVz0GY0Cxm0lCBWvc9NzV+jspwKtisMsg0S5FOcMT6lkqMmfbzxbozcmaVkESJsk8aslB/TuQYaz2NA5uM0Yz1qjcX//P6mYmu/ZzLNDNM0uVHUSaIScj8dhJyxagRU0uQKm53JXSMCqmxDVVsCd7qyX9J56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGChN4ghd4dVLn2Xlz3pfRklPMHMMvOB/fQFePiA==</latexit>

ω

<latexit sha1_base64="2mfovkgD5KTlEg0+C1WKuNHg6EQ=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi1WXRjcsK9gFtKDeTSTt0MgkzE6GEfoQbF4q49Xvc+TdO2yy0emDgcM65zL0nSAXXxnW/nNLa+sbmVnm7srO7t39QPTzq6CRTlLVpIhLVC1AzwSVrG24E66WKYRwI1g0mt3O/+8iU5ol8MNOU+TGOJI84RWOl7kDYaIjDas2tuwuQv8QrSA0KtIbVz0GY0Cxm0lCBWvc9NzV+jspwKtisMsg0S5FOcMT6lkqMmfbzxbozcmaVkESJsk8aslB/TuQYaz2NA5uM0Yz1qjcX//P6mYmu/ZzLNDNM0uVHUSaIScj8dhJyxagRU0uQKm53JXSMCqmxDVVsCd7qyX9J56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGChN4ghd4dVLn2Xlz3pfRklPMHMMvOB/fQFePiA==</latexit>

ω



In	unserer	Alltagswelt	gilt	lokaler	Realismus,	und	daraus	folgt:

Gewinnwahrscheinlichkeit
<latexit sha1_base64="4uh/nMILER6FttxWeROfxI6w1N8=">AAAB9HicbVDJTgJBEK3BDXFDPXrpSEw8kRnF5Uj04hETWRJmQnqaGujQs9DdQ0II3+HFg8Z49WO8+Tc2MAcFX1LJy3tVqarnJ4IrbdvfVm5tfWNzK79d2Nnd2z8oHh41VJxKhnUWi1i2fKpQ8AjrmmuBrUQiDX2BTX9wP/ObI5SKx9GTHifohbQX8YAzqo3kuQKHbiApI5ek0imW7LI9B1klTkZKkKHWKX653ZilIUaaCapU27ET7U2o1JwJnBbcVGFC2YD2sG1oRENU3mR+9JScGaVLgliaijSZq78nJjRUahz6pjOkuq+WvZn4n9dOdXDrTXiUpBojtlgUpILomMwSIF0ukWkxNoQyyc2thPWpyUCbnAomBGf55VXSuCg71+Wrx0qpepfFkYcTOIVzcOAGqvAANagDgyE8wyu8WSPrxXq3PhatOSubOYY/sD5/AHlFkUM=</latexit>

 3

4
(75%).

Das	ist	eine	Bell’sche	Ungleichung	(John	Bell	1964).

Gewinnwahrscheinlichkeit	in	der	Quantentheorie



In	unserer	Alltagswelt	gilt	lokaler	Realismus,	und	daraus	folgt:

Gewinnwahrscheinlichkeit
<latexit sha1_base64="4uh/nMILER6FttxWeROfxI6w1N8=">AAAB9HicbVDJTgJBEK3BDXFDPXrpSEw8kRnF5Uj04hETWRJmQnqaGujQs9DdQ0II3+HFg8Z49WO8+Tc2MAcFX1LJy3tVqarnJ4IrbdvfVm5tfWNzK79d2Nnd2z8oHh41VJxKhnUWi1i2fKpQ8AjrmmuBrUQiDX2BTX9wP/ObI5SKx9GTHifohbQX8YAzqo3kuQKHbiApI5ek0imW7LI9B1klTkZKkKHWKX653ZilIUaaCapU27ET7U2o1JwJnBbcVGFC2YD2sG1oRENU3mR+9JScGaVLgliaijSZq78nJjRUahz6pjOkuq+WvZn4n9dOdXDrTXiUpBojtlgUpILomMwSIF0ukWkxNoQyyc2thPWpyUCbnAomBGf55VXSuCg71+Wrx0qpepfFkYcTOIVzcOAGqvAANagDgyE8wyu8WSPrxXq3PhatOSubOYY/sD5/AHlFkUM=</latexit>

 3

4
(75%).

Das	ist	eine	Bell’sche	Ungleichung	(John	Bell	1964).

Gewinnwahrscheinlichkeit	in	der	Quantentheorie

Die	Quantenmechanik	erlaubt	es,	das	Spiel	mit	einer	
Wahrscheinlichkeit	von	85%	zu	gewinnen.

Die	(Quanten-)Welt	ist	also	nicht	lokal-realistisch!

<latexit sha1_base64="XQyOGTPiOMVR8C1OD8N4GpKgGis=">AAACFXicbZDLSsNAFIYnXmu9RV26GSyCoIQkNdqNUHTjsoK9QBPKZDpph04uzkyEEvISbnwVNy4UcSu4822cXgRt/WHg4z/ncOb8fsKokKb5pS0sLi2vrBbWiusbm1vb+s5uQ8Qpx6SOYxbzlo8EYTQidUklI62EExT6jDT9wdWo3rwnXNA4upXDhHgh6kU0oBhJZXX0EzfgCEML2vD4BzPbFXdcZnaewwtoGhWn7DhlwzA6esk0zLHgPFhTKIGpah390+3GOA1JJDFDQrQtM5FehrikmJG86KaCJAgPUI+0FUYoJMLLxlfl8FA5XRjEXL1IwrH7eyJDoRDD0FedIZJ9MVsbmf/V2qkMKl5GoySVJMKTRUHKoIzhKCLYpZxgyYYKEOZU/RXiPlLZSBVkUYVgzZ48Dw3bsM4M5+a0VL2cxlEA++AAHAELnIMquAY1UAcYPIAn8AJetUftWXvT3ietC9p0Zg/8kfbxDdkFmtg=</latexit>

1

2
+

1

2
p
2
= 0.853553...



Wie	gewinnt	man	das	Spiel	quantenmechanisch	85%ig?

Polarisierende	
Brillengläser
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Wie	gewinnt	man	das	Spiel	quantenmechanisch	85%ig?
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“klick”?	

Ja:	1	
Nein:	0



Wie	gewinnt	man	das	Spiel	quantenmechanisch	85%ig?

Polarisierende	
Brillengläser

einzelnes	
Lichtteilchen	
(Photon)

“klick”?	

Ja:	1	
Nein:	0

Falls	Zahl	(Z):	lass	Brille	wie	sie	ist

Falls	Kopf	(K):	drehe	Brille	um	45°



Wie	gewinnt	man	das	Spiel	quantenmechanisch	85%ig?

Polarisierende	
Brillengläser

einzelnes	
Lichtteilchen	
(Photon)

“klick”?	

Ja:	1	
Nein:	0

Falls	Zahl	(Z):	lass	Brille	wie	sie	ist

Falls	Kopf	(K):	drehe	Brille	um	45°

Wir	verdoppeln	das:	
Alice	und	Bob	
je	eine	“Brille”….



Experimentelle	Realisierung
<latexit sha1_base64="psxzlLUm0kma2qEXBZYBGrTItnw="></latexit>

| i = 1p
2

�
|HHi+ |V V i

�
.



Experimentelle	Realisierung
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Local realism is the worldview in which physical properties of objects exist independently of
measurement and where physical influences cannot travel faster than the speed of light. Bell’s theorem
states that this worldview is incompatible with the predictions of quantum mechanics, as is expressed in
Bell’s inequalities. Previous experiments convincingly supported the quantum predictions. Yet, every
experiment requires assumptions that provide loopholes for a local realist explanation. Here, we report a
Bell test that closes the most significant of these loopholes simultaneously. Using a well-optimized source
of entangled photons, rapid setting generation, and highly efficient superconducting detectors, we observe a
violation of a Bell inequality with high statistical significance. The purely statistical probability of our
results to occur under local realism does not exceed 3.74 × 10−31, corresponding to an 11.5 standard
deviation effect.
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Einstein, Podolsky, and Rosen (EPR) argued that the
quantum mechanical wave function is an incomplete
description of physical reality [1]. They started their
discussion by noting that quantum mechanics predicts
perfect correlations between the outcomes of measurements
on two distant entangled particles. This is best discussed
considering Bohm’s example of two entangled spin-1=2
atoms [2,3], which are emitted from a single spin-0
molecule and distributed to two distant observers, now
commonly referred to as Alice and Bob. By angular
momentum conservation, the two spins are always found
to be opposite. Alice measures the spin of atom 1 in a freely
chosen direction. The result obtained allows her to predict
with certainty the outcome of Bob should he measure atom
2 along the same direction. Since Alice could have chosen
any possible direction and since there is no interaction
between Alice and Bob anymore, one may conclude that
the results of all possible measurements by Bob must have

been predetermined. However, these predeterminate values
did not enter the quantum mechanical description via the
wave function. This is the essence of the argument by EPR
that the quantum state is an incomplete description of
physical reality [1].
Bell’s theorem states that quantum mechanics is incom-

patible with local realism. He showed that if we assume, in
line with Einstein’s theory of relativity, that there are no
physical influences traveling faster than the speed of light
(the assumption of locality) and that objects have physical
properties independent of measurement (the assumption of
realism), then correlations in measurement outcomes from
two distant observers must necessarily obey an inequality
[4]. Quantum mechanics, however, predicts a violation of
the inequality for the results of certain measurements
on entangled particles. Thus, Bell’s inequality is a tool to
rule out philosophical standpoints based on experimental
results. Indeed, violations have been measured.
Do these experimental violations invalidate local real-

ism? That is not the only logical possibility. The exper-
imental tests of Bell’s inequality thus far required extra
assumptions, and therefore left open loopholes that still
allow, at least in principle, for a local realist explanation
of the measured data. (Note that empirically closing a
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quantum mechanical wave function is an incomplete
description of physical reality [1]. They started their
discussion by noting that quantum mechanics predicts
perfect correlations between the outcomes of measurements
on two distant entangled particles. This is best discussed
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atoms [2,3], which are emitted from a single spin-0
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momentum conservation, the two spins are always found
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chosen direction. The result obtained allows her to predict
with certainty the outcome of Bob should he measure atom
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any possible direction and since there is no interaction
between Alice and Bob anymore, one may conclude that
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did not enter the quantum mechanical description via the
wave function. This is the essence of the argument by EPR
that the quantum state is an incomplete description of
physical reality [1].
Bell’s theorem states that quantum mechanics is incom-

patible with local realism. He showed that if we assume, in
line with Einstein’s theory of relativity, that there are no
physical influences traveling faster than the speed of light
(the assumption of locality) and that objects have physical
properties independent of measurement (the assumption of
realism), then correlations in measurement outcomes from
two distant observers must necessarily obey an inequality
[4]. Quantum mechanics, however, predicts a violation of
the inequality for the results of certain measurements
on entangled particles. Thus, Bell’s inequality is a tool to
rule out philosophical standpoints based on experimental
results. Indeed, violations have been measured.
Do these experimental violations invalidate local real-

ism? That is not the only logical possibility. The exper-
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assumptions, and therefore left open loopholes that still
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(2) Setting choice.—We allow approximately 26 ns for
the RNG to produce and deliver a setting choice by
generating four raw bits and computing their parity. The
randomness in each raw bit is derived from the phase,
randomized by spontaneous emission, of an optical pulse.
These 26 ns include a creation and throughput time of
approximately 11 ns for one raw bit and an additional 15 ns
for three additional bits. As described in the Supplemental
Material [29], this reduces the chance of predicting the
settings to εRNG ≤ 2.4 × 10−4 [25,26]. The solid green
horizontal lines in the space-time diagram indicate the
latest possible time at which the random phase was sampled
inside the respective RNGs for use in a setting choice, while
the dashed green lines indicate the earliest possible random
phase creation for the first (of the four) contributing raw bit.
The configuration ensures conservatively estimated mar-
gins of ≈ 4 ns for the spacelike separation of each setting
from the distant measurement and ≈ 7 ns for the spacelike
separation of each setting from the emission event (see
Fig. 2 for more detail, including error estimates).
(3) Measurement.—After a photon pair is emitted by

the crystal, the photons are coupled into two single-mode
optical fibers that direct one photon each to Alice’s and
Bob’s distant locations. At each measurement station, the

photons are coupled out of fiber and sent through an
electro-optical modulator and a polarizer that transmit a
particular polarization based on the setting choice from the
RNG. The photons transmitted through the polarizer are
coupled back into optical fiber (SMF-28) and sent to the
TES. For monitoring purposes, we use an avalanche
photodiode to detect the photons that are reflected from
the polarizer (black histograms in Fig. 2). Using the arrival
time information from this monitoring port, and assuming
photons travel at the speed of light in their respective
media, we infer that the latest time a photon could arrive at
a TES after being emitted from the source is approximately
195 ns. This is represented by the dashed orange and blue
lines on the space-time diagram in Fig. 2.
After a photon is absorbed by the TES, the resulting

detection signal is read out using a SQUID sensor that
introduces jitter into the signal. This electrical signal then
travels through cables until it reaches a digitizer (the signals
take approximately 64.4 and 65.5 ns to travel from the TES
to Alice’s and Bob’s digitizers, respectively). Because the
shape of the read-out signal depends on the energy of the
photons absorbed by the TES, the shape can be used to
distinguish both unwanted background light (primarily
blackbody photons) and excess noise from the 810 nm

FIG. 1 (color). (a) Schematic of the setup. (b) Source: The source distributed two polarization-entangled photons between the two
identically constructed and spatially separated measurement stations Alice and Bob (distance ≈58 m), where the polarization was
analyzed. It employed type-II spontaneous parametric down-conversion in a periodically poled crystal (ppKTP), pumped with a 405 nm
pulsed diode laser (pulse length: 12 ns FWHM) at 1 MHz repetition rate. The laser light was filtered spectrally by a volume Bragg
grating (VBG) (FWHM: 0.3 nm) and spatially by a single-mode fiber. The ppKTP crystal was pumped from both sides in a Sagnac
configuration to create polarization entanglement. Each pair was split at the polarizing beam splitter (PBS) and collected into two
different single-mode fibers leading to the measurement stations. (c) Measurement stations: In each measurement station, one of two
linear polarization directions was selected for measurement, as controlled by an electro-optical modulator (EOM), which acted as a
switchable polarization rotator in front of a plate PBS. Customized electronics (FPGA) sampled the output of a random number
generator (RNG) to trigger the switching of the EOM. The transmitted output of the plate PBS was coupled into a fiber and delivered to
the TES. The signal of the TES was amplified by a SQUID and additional electronics, digitized, and recorded together with the setting
choices on a local hard drive. The laser and all electronics related to switching or recording were synchronized with clock inputs (Clk).
Abbreviations: APD, avalanche photodiode (see Fig. 2); BPF, bandpass filter; DM, dichroic mirror; FC, fiber connector; HWP,
half-wave plate; L, lens; POL, polarizer; M, mirror; POLC, manual polarization controller; QWP, quarter-wave plate; SQUID,
superconducting quantum interference device; TES, transition-edge sensor; TTM, time-tagging module.
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states that this worldview is incompatible with the predictions of quantum mechanics, as is expressed in
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experiment requires assumptions that provide loopholes for a local realist explanation. Here, we report a
Bell test that closes the most significant of these loopholes simultaneously. Using a well-optimized source
of entangled photons, rapid setting generation, and highly efficient superconducting detectors, we observe a
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deviation effect.
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Einstein, Podolsky, and Rosen (EPR) argued that the
quantum mechanical wave function is an incomplete
description of physical reality [1]. They started their
discussion by noting that quantum mechanics predicts
perfect correlations between the outcomes of measurements
on two distant entangled particles. This is best discussed
considering Bohm’s example of two entangled spin-1=2
atoms [2,3], which are emitted from a single spin-0
molecule and distributed to two distant observers, now
commonly referred to as Alice and Bob. By angular
momentum conservation, the two spins are always found
to be opposite. Alice measures the spin of atom 1 in a freely
chosen direction. The result obtained allows her to predict
with certainty the outcome of Bob should he measure atom
2 along the same direction. Since Alice could have chosen
any possible direction and since there is no interaction
between Alice and Bob anymore, one may conclude that
the results of all possible measurements by Bob must have

been predetermined. However, these predeterminate values
did not enter the quantum mechanical description via the
wave function. This is the essence of the argument by EPR
that the quantum state is an incomplete description of
physical reality [1].
Bell’s theorem states that quantum mechanics is incom-

patible with local realism. He showed that if we assume, in
line with Einstein’s theory of relativity, that there are no
physical influences traveling faster than the speed of light
(the assumption of locality) and that objects have physical
properties independent of measurement (the assumption of
realism), then correlations in measurement outcomes from
two distant observers must necessarily obey an inequality
[4]. Quantum mechanics, however, predicts a violation of
the inequality for the results of certain measurements
on entangled particles. Thus, Bell’s inequality is a tool to
rule out philosophical standpoints based on experimental
results. Indeed, violations have been measured.
Do these experimental violations invalidate local real-

ism? That is not the only logical possibility. The exper-
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assumptions, and therefore left open loopholes that still
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(2) Setting choice.—We allow approximately 26 ns for
the RNG to produce and deliver a setting choice by
generating four raw bits and computing their parity. The
randomness in each raw bit is derived from the phase,
randomized by spontaneous emission, of an optical pulse.
These 26 ns include a creation and throughput time of
approximately 11 ns for one raw bit and an additional 15 ns
for three additional bits. As described in the Supplemental
Material [29], this reduces the chance of predicting the
settings to εRNG ≤ 2.4 × 10−4 [25,26]. The solid green
horizontal lines in the space-time diagram indicate the
latest possible time at which the random phase was sampled
inside the respective RNGs for use in a setting choice, while
the dashed green lines indicate the earliest possible random
phase creation for the first (of the four) contributing raw bit.
The configuration ensures conservatively estimated mar-
gins of ≈ 4 ns for the spacelike separation of each setting
from the distant measurement and ≈ 7 ns for the spacelike
separation of each setting from the emission event (see
Fig. 2 for more detail, including error estimates).
(3) Measurement.—After a photon pair is emitted by

the crystal, the photons are coupled into two single-mode
optical fibers that direct one photon each to Alice’s and
Bob’s distant locations. At each measurement station, the

photons are coupled out of fiber and sent through an
electro-optical modulator and a polarizer that transmit a
particular polarization based on the setting choice from the
RNG. The photons transmitted through the polarizer are
coupled back into optical fiber (SMF-28) and sent to the
TES. For monitoring purposes, we use an avalanche
photodiode to detect the photons that are reflected from
the polarizer (black histograms in Fig. 2). Using the arrival
time information from this monitoring port, and assuming
photons travel at the speed of light in their respective
media, we infer that the latest time a photon could arrive at
a TES after being emitted from the source is approximately
195 ns. This is represented by the dashed orange and blue
lines on the space-time diagram in Fig. 2.
After a photon is absorbed by the TES, the resulting

detection signal is read out using a SQUID sensor that
introduces jitter into the signal. This electrical signal then
travels through cables until it reaches a digitizer (the signals
take approximately 64.4 and 65.5 ns to travel from the TES
to Alice’s and Bob’s digitizers, respectively). Because the
shape of the read-out signal depends on the energy of the
photons absorbed by the TES, the shape can be used to
distinguish both unwanted background light (primarily
blackbody photons) and excess noise from the 810 nm

FIG. 1 (color). (a) Schematic of the setup. (b) Source: The source distributed two polarization-entangled photons between the two
identically constructed and spatially separated measurement stations Alice and Bob (distance ≈58 m), where the polarization was
analyzed. It employed type-II spontaneous parametric down-conversion in a periodically poled crystal (ppKTP), pumped with a 405 nm
pulsed diode laser (pulse length: 12 ns FWHM) at 1 MHz repetition rate. The laser light was filtered spectrally by a volume Bragg
grating (VBG) (FWHM: 0.3 nm) and spatially by a single-mode fiber. The ppKTP crystal was pumped from both sides in a Sagnac
configuration to create polarization entanglement. Each pair was split at the polarizing beam splitter (PBS) and collected into two
different single-mode fibers leading to the measurement stations. (c) Measurement stations: In each measurement station, one of two
linear polarization directions was selected for measurement, as controlled by an electro-optical modulator (EOM), which acted as a
switchable polarization rotator in front of a plate PBS. Customized electronics (FPGA) sampled the output of a random number
generator (RNG) to trigger the switching of the EOM. The transmitted output of the plate PBS was coupled into a fiber and delivered to
the TES. The signal of the TES was amplified by a SQUID and additional electronics, digitized, and recorded together with the setting
choices on a local hard drive. The laser and all electronics related to switching or recording were synchronized with clock inputs (Clk).
Abbreviations: APD, avalanche photodiode (see Fig. 2); BPF, bandpass filter; DM, dichroic mirror; FC, fiber connector; HWP,
half-wave plate; L, lens; POL, polarizer; M, mirror; POLC, manual polarization controller; QWP, quarter-wave plate; SQUID,
superconducting quantum interference device; TES, transition-edge sensor; TTM, time-tagging module.
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Theorersche	Beschreibung

<latexit sha1_base64="9ANar4/jSCG3r5pgtaxKx6Cb5Mc="></latexit>

P (a, b|x, y) =
Z

⇤
P (a|x,�)P (b|y,�) dµ(�)

Lokalität	und	Realismus	würden	bedeuten:

Die	quantenmechanische	Rechenregel	ist	eine	andere:
<latexit sha1_base64="mBfujwE8SbhkAZ760Ox+008pMwk="></latexit>

P (a, b|x, y) = h |P̂a|x ⌦ P̂b|y| i

Messung,	die	
Alice	ausführt

Messung,	die	
Bob	ausführt

Gewinnwahrscheinlichkeit	(Spiel	3)	höchstens	75%.<latexit sha1_base64="G60T4ouz5kZRbOYmKM68M+ZvrSc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGK/YA2lM120y7dZMPuRCmhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0M/Vbj1wboeIHHCfcj+ggFqFgFK3U6d6LwRCp1uqpVyq7FXcGsky8nJQhR71X+ur2FUsjHiOT1JiO5yboZ1SjYJJPit3U8ISyER3wjqUxjbjxs9nJE3JqlT4JlbYVI5mpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMxEmKPGbzRWEqCSoy/Z/0heYM5dgSyrSwtxI2pJoytCkVbQje4svLpHle8aqV6t1FuXadx1GAYziBM/DgEmpwC3VoAAMFz/AKbw46L8678zFvXXHymSP4A+fzB5StkXg=</latexit>)



Theorersche	Beschreibung

<latexit sha1_base64="9ANar4/jSCG3r5pgtaxKx6Cb5Mc="></latexit>

P (a, b|x, y) =
Z

⇤
P (a|x,�)P (b|y,�) dµ(�)

Lokalität	und	Realismus	würden	bedeuten:

Die	quantenmechanische	Rechenregel	ist	eine	andere:
<latexit sha1_base64="mBfujwE8SbhkAZ760Ox+008pMwk="></latexit>

P (a, b|x, y) = h |P̂a|x ⌦ P̂b|y| i

Für	bestimmte	Wahlen	von							und	den							erhält	man	
eine	Wahrscheinlichkeitstabelle																										die	
zu	einer	Gewinnwahrscheinlichkeit	von	85%	(>3/4)	führt!

<latexit sha1_base64="JzeGqJpo/nc4vOTsUGEfP6CmayI=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5Bqw8GHu/NMDMvTAQ31vO+UGltfWNzq7xd2dnd2z+oHh51TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nt7nffWTa8Fg92FnCAknGikecEptLg8TwYbXm1b0F8F/iF6QGBVrD6udgFNNUMmWpIMb0fS+xQUa05VSweWWQGpYQOiVj1ndUEclMkC1uneMzp4xwFGtXyuKF+nMiI9KYmQxdpyR2Yla9XPzP66c2ug4yrpLUMkWXi6JUYBvj/HE84ppRK2aOEKq5uxXTCdGEWhdPxYXgr778l3Qu6n6j3ri/rDVvijjKcAKncA4+XEET7qAFbaAwgSd4gVck0TN6Q+/L1hIqZo7hF9DHNyfRjlU=</latexit>

 
<latexit sha1_base64="qpC5c6uItEhM8hBHNThFg18eyp8=">AAAB7XicbVDLSgMxFL3js9ZX1aWbYBFclRmR6rLoxmUF+4B2kEyaaWMzyZDcEcrQf3DjQhG3/o87/8b0sdDWA4HDOeeSe0+USmHR97+9ldW19Y3NwlZxe2d3b790cNi0OjOMN5iW2rQjarkUijdQoOTt1HCaRJK3ouHNxG89cWOFVvc4SnmY0L4SsWAUndTsDiiS+kOp7Ff8KcgyCeakDHO4/Fe3p1mWcIVMUms7gZ9imFODgkk+LnYzy1PKhrTPO44qmnAb5tNtx+TUKT0Sa+OeQjJVf0/kNLF2lEQumVAc2EVvIv7ndTKMr8JcqDRDrtjsoziTBDWZnE56wnCGcuQIZUa4XQkbUEMZuoKKroRg8eRl0jyvBNVK9e6iXLue11GAYziBMwjgEmpwC3VoAINHeIZXePO09+K9ex+z6Io3nzmCP/A+fwAH6o7K</latexit>

P̂
<latexit sha1_base64="waV/7+XFEs5IQcoluEJz5h1BSCY=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBEqlJKIVI9FLx4r2A9IQ9lsN+3SzW7Y3Ygh9md48aCIV3+NN/+N2zYHbX0w8Hhvhpl5Qcyo0o7zba2srq1vbBa2its7u3v7pYPDthKJxKSFBROyGyBFGOWkpalmpBtLgqKAkU4wvpn6nQciFRX8Xqcx8SM05DSkGGkjec0KqgZPj9X0rNovlZ2aM4O9TNyclCFHs1/66g0ETiLCNWZIKc91Yu1nSGqKGZkUe4kiMcJjNCSeoRxFRPnZ7OSJfWqUgR0KaYpre6b+nshQpFQaBaYzQnqkFr2p+J/nJTq88jPK40QTjueLwoTZWtjT/+0BlQRrlhqCsKTmVhuPkERYm5SKJgR38eVl0j6vufVa/e6i3LjO4yjAMZxABVy4hAbcQhNagEHAM7zCm6WtF+vd+pi3rlj5zBH8gfX5A8NWkEg=</latexit>

P (a, b|x, y),

Gewinnwahrscheinlichkeit	(Spiel	3)	höchstens	75%.<latexit sha1_base64="G60T4ouz5kZRbOYmKM68M+ZvrSc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGK/YA2lM120y7dZMPuRCmhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0M/Vbj1wboeIHHCfcj+ggFqFgFK3U6d6LwRCp1uqpVyq7FXcGsky8nJQhR71X+ur2FUsjHiOT1JiO5yboZ1SjYJJPit3U8ISyER3wjqUxjbjxs9nJE3JqlT4JlbYVI5mpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMxEmKPGbzRWEqCSoy/Z/0heYM5dgSyrSwtxI2pJoytCkVbQje4svLpHle8aqV6t1FuXadx1GAYziBM/DgEmpwC3VoAAMFz/AKbw46L8678zFvXXHymSP4A+fzB5StkXg=</latexit>)



Theorersche	Beschreibung

<latexit sha1_base64="9ANar4/jSCG3r5pgtaxKx6Cb5Mc="></latexit>

P (a, b|x, y) =
Z

⇤
P (a|x,�)P (b|y,�) dµ(�)

Lokalität	und	Realismus	würden	bedeuten:

Die	quantenmechanische	Rechenregel	ist	eine	andere:
<latexit sha1_base64="mBfujwE8SbhkAZ760Ox+008pMwk="></latexit>

P (a, b|x, y) = h |P̂a|x ⌦ P̂b|y| i

Für	bestimmte	Wahlen	von							und	den							erhält	man	
eine	Wahrscheinlichkeitstabelle																										die	
zu	einer	Gewinnwahrscheinlichkeit	von	85%	(>3/4)	führt!
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<latexit sha1_base64="qpC5c6uItEhM8hBHNThFg18eyp8=">AAAB7XicbVDLSgMxFL3js9ZX1aWbYBFclRmR6rLoxmUF+4B2kEyaaWMzyZDcEcrQf3DjQhG3/o87/8b0sdDWA4HDOeeSe0+USmHR97+9ldW19Y3NwlZxe2d3b790cNi0OjOMN5iW2rQjarkUijdQoOTt1HCaRJK3ouHNxG89cWOFVvc4SnmY0L4SsWAUndTsDiiS+kOp7Ff8KcgyCeakDHO4/Fe3p1mWcIVMUms7gZ9imFODgkk+LnYzy1PKhrTPO44qmnAb5tNtx+TUKT0Sa+OeQjJVf0/kNLF2lEQumVAc2EVvIv7ndTKMr8JcqDRDrtjsoziTBDWZnE56wnCGcuQIZUa4XQkbUEMZuoKKroRg8eRl0jyvBNVK9e6iXLue11GAYziBMwjgEmpwC3VoAINHeIZXePO09+K9ex+z6Io3nzmCP/A+fwAH6o7K</latexit>

P̂
<latexit sha1_base64="waV/7+XFEs5IQcoluEJz5h1BSCY=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBEqlJKIVI9FLx4r2A9IQ9lsN+3SzW7Y3Ygh9md48aCIV3+NN/+N2zYHbX0w8Hhvhpl5Qcyo0o7zba2srq1vbBa2its7u3v7pYPDthKJxKSFBROyGyBFGOWkpalmpBtLgqKAkU4wvpn6nQciFRX8Xqcx8SM05DSkGGkjec0KqgZPj9X0rNovlZ2aM4O9TNyclCFHs1/66g0ETiLCNWZIKc91Yu1nSGqKGZkUe4kiMcJjNCSeoRxFRPnZ7OSJfWqUgR0KaYpre6b+nshQpFQaBaYzQnqkFr2p+J/nJTq88jPK40QTjueLwoTZWtjT/+0BlQRrlhqCsKTmVhuPkERYm5SKJgR38eVl0j6vufVa/e6i3LjO4yjAMZxABVy4hAbcQhNagEHAM7zCm6WtF+vd+pi3rlj5zBH8gfX5A8NWkEg=</latexit>

P (a, b|x, y),

Solche	Zustände	und	Messungen	wurden	in	dem	genannten	
Experiment	realisiert.	Verletzung	von	lokalem	Realismus.

Gewinnwahrscheinlichkeit	(Spiel	3)	höchstens	75%.<latexit sha1_base64="G60T4ouz5kZRbOYmKM68M+ZvrSc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGK/YA2lM120y7dZMPuRCmhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0M/Vbj1wboeIHHCfcj+ggFqFgFK3U6d6LwRCp1uqpVyq7FXcGsky8nJQhR71X+ur2FUsjHiOT1JiO5yboZ1SjYJJPit3U8ISyER3wjqUxjbjxs9nJE3JqlT4JlbYVI5mpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMxEmKPGbzRWEqCSoy/Z/0heYM5dgSyrSwtxI2pJoytCkVbQje4svLpHle8aqV6t1FuXadx1GAYziBM/DgEmpwC3VoAAMFz/AKbw46L8678zFvXXHymSP4A+fzB5StkXg=</latexit>)



Nobelpreis	für	Physik	2022:	Anton	Zeilinger…

Anton	Zeilinger

Die	Welt	ist	nicht	lokal-realistisch.

“…	für	Experimente	mit	verschränkten	Photonen,	die	den	Nachweis	
der	Verletzung	Bell’scher	Ungleichungen	erlaubten	und	wegweisend	

für	die	Quanteninformationswissenschaften	waren.”



Überblick

1.	Was	wir	wissen	und	vermuten
1a.	Experimente	mit	Münzen	
1b.	Die	Quantenwelt	ist	nicht	lokal-realistisch	
1c.	Was	tun	damit?	->	Erzeugung	sicherer	Zufallszahlen	
1d.	In	was	für	einer	verrückten	Welt	leben	wir,	die	das	ermöglicht?

2.	Worüber	wir	uns	wundern	—	und	was	mich	antreibt
2a.	Vielleicht	stellen	wir	die	falschen	Fragen	
2b.	Der	Blick	von	innen:	“was	passiert	mit	mir	als	nächstes?”	
2c.	Die	Suche	nach	einer	modernen	Version	des	Idealismus

0.	Kurze	Vorstellung
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Anwendung:	Erzeugung	echter	Zufallszahlen
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Anwendung:	Erzeugung	echter	Zufallszahlen

Richard	Jarecki

Ergebnisse	sollen	nicht	nur	zufällig	aussehen,	sondern	
grundsätzlich	von	niemandem	vorhergesagt	werden	können	—	
selbst	von	Leuten,	die	viel	mehr	über	die	Geräte	wissen	als	wir!



Anwendung:	Erzeugung	echter	Zufallszahlen

Ergebnisse	sollen	nicht	nur	zufällig	aussehen,	sondern	
grundsätzlich	von	niemandem	vorhergesagt	werden	können	—	
selbst	von	Leuten,	die	viel	mehr	über	die	Geräte	wissen	als	wir!

“Device-independent	randomness	/	cryptography”

Richard	Jarecki



Anwendung:	Erzeugung	echter	Zufallszahlen

Idee:	Spiele	das	3.	Spiel	
oft,	notiere	die	Ergeb-	
nisse	(011010111…)	
und	überprüfe,	dass

<latexit sha1_base64="+XnZX8kMDdBUUsaoAg5kRrw5838=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSwFVyERa10W3bisYB/QhDCZTtKhk0mYmSg1FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3niBlVCrb/jZKK6tr6xvlzcrW9s7unrl/0JFJJjBp44QlohcgSRjlpK2oYqSXCoLigJFuMLqe+t17IiRN+J0ap8SLUcRpSDFSWvLNo5afuyKGD5RP3CiCjbpbs3yzalv2DHCZOAWpggIt3/xyBwnOYsIVZkjKvmOnysuRUBQzMqm4mSQpwiMUkb6mHMVEevns+gmsaWUAw0To4grO1N8TOYqlHMeB7oyRGspFbyr+5/UzFV56OeVppgjH80VhxqBK4DQKOKCCYMXGmiAsqL4V4iESCCsdWEWH4Cy+vEw6Z5ZzYdVvz6vNqyKOMjgGJ+AUOKABmuAGtEAbYPAInsEreDOejBfj3fiYt5aMYuYQ/IHx+QPb6pQy</latexit>

Pwin � 75%.
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Dann	muss	lokaler	Realismus	verletzt	gewesen	sein.
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Dann	muss	lokaler	Realismus	verletzt	gewesen	sein.

Sind	A	und	B	so	weit	entfernt,	dass	kein	Lichtsignal	schnell	genug	
von	A	nach	B	kann	(oder	umgekehrt),	dann	muss	Lokalität	gültig	
sein	(für	den	Teil	der	Welt,	auf	den	Physiker/Spieler	Zugriff	haben).
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Sind	A	und	B	so	weit	entfernt,	dass	kein	Lichtsignal	schnell	genug	
von	A	nach	B	kann	(oder	umgekehrt),	dann	muss	Lokalität	gültig	
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Also	muss	Realismus	verletzt	sein:	die	Ergebnisse	können	nicht	
vorher	schon	vollständig	festgestanden	haben,	also	von	solchen	
Spielern	/	Physikern		auch	nicht	vollständig	vorhergesagt	werden.



Überblick

1.	Was	wir	wissen	und	vermuten
1a.	Experimente	mit	Münzen	
1b.	Die	Quantenwelt	ist	nicht	lokal-realistisch	
1c.	Was	tun	damit?	->	Erzeugung	sicherer	Zufallszahlen	
1d.	In	was	für	einer	verrückten	Welt	leben	wir,	die	das	ermöglicht?

2.	Worüber	wir	uns	wundern	—	und	was	mich	antreibt
2a.	Vielleicht	stellen	wir	die	falschen	Fragen	
2b.	Der	Blick	von	innen:	“was	passiert	mit	mir	als	nächstes?”	
2c.	Die	Suche	nach	einer	modernen	Version	des	Idealismus

0.	Kurze	Vorstellung



Überblick

1.	Was	wir	wissen	und	vermuten
1a.	Experimente	mit	Münzen	
1b.	Die	Quantenwelt	ist	nicht	lokal-realistisch	
1c.	Was	tun	damit?	->	Erzeugung	sicherer	Zufallszahlen	
1d.	In	was	für	einer	verrückten	Welt	leben	wir,	die	das	ermöglicht?

2.	Worüber	wir	uns	wundern	—	und	was	mich	antreibt
2a.	Vielleicht	stellen	wir	die	falschen	Fragen	
2b.	Der	Blick	von	innen:	“was	passiert	mit	mir	als	nächstes?”	
2c.	Die	Suche	nach	einer	modernen	Version	des	Idealismus

0.	Kurze	Vorstellung



Was	sagt	das	über	unsere	Welt?

Die	Quantenmechanik	erlaubt	es,	das	Spiel	mit	einer	
Wahrscheinlichkeit	von	85%	zu	gewinnen.

Die	Welt	ist	also	nicht	lokal-realistisch!
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Wie	macht	die	Natur	das	nur?
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Lokalität	und	Realismus	können	nicht	beide	richtig	sein.



Interpretaronen	der	Quantentheorie

Lokalität	und	Realismus	können	nicht	beide	richtig	sein.

• Option	1:	die	Welt	ist	nichtlokal.	
D.h.	es	gibt	versteckten	Informationsaustausch	mit	
Überlichtgeschwindigkeit.

(2) Setting choice.—We allow approximately 26 ns for
the RNG to produce and deliver a setting choice by
generating four raw bits and computing their parity. The
randomness in each raw bit is derived from the phase,
randomized by spontaneous emission, of an optical pulse.
These 26 ns include a creation and throughput time of
approximately 11 ns for one raw bit and an additional 15 ns
for three additional bits. As described in the Supplemental
Material [29], this reduces the chance of predicting the
settings to εRNG ≤ 2.4 × 10−4 [25,26]. The solid green
horizontal lines in the space-time diagram indicate the
latest possible time at which the random phase was sampled
inside the respective RNGs for use in a setting choice, while
the dashed green lines indicate the earliest possible random
phase creation for the first (of the four) contributing raw bit.
The configuration ensures conservatively estimated mar-
gins of ≈ 4 ns for the spacelike separation of each setting
from the distant measurement and ≈ 7 ns for the spacelike
separation of each setting from the emission event (see
Fig. 2 for more detail, including error estimates).
(3) Measurement.—After a photon pair is emitted by

the crystal, the photons are coupled into two single-mode
optical fibers that direct one photon each to Alice’s and
Bob’s distant locations. At each measurement station, the

photons are coupled out of fiber and sent through an
electro-optical modulator and a polarizer that transmit a
particular polarization based on the setting choice from the
RNG. The photons transmitted through the polarizer are
coupled back into optical fiber (SMF-28) and sent to the
TES. For monitoring purposes, we use an avalanche
photodiode to detect the photons that are reflected from
the polarizer (black histograms in Fig. 2). Using the arrival
time information from this monitoring port, and assuming
photons travel at the speed of light in their respective
media, we infer that the latest time a photon could arrive at
a TES after being emitted from the source is approximately
195 ns. This is represented by the dashed orange and blue
lines on the space-time diagram in Fig. 2.
After a photon is absorbed by the TES, the resulting

detection signal is read out using a SQUID sensor that
introduces jitter into the signal. This electrical signal then
travels through cables until it reaches a digitizer (the signals
take approximately 64.4 and 65.5 ns to travel from the TES
to Alice’s and Bob’s digitizers, respectively). Because the
shape of the read-out signal depends on the energy of the
photons absorbed by the TES, the shape can be used to
distinguish both unwanted background light (primarily
blackbody photons) and excess noise from the 810 nm

FIG. 1 (color). (a) Schematic of the setup. (b) Source: The source distributed two polarization-entangled photons between the two
identically constructed and spatially separated measurement stations Alice and Bob (distance ≈58 m), where the polarization was
analyzed. It employed type-II spontaneous parametric down-conversion in a periodically poled crystal (ppKTP), pumped with a 405 nm
pulsed diode laser (pulse length: 12 ns FWHM) at 1 MHz repetition rate. The laser light was filtered spectrally by a volume Bragg
grating (VBG) (FWHM: 0.3 nm) and spatially by a single-mode fiber. The ppKTP crystal was pumped from both sides in a Sagnac
configuration to create polarization entanglement. Each pair was split at the polarizing beam splitter (PBS) and collected into two
different single-mode fibers leading to the measurement stations. (c) Measurement stations: In each measurement station, one of two
linear polarization directions was selected for measurement, as controlled by an electro-optical modulator (EOM), which acted as a
switchable polarization rotator in front of a plate PBS. Customized electronics (FPGA) sampled the output of a random number
generator (RNG) to trigger the switching of the EOM. The transmitted output of the plate PBS was coupled into a fiber and delivered to
the TES. The signal of the TES was amplified by a SQUID and additional electronics, digitized, and recorded together with the setting
choices on a local hard drive. The laser and all electronics related to switching or recording were synchronized with clock inputs (Clk).
Abbreviations: APD, avalanche photodiode (see Fig. 2); BPF, bandpass filter; DM, dichroic mirror; FC, fiber connector; HWP,
half-wave plate; L, lens; POL, polarizer; M, mirror; POLC, manual polarization controller; QWP, quarter-wave plate; SQUID,
superconducting quantum interference device; TES, transition-edge sensor; TTM, time-tagging module.
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detection signal is read out using a SQUID sensor that
introduces jitter into the signal. This electrical signal then
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take approximately 64.4 and 65.5 ns to travel from the TES
to Alice’s and Bob’s digitizers, respectively). Because the
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FIG. 1 (color). (a) Schematic of the setup. (b) Source: The source distributed two polarization-entangled photons between the two
identically constructed and spatially separated measurement stations Alice and Bob (distance ≈58 m), where the polarization was
analyzed. It employed type-II spontaneous parametric down-conversion in a periodically poled crystal (ppKTP), pumped with a 405 nm
pulsed diode laser (pulse length: 12 ns FWHM) at 1 MHz repetition rate. The laser light was filtered spectrally by a volume Bragg
grating (VBG) (FWHM: 0.3 nm) and spatially by a single-mode fiber. The ppKTP crystal was pumped from both sides in a Sagnac
configuration to create polarization entanglement. Each pair was split at the polarizing beam splitter (PBS) and collected into two
different single-mode fibers leading to the measurement stations. (c) Measurement stations: In each measurement station, one of two
linear polarization directions was selected for measurement, as controlled by an electro-optical modulator (EOM), which acted as a
switchable polarization rotator in front of a plate PBS. Customized electronics (FPGA) sampled the output of a random number
generator (RNG) to trigger the switching of the EOM. The transmitted output of the plate PBS was coupled into a fiber and delivered to
the TES. The signal of the TES was amplified by a SQUID and additional electronics, digitized, and recorded together with the setting
choices on a local hard drive. The laser and all electronics related to switching or recording were synchronized with clock inputs (Clk).
Abbreviations: APD, avalanche photodiode (see Fig. 2); BPF, bandpass filter; DM, dichroic mirror; FC, fiber connector; HWP,
half-wave plate; L, lens; POL, polarizer; M, mirror; POLC, manual polarization controller; QWP, quarter-wave plate; SQUID,
superconducting quantum interference device; TES, transition-edge sensor; TTM, time-tagging module.
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particular polarization based on the setting choice from the
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TES. For monitoring purposes, we use an avalanche
photodiode to detect the photons that are reflected from
the polarizer (black histograms in Fig. 2). Using the arrival
time information from this monitoring port, and assuming
photons travel at the speed of light in their respective
media, we infer that the latest time a photon could arrive at
a TES after being emitted from the source is approximately
195 ns. This is represented by the dashed orange and blue
lines on the space-time diagram in Fig. 2.
After a photon is absorbed by the TES, the resulting

detection signal is read out using a SQUID sensor that
introduces jitter into the signal. This electrical signal then
travels through cables until it reaches a digitizer (the signals
take approximately 64.4 and 65.5 ns to travel from the TES
to Alice’s and Bob’s digitizers, respectively). Because the
shape of the read-out signal depends on the energy of the
photons absorbed by the TES, the shape can be used to
distinguish both unwanted background light (primarily
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FIG. 1 (color). (a) Schematic of the setup. (b) Source: The source distributed two polarization-entangled photons between the two
identically constructed and spatially separated measurement stations Alice and Bob (distance ≈58 m), where the polarization was
analyzed. It employed type-II spontaneous parametric down-conversion in a periodically poled crystal (ppKTP), pumped with a 405 nm
pulsed diode laser (pulse length: 12 ns FWHM) at 1 MHz repetition rate. The laser light was filtered spectrally by a volume Bragg
grating (VBG) (FWHM: 0.3 nm) and spatially by a single-mode fiber. The ppKTP crystal was pumped from both sides in a Sagnac
configuration to create polarization entanglement. Each pair was split at the polarizing beam splitter (PBS) and collected into two
different single-mode fibers leading to the measurement stations. (c) Measurement stations: In each measurement station, one of two
linear polarization directions was selected for measurement, as controlled by an electro-optical modulator (EOM), which acted as a
switchable polarization rotator in front of a plate PBS. Customized electronics (FPGA) sampled the output of a random number
generator (RNG) to trigger the switching of the EOM. The transmitted output of the plate PBS was coupled into a fiber and delivered to
the TES. The signal of the TES was amplified by a SQUID and additional electronics, digitized, and recorded together with the setting
choices on a local hard drive. The laser and all electronics related to switching or recording were synchronized with clock inputs (Clk).
Abbreviations: APD, avalanche photodiode (see Fig. 2); BPF, bandpass filter; DM, dichroic mirror; FC, fiber connector; HWP,
half-wave plate; L, lens; POL, polarizer; M, mirror; POLC, manual polarization controller; QWP, quarter-wave plate; SQUID,
superconducting quantum interference device; TES, transition-edge sensor; TTM, time-tagging module.
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dass	wir	es	mit	keinem	Experiment	der	Welt	nutzen	können!
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the polarizer (black histograms in Fig. 2). Using the arrival
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a TES after being emitted from the source is approximately
195 ns. This is represented by the dashed orange and blue
lines on the space-time diagram in Fig. 2.
After a photon is absorbed by the TES, the resulting

detection signal is read out using a SQUID sensor that
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FIG. 1 (color). (a) Schematic of the setup. (b) Source: The source distributed two polarization-entangled photons between the two
identically constructed and spatially separated measurement stations Alice and Bob (distance ≈58 m), where the polarization was
analyzed. It employed type-II spontaneous parametric down-conversion in a periodically poled crystal (ppKTP), pumped with a 405 nm
pulsed diode laser (pulse length: 12 ns FWHM) at 1 MHz repetition rate. The laser light was filtered spectrally by a volume Bragg
grating (VBG) (FWHM: 0.3 nm) and spatially by a single-mode fiber. The ppKTP crystal was pumped from both sides in a Sagnac
configuration to create polarization entanglement. Each pair was split at the polarizing beam splitter (PBS) and collected into two
different single-mode fibers leading to the measurement stations. (c) Measurement stations: In each measurement station, one of two
linear polarization directions was selected for measurement, as controlled by an electro-optical modulator (EOM), which acted as a
switchable polarization rotator in front of a plate PBS. Customized electronics (FPGA) sampled the output of a random number
generator (RNG) to trigger the switching of the EOM. The transmitted output of the plate PBS was coupled into a fiber and delivered to
the TES. The signal of the TES was amplified by a SQUID and additional electronics, digitized, and recorded together with the setting
choices on a local hard drive. The laser and all electronics related to switching or recording were synchronized with clock inputs (Clk).
Abbreviations: APD, avalanche photodiode (see Fig. 2); BPF, bandpass filter; DM, dichroic mirror; FC, fiber connector; HWP,
half-wave plate; L, lens; POL, polarizer; M, mirror; POLC, manual polarization controller; QWP, quarter-wave plate; SQUID,
superconducting quantum interference device; TES, transition-edge sensor; TTM, time-tagging module.
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No-Communication-Theorem:	man	kann	Verschränkung	nicht	
dazu	nutzen,	Information	(überlichtschnell)	zu	übertragen.
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Gesetze	der	Wahrscheinlichkeitstheorie:	W’keit,	die	Alice	sieht	(ohne	Bob):
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Das	Ergebnis	ist	unabhängig	von	Bob’s	Wahl	der	Messung	y.
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THE THEORY OF THE UNIVERSAL WAVEFUNCTION

Hugh Everett, III

I. INTRODUCTION

Webegin, as a way of entering our subject, by characterizing a particu-

lar interpretation of quantum theory which, although not representative of

the more careful formulations of some writers, is the most common form

encountered in textbooks and university lectures on the subject.

A physical system is described completely by a state function if! ,
which is an element of a Hilbert space, and which furthermore gives in-

formation only concerning the probabilities of the results of various obser-

vations which can be made on the system. The state function if! is

thought of as objectively characterizing the physical system, i.e., at all

times an isolated system is thought of as possessing a state function, in-

dependently of our state of knowledge of it. On the other hand, if! changes

in a causal manner so long as the system remains isolated, obeying a dif-

ferential equation. Thus there are two fundamentally different ways in

which the state function can change: 1

Process 1: The discontinuous change brought about by the observa-

tion of a quantity with eigenstates rpl' rp2"'" in which the state

if! will be changed to the state rpj with probability I(if! ,rpj)12•
Process 2: The continuous, deterministic change of state of the

(isolated) system with time according to a wave equation t= Uif!,

where U is a linear operator.

1 Weuse here the terminology of von Neumann [17].

3
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Paul	Raymond-Robichaud	&	Gilles	Brassard,	2016:

Article

Parallel Lives: A Local-Realistic Interpretation of
“Nonlocal” Boxes ⇤

Gilles Brassard 1,2 and Paul Raymond-Robichaud 3

1 Département d’informatique et de recherche opérationnelle, Université de Montréal;
brassard@iro.umontreal.ca.

2 Canadian Institute for Advanced Research, Toronto, Canada.
3 ISI Foundation, Torino, Italy; work done while at (1) above;

paul.r.robichaud@gmail.com.

4 July 2020

Abstract: We carry out a thought experiment in an imaginary world. Our world is both local and
realistic, yet it violates a Bell inequality more than does quantum theory. This serves to debunk the
myth that equates local realism with local hidden variables in the simplest possible manner. Along
the way, we reinterpret the celebrated 1935 argument of Einstein, Podolsky and Rosen, and come to
the conclusion that they were right in their questioning the completeness of the Copenhagen version
of quantum theory, provided one believes in a local-realistic universe. Throughout our journey, we
strive to explain our views from first principles, without expecting mathematical sophistication nor
specialized prior knowledge from the reader.

Keywords: Bell’s theorem; Einstein-Podolsky-Rosen argument; Local hidden variables; Local realism;
No-signalling; Parallel lives.

“What is proved by impossibility proofs is lack of imagination” — John Bell, 1982 [2]
“Imagination is more important than knowledge” — Albert Einstein, 1929 [21]

1. Introduction

Quantum theory is often claimed to be nonlocal, or more precisely that it cannot satisfy
simultaneously the principles of locality and realism. These principles can be informally stated
as follows.

Principle of realism: There is a real world whose state determines the outcome of all observations.
Principle of locality: No action taken at some point can have any effect at some remote point at a

speed faster than light.

A formal definition of local realism is given in a companion paper [16]; here we strive to remain at
the intuitive level and explain all our concepts, results and reasonings without expecting mathematical
sophistication nor specialized prior knowledge from the reader.

The belief that quantum theory is nonlocal stems from the correct fact proved by John Bell [1] that
it cannot be described by a local hidden variable theory, as we shall explain later. However, the claim of
nonlocality for quantum theory is also based on the incorrect equivocation of local hidden variable
theories with local realism, leading to the following fallacious argument:

⇤ All the key ideas in this paper originate from the second author and are based on his original doctoral work [15] performed
under supervision of the first author, who participated in numerous discussions and writing the paper. The order of authors is
alphabetic according to custom in the first author’s research community. Even though there is a journal version of this paper,
published as Entropy 21(1):87 (2019), the present arXiv version should be considered as the authoritative version because it
contains some minor improvements in style (compared to the Entropy mandatory style) and contents. Furthermore, the Entropy

version fails to be explicit about the role of each author.
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(2) Setting choice.—We allow approximately 26 ns for
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generating four raw bits and computing their parity. The
randomness in each raw bit is derived from the phase,
randomized by spontaneous emission, of an optical pulse.
These 26 ns include a creation and throughput time of
approximately 11 ns for one raw bit and an additional 15 ns
for three additional bits. As described in the Supplemental
Material [29], this reduces the chance of predicting the
settings to εRNG ≤ 2.4 × 10−4 [25,26]. The solid green
horizontal lines in the space-time diagram indicate the
latest possible time at which the random phase was sampled
inside the respective RNGs for use in a setting choice, while
the dashed green lines indicate the earliest possible random
phase creation for the first (of the four) contributing raw bit.
The configuration ensures conservatively estimated mar-
gins of ≈ 4 ns for the spacelike separation of each setting
from the distant measurement and ≈ 7 ns for the spacelike
separation of each setting from the emission event (see
Fig. 2 for more detail, including error estimates).
(3) Measurement.—After a photon pair is emitted by

the crystal, the photons are coupled into two single-mode
optical fibers that direct one photon each to Alice’s and
Bob’s distant locations. At each measurement station, the

photons are coupled out of fiber and sent through an
electro-optical modulator and a polarizer that transmit a
particular polarization based on the setting choice from the
RNG. The photons transmitted through the polarizer are
coupled back into optical fiber (SMF-28) and sent to the
TES. For monitoring purposes, we use an avalanche
photodiode to detect the photons that are reflected from
the polarizer (black histograms in Fig. 2). Using the arrival
time information from this monitoring port, and assuming
photons travel at the speed of light in their respective
media, we infer that the latest time a photon could arrive at
a TES after being emitted from the source is approximately
195 ns. This is represented by the dashed orange and blue
lines on the space-time diagram in Fig. 2.
After a photon is absorbed by the TES, the resulting

detection signal is read out using a SQUID sensor that
introduces jitter into the signal. This electrical signal then
travels through cables until it reaches a digitizer (the signals
take approximately 64.4 and 65.5 ns to travel from the TES
to Alice’s and Bob’s digitizers, respectively). Because the
shape of the read-out signal depends on the energy of the
photons absorbed by the TES, the shape can be used to
distinguish both unwanted background light (primarily
blackbody photons) and excess noise from the 810 nm

FIG. 1 (color). (a) Schematic of the setup. (b) Source: The source distributed two polarization-entangled photons between the two
identically constructed and spatially separated measurement stations Alice and Bob (distance ≈58 m), where the polarization was
analyzed. It employed type-II spontaneous parametric down-conversion in a periodically poled crystal (ppKTP), pumped with a 405 nm
pulsed diode laser (pulse length: 12 ns FWHM) at 1 MHz repetition rate. The laser light was filtered spectrally by a volume Bragg
grating (VBG) (FWHM: 0.3 nm) and spatially by a single-mode fiber. The ppKTP crystal was pumped from both sides in a Sagnac
configuration to create polarization entanglement. Each pair was split at the polarizing beam splitter (PBS) and collected into two
different single-mode fibers leading to the measurement stations. (c) Measurement stations: In each measurement station, one of two
linear polarization directions was selected for measurement, as controlled by an electro-optical modulator (EOM), which acted as a
switchable polarization rotator in front of a plate PBS. Customized electronics (FPGA) sampled the output of a random number
generator (RNG) to trigger the switching of the EOM. The transmitted output of the plate PBS was coupled into a fiber and delivered to
the TES. The signal of the TES was amplified by a SQUID and additional electronics, digitized, and recorded together with the setting
choices on a local hard drive. The laser and all electronics related to switching or recording were synchronized with clock inputs (Clk).
Abbreviations: APD, avalanche photodiode (see Fig. 2); BPF, bandpass filter; DM, dichroic mirror; FC, fiber connector; HWP,
half-wave plate; L, lens; POL, polarizer; M, mirror; POLC, manual polarization controller; QWP, quarter-wave plate; SQUID,
superconducting quantum interference device; TES, transition-edge sensor; TTM, time-tagging module.
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photons are coupled out of fiber and sent through an
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particular polarization based on the setting choice from the
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TES. For monitoring purposes, we use an avalanche
photodiode to detect the photons that are reflected from
the polarizer (black histograms in Fig. 2). Using the arrival
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photons travel at the speed of light in their respective
media, we infer that the latest time a photon could arrive at
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195 ns. This is represented by the dashed orange and blue
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After a photon is absorbed by the TES, the resulting

detection signal is read out using a SQUID sensor that
introduces jitter into the signal. This electrical signal then
travels through cables until it reaches a digitizer (the signals
take approximately 64.4 and 65.5 ns to travel from the TES
to Alice’s and Bob’s digitizers, respectively). Because the
shape of the read-out signal depends on the energy of the
photons absorbed by the TES, the shape can be used to
distinguish both unwanted background light (primarily
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FIG. 1 (color). (a) Schematic of the setup. (b) Source: The source distributed two polarization-entangled photons between the two
identically constructed and spatially separated measurement stations Alice and Bob (distance ≈58 m), where the polarization was
analyzed. It employed type-II spontaneous parametric down-conversion in a periodically poled crystal (ppKTP), pumped with a 405 nm
pulsed diode laser (pulse length: 12 ns FWHM) at 1 MHz repetition rate. The laser light was filtered spectrally by a volume Bragg
grating (VBG) (FWHM: 0.3 nm) and spatially by a single-mode fiber. The ppKTP crystal was pumped from both sides in a Sagnac
configuration to create polarization entanglement. Each pair was split at the polarizing beam splitter (PBS) and collected into two
different single-mode fibers leading to the measurement stations. (c) Measurement stations: In each measurement station, one of two
linear polarization directions was selected for measurement, as controlled by an electro-optical modulator (EOM), which acted as a
switchable polarization rotator in front of a plate PBS. Customized electronics (FPGA) sampled the output of a random number
generator (RNG) to trigger the switching of the EOM. The transmitted output of the plate PBS was coupled into a fiber and delivered to
the TES. The signal of the TES was amplified by a SQUID and additional electronics, digitized, and recorded together with the setting
choices on a local hard drive. The laser and all electronics related to switching or recording were synchronized with clock inputs (Clk).
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detection signal is read out using a SQUID sensor that
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photons absorbed by the TES, the shape can be used to
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FIG. 1 (color). (a) Schematic of the setup. (b) Source: The source distributed two polarization-entangled photons between the two
identically constructed and spatially separated measurement stations Alice and Bob (distance ≈58 m), where the polarization was
analyzed. It employed type-II spontaneous parametric down-conversion in a periodically poled crystal (ppKTP), pumped with a 405 nm
pulsed diode laser (pulse length: 12 ns FWHM) at 1 MHz repetition rate. The laser light was filtered spectrally by a volume Bragg
grating (VBG) (FWHM: 0.3 nm) and spatially by a single-mode fiber. The ppKTP crystal was pumped from both sides in a Sagnac
configuration to create polarization entanglement. Each pair was split at the polarizing beam splitter (PBS) and collected into two
different single-mode fibers leading to the measurement stations. (c) Measurement stations: In each measurement station, one of two
linear polarization directions was selected for measurement, as controlled by an electro-optical modulator (EOM), which acted as a
switchable polarization rotator in front of a plate PBS. Customized electronics (FPGA) sampled the output of a random number
generator (RNG) to trigger the switching of the EOM. The transmitted output of the plate PBS was coupled into a fiber and delivered to
the TES. The signal of the TES was amplified by a SQUID and additional electronics, digitized, and recorded together with the setting
choices on a local hard drive. The laser and all electronics related to switching or recording were synchronized with clock inputs (Clk).
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menschliche	Sichtweisen	auf	den	exakt	gleichen	Sachverhalt.
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Meine	Hypothese:	die	Frage	macht	keinen	Sinn.	Die	Welt	hat	
keine	Antwort	darauf	parat!	Beides	sind	nur	verschiedene	
menschliche	Sichtweisen	auf	den	exakt	gleichen	Sachverhalt.
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Wo	werde	ich	wahrscheinlich	
eine	Schwärzung	am	Schirm	
beobachten?
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Abstract

QBism  is  currently  one  of  the  most  widely  discussed  “subjective”  interpretations  of  quantum

mechanics. Its key move is to say that quantum probabilities are personalist Bayesian probabilities

and that the quantum state represents subjective degrees of belief. Even probability-one predictions

are considered subjective assignments expressing the agent’s highest possible degree of certainty

about what they will experience next. For most philosophers and physicists this means that QBism

is simply too subjective. Even those who agree with QBism that the wave function should not be

reified and that we should look for alternatives to standard ψ-ontic interpretations often argue that

QBism must be abandoned because it detaches science from objectivity. The problem is that from

the QBist perspective it is hard to see how objectivity could enter science. In this paper, I introduce

and  motivate  an  interpretation  of  quantum mechanics  that  takes  QBism as  a  starting  point,  is

consistent with all its virtues, but allows objectivity to enter from the get-go. This is the view that

quantum probabilities should be understood as objective degrees of epistemic justification.

1. Introducing QBism

Contemporary  philosophy  of  quantum mechanics  is  dominated  by  so-called  “quantum theories

without observers” (Dürr & Lazarovici 2020, viii; Goldstein 1998). These are interpretations that

seek to deliver a purely objective third-person  perspective that does not contain any irreducibly

subjective/operational concepts or perspectival moments.  The dominant view among philosophers

is that physicists teach quantum mechanics in a way that is not only misleading but borderline

unscientific. This is because the concept of “measurement” plays a central role in textbook quantum

mechanics. As Maudlin criticizes: “A precisely defined physical theory […] would never use terms

like ‘observation,’ ‘measurement,’ ‘system,’ or ‘apparatus’ in its fundamental postulates. It would

instead say precisely  what exists and how it behaves” (Maudlin 2019, 5). Instead, proponents of

1
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“[…]	the	quantum	probabilities	tell	the	agent	what	she	should	believe	
to	experience	next	[…].”
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„Der Behaviorismus ist ein systematischer Ansatz, um das 
Verhalten von Menschen und anderen Tieren zu 
verstehen. Er geht davon aus, dass das Verhalten 
entweder ein Reflex ist, der durch das Zusammentreffen 
bestimmter vorhergehender Reize in der Umwelt ausgelöst 
wird, oder eine Folge der Geschichte des Individuums, 
insbesondere von Belohnung und Bestrafung.”

„Die kognitive Revolution des späten 20. Jahrhunderts 
ersetzte den Behaviorismus als Erklärungstheorie 
weitgehend durch die kognitive Psychologie, die im 
Gegensatz zum Behaviorismus interne mentale Zustände 
als Erklärung für beobachtbares Verhalten ansieht.“

Harlow „beschrieb seine Experimente als eine Studie über 
die Liebe“.
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photon, successfully violated such a Bell inequality derived from 
Brukner’s assumptions.

Although the EWFS background for this result was novel, the 
derived Bell inequality can be obtained from the assumptions of 
‘freedom of choice’ and KSNC, without considering the friends’ 
observations, and without using ‘locality’ (which follows from Bell’s 
stronger notion of local causality24, which in turn follows from KSNC 
in any Bell scenario25). Furthermore, the Kochen–Specker theorem22 
already establishes that KSNC + ‘freedom of choice’ leads to contra-
dictions with quantum theory. As discussed in refs. 19,20,26, this casts 
doubt on the implications of Brukner’s theorem with regard to any 
assumption specifically about the objectivity of the friends’ observa-
tions—one can respond to Brukner’s theorem simply by maintaining 
that ‘unperformed experiments have no results’27.

Nevertheless, there is a subtle but important difference between 
a standard Bell scenario in which one of two incompatible observ-
ables are chosen at random to be measured by each party and 
the scenario introduced by Brukner. In the latter, in one of four 
experimental runs, all four observables involved in the experi-
ment are being measured—one by each observer in the scenario. 
This suggests that the counterfactual reasoning in the OIF/KSNC 
assumption could be avoided by replacing it with a suitable weaker 
assumption. Indeed, Brukner discusses a weaker assumption—‘that 
Wigner’s and Wigner’s friend’s facts coexist’—before settling on 
‘The assumption of ‘observer-independent facts’ [which] is a stron-
ger condition’14.

In this Article we derive a new theorem, based on the intuition in 
the preceding paragraph around Brukner’s EWFS. It uses metaphys-
ical assumptions (that is, assumptions about physical theories) that 
are strictly weaker than those of Bell’s theorem or Kochen–Specker 
contextuality theorems, and thus opens a new direction in experi-
mental metaphysics. Our first two assumptions are, as per Brukner, 
‘freedom of choice’ (which we make more formal using the con-
cept of ‘No-Superdeterminism’ defined in ref. 24) and ‘Locality’ (in 
the same sense as Brukner; see also ref. 24). Our third assumption is 
‘Absoluteness of Observed Events’ (AOE), which is that an observed 
event is a real single event and not relative to anything or anyone. 
Note that capitalization is used for assumptions formally defined in 
this paper.

Unlike OIF, AOE makes no claim about hypothetical measure-
ments that were not actually performed in a given run. Furthermore, 
AOE is necessarily (though often implicitly) assumed even in stan-
dard Bell experiments24. For convenience, we will call the conjunc-
tion of these three assumptions ‘Local Friendliness’ (LF). This 
enables us to state our theorem.

Theorem 1: If a superobserver can perform arbitrary quantum 
operations on an observer and its environment, then no physical 
theory can satisfy Local Friendliness.

By a ‘physical theory’ we mean any theory that correctly predicts 
the correlations between the outcomes observed by the superob-
servers Alice and Bob (Fig. 1), who can communicate after their 
experiments are performed and evaluate those correlations. The 
proof of Theorem 1 proceeds by showing that LF implies a set of 
constraints on those correlations (that we call ‘LF inequalities’) that 
can, in principle, be violated by quantum predictions for an EWFS 
scenario. Thus, like Bell’s theorem and Brukner’s theorem, our theo-
rem is theory-independent—we use (like Bell and Brukner) quan-
tum mechanics as a guide for what may be seen in experiments, but 
the metaphysical conclusions hold for any theory if those predic-
tions are realized in the laboratory. (This is unlike the theorem of 
ref. 16, which is a statement about the standard theory of quantum 
mechanics.) Note also that, unlike in Brukner’s theorem, all three 
assumptions going into LF are essential for the theorem, and so are 
the friends’ observations.

For the specific EWFS Brukner considered—involving two 
binary-outcome measurement choices per superobserver—the set 

of correlations allowed by our LF assumption is identical to the 
set allowed by the assumptions of Bell’s theorem, commonly referred 
to as the local hidden variable (LHV) correlations. However, in gen-
eral, LF and LHV do not give identical constraints. Indeed, already 
for a slightly more complicated EWFS with three binary-outcome 
measurement choices per superobserver, we show that the set of 
LF correlations is a strict superset of the set of LHV correlations. 
Moreover, it is possible for quantum correlations to violate a Bell 
inequality (an inequality bounding the set of LHV correlations) 
while satisfying all of the LF inequalities. We also prove that the new 
LF inequalities we derive can nevertheless be violated by quantum 
correlations. We demonstrate these facts in an experimental simula-
tion where the friends are represented by photon paths.

We now proceed to explain the EWFS in more detail, before pre-
senting our results and discussing their implications.

The extended Wigner’s friend scenario. Let us consider the bipar-
tite version of the Wigner’s friend experiment that was introduced 

I’m Alice

x a

c

d

by

I’m Charlie

I’m Debbie

I’m Bob

Fig. 1 | Concept of the extended Wigner’s friend scenario. The friends, 
Charlie and Debbie, measure a pair of particles prepared in an entangled 
state, producing the outcomes labelled c and d, respectively (from their 
perspective). The superobservers, Alice and Bob, perform space-like 
separated measurements labelled x and y, with outcomes labelled a and b, 
on the entire contents of the laboratories containing Charlie and Debbie, 
respectively. Credit: Icons of people, Eucalyp Studio under a Creative 
Commons licence (https://creativecommons.org/licenses/by/3.0/).
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Wigner’s friend1 is a thought experiment that illustrates 
what is perhaps the thorniest foundational problem in 
quantum theory: the measurement problem2,3. In the 

thought experiment, we consider an observer (the ‘friend’) who 
performs a measurement on a quantum system. In accordance 
with the state update rule, the friend assigns the eigenstate corre-
sponding to their observed outcome to the measured system. The 
friend is assumed to be inside an isolated laboratory that can be 
coherently controlled by a second experimenter, Wigner, who is 
capable of performing arbitrary quantum operations on the friend’s 
laboratory and all of its contents. Although this may be possible, 
in principle, it would be a truly Herculean task if the friend were 
a macroscopic observer like a human, as we have chosen for our 
illustrations and discussions below. For this reason, Wigner is often 
called a ‘superobserver’. However, there is good reason to think that 
quantum mechanics would allow control of the type required if the 
friend were an artificial intelligence algorithm in a simulated envi-
ronment running in a large quantum computer. Wigner describes 
the laboratory and all of its contents as a unitarily evolving quantum 
state, in accordance with the rule for state evolution applicable to 
isolated systems. The case when the friend’s system is prepared in 
a superposition state leads to an apparent contradiction between 
the friend’s perspective and that of Wigner, who does not ascribe 
a well-defined value to the outcome associated with his friend’s 
observation. For a more in-depth description of the Wigner’s friend 
thought experiment, see Supplementary Section A.

Although decoherence can ‘save the appearances’ by explain-
ing the suppression of quantum effects at the macroscopic 
level, it cannot solve the measurement problem: ‘we are still left  
with a multitude of (albeit individually well-localized quasiclassi-
cal) components of the wave function, and we need to supplement  

or otherwise to interpret this situation in order to explain why 
and how single outcomes are perceived’2. Proposed resolutions  
have radical implications: they either reject the idea that measure-
ment outcomes have single, observer-independent values4–7 or 
postulate faster-than-light8,9 or retrocausal effects10,11 at a hidden 
variable level. Alternatively, some theories postulate mechanisms 
to avoid macroscopic superpositions, such as modifications to uni-
tary quantum dynamics12 or gravity-induced collapse13. Here we 
rigorously demonstrate that radical revisions of such types are in 
fact required.

Our work is inspired by the recent surge of renewed interest 
in the Wigner’s friend problem14–20. In particular, Brukner14 intro-
duced an extended Wigner’s friend scenario (EWFS) with two spa-
tially separated laboratories, each containing a friend, accompanied 
by a superobserver who can perform various measurements on 
their friend’s laboratory. Each friend measures half of an entangled 
pair of systems, establishing correlations between the results of the 
superobservers’ subsequent measurements.

In the context of this EWFS, Brukner14,15,20 considered three 
assumptions: ‘freedom of choice’, ‘locality’ (in the sense of ‘parameter 
independence’21) and ‘observer-independent facts’ (OIFs). The last 
of these means that propositions about all observables that might be 
measured (by an observer or a superobserver) are ‘assigned a truth 
value independently of which measurement Wigner performs’14.

In other words, the OIF assumption is equivalent to the assump-
tion of Kochen–Specker non-contextuality22,23 (KSNC). From these 
assumptions, Brukner derived a Bell inequality for the correlations 
of the superobservers’ results, which could be violated in quantum 
mechanics (if the superobservers could suitably manipulate the 
quantum state of the observers). A recent six-photon experiment17, 
using a set-up where the role of each friend is played by a single 
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but entangled friends introduced by Brukner, we prove that if quantum evolution is controllable on the scale of an observer, 
then one of ‘No-Superdeterminism’, ‘Locality’ or ‘Absoluteness of Observed Events’—that every observed event exists abso-
lutely, not relatively—must be false. We show that although the violation of Bell-type inequalities in such scenarios is not in 
general sufficient to demonstrate the contradiction between those three assumptions, new inequalities can be derived, in a 
theory-independent manner, that are violated by quantum correlations. This is demonstrated in a proof-of-principle experiment 
where a photon’s path is deemed an observer. We discuss how this new theorem places strictly stronger constraints on physical 
reality than Bell’s theorem.
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Der	Blick	“von	innen”	ist	fundamentaler



• QM:	“Was	sehe	ich	wahrscheinlich	als	nächstes?”	als	fundamentale	
Frage.	(Beobachter	muss	nicht	unbedingt	ein	Mensch	oder	bewusst	sein.)	

• “Wigner’s	Freund”-Szenarien:	die	Antwort	auf	diese	Frage	“von	innen”	
ist	o{mals	nicht	aus	einer	Perspekrve	“von	außen”	ableitbar.
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photon, successfully violated such a Bell inequality derived from 
Brukner’s assumptions.

Although the EWFS background for this result was novel, the 
derived Bell inequality can be obtained from the assumptions of 
‘freedom of choice’ and KSNC, without considering the friends’ 
observations, and without using ‘locality’ (which follows from Bell’s 
stronger notion of local causality24, which in turn follows from KSNC 
in any Bell scenario25). Furthermore, the Kochen–Specker theorem22 
already establishes that KSNC + ‘freedom of choice’ leads to contra-
dictions with quantum theory. As discussed in refs. 19,20,26, this casts 
doubt on the implications of Brukner’s theorem with regard to any 
assumption specifically about the objectivity of the friends’ observa-
tions—one can respond to Brukner’s theorem simply by maintaining 
that ‘unperformed experiments have no results’27.

Nevertheless, there is a subtle but important difference between 
a standard Bell scenario in which one of two incompatible observ-
ables are chosen at random to be measured by each party and 
the scenario introduced by Brukner. In the latter, in one of four 
experimental runs, all four observables involved in the experi-
ment are being measured—one by each observer in the scenario. 
This suggests that the counterfactual reasoning in the OIF/KSNC 
assumption could be avoided by replacing it with a suitable weaker 
assumption. Indeed, Brukner discusses a weaker assumption—‘that 
Wigner’s and Wigner’s friend’s facts coexist’—before settling on 
‘The assumption of ‘observer-independent facts’ [which] is a stron-
ger condition’14.

In this Article we derive a new theorem, based on the intuition in 
the preceding paragraph around Brukner’s EWFS. It uses metaphys-
ical assumptions (that is, assumptions about physical theories) that 
are strictly weaker than those of Bell’s theorem or Kochen–Specker 
contextuality theorems, and thus opens a new direction in experi-
mental metaphysics. Our first two assumptions are, as per Brukner, 
‘freedom of choice’ (which we make more formal using the con-
cept of ‘No-Superdeterminism’ defined in ref. 24) and ‘Locality’ (in 
the same sense as Brukner; see also ref. 24). Our third assumption is 
‘Absoluteness of Observed Events’ (AOE), which is that an observed 
event is a real single event and not relative to anything or anyone. 
Note that capitalization is used for assumptions formally defined in 
this paper.

Unlike OIF, AOE makes no claim about hypothetical measure-
ments that were not actually performed in a given run. Furthermore, 
AOE is necessarily (though often implicitly) assumed even in stan-
dard Bell experiments24. For convenience, we will call the conjunc-
tion of these three assumptions ‘Local Friendliness’ (LF). This 
enables us to state our theorem.

Theorem 1: If a superobserver can perform arbitrary quantum 
operations on an observer and its environment, then no physical 
theory can satisfy Local Friendliness.

By a ‘physical theory’ we mean any theory that correctly predicts 
the correlations between the outcomes observed by the superob-
servers Alice and Bob (Fig. 1), who can communicate after their 
experiments are performed and evaluate those correlations. The 
proof of Theorem 1 proceeds by showing that LF implies a set of 
constraints on those correlations (that we call ‘LF inequalities’) that 
can, in principle, be violated by quantum predictions for an EWFS 
scenario. Thus, like Bell’s theorem and Brukner’s theorem, our theo-
rem is theory-independent—we use (like Bell and Brukner) quan-
tum mechanics as a guide for what may be seen in experiments, but 
the metaphysical conclusions hold for any theory if those predic-
tions are realized in the laboratory. (This is unlike the theorem of 
ref. 16, which is a statement about the standard theory of quantum 
mechanics.) Note also that, unlike in Brukner’s theorem, all three 
assumptions going into LF are essential for the theorem, and so are 
the friends’ observations.

For the specific EWFS Brukner considered—involving two 
binary-outcome measurement choices per superobserver—the set 

of correlations allowed by our LF assumption is identical to the 
set allowed by the assumptions of Bell’s theorem, commonly referred 
to as the local hidden variable (LHV) correlations. However, in gen-
eral, LF and LHV do not give identical constraints. Indeed, already 
for a slightly more complicated EWFS with three binary-outcome 
measurement choices per superobserver, we show that the set of 
LF correlations is a strict superset of the set of LHV correlations. 
Moreover, it is possible for quantum correlations to violate a Bell 
inequality (an inequality bounding the set of LHV correlations) 
while satisfying all of the LF inequalities. We also prove that the new 
LF inequalities we derive can nevertheless be violated by quantum 
correlations. We demonstrate these facts in an experimental simula-
tion where the friends are represented by photon paths.

We now proceed to explain the EWFS in more detail, before pre-
senting our results and discussing their implications.

The extended Wigner’s friend scenario. Let us consider the bipar-
tite version of the Wigner’s friend experiment that was introduced 

I’m Alice

x a

c

d

by

I’m Charlie

I’m Debbie

I’m Bob

Fig. 1 | Concept of the extended Wigner’s friend scenario. The friends, 
Charlie and Debbie, measure a pair of particles prepared in an entangled 
state, producing the outcomes labelled c and d, respectively (from their 
perspective). The superobservers, Alice and Bob, perform space-like 
separated measurements labelled x and y, with outcomes labelled a and b, 
on the entire contents of the laboratories containing Charlie and Debbie, 
respectively. Credit: Icons of people, Eucalyp Studio under a Creative 
Commons licence (https://creativecommons.org/licenses/by/3.0/).
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Wigner’s friend1 is a thought experiment that illustrates 
what is perhaps the thorniest foundational problem in 
quantum theory: the measurement problem2,3. In the 

thought experiment, we consider an observer (the ‘friend’) who 
performs a measurement on a quantum system. In accordance 
with the state update rule, the friend assigns the eigenstate corre-
sponding to their observed outcome to the measured system. The 
friend is assumed to be inside an isolated laboratory that can be 
coherently controlled by a second experimenter, Wigner, who is 
capable of performing arbitrary quantum operations on the friend’s 
laboratory and all of its contents. Although this may be possible, 
in principle, it would be a truly Herculean task if the friend were 
a macroscopic observer like a human, as we have chosen for our 
illustrations and discussions below. For this reason, Wigner is often 
called a ‘superobserver’. However, there is good reason to think that 
quantum mechanics would allow control of the type required if the 
friend were an artificial intelligence algorithm in a simulated envi-
ronment running in a large quantum computer. Wigner describes 
the laboratory and all of its contents as a unitarily evolving quantum 
state, in accordance with the rule for state evolution applicable to 
isolated systems. The case when the friend’s system is prepared in 
a superposition state leads to an apparent contradiction between 
the friend’s perspective and that of Wigner, who does not ascribe 
a well-defined value to the outcome associated with his friend’s 
observation. For a more in-depth description of the Wigner’s friend 
thought experiment, see Supplementary Section A.

Although decoherence can ‘save the appearances’ by explain-
ing the suppression of quantum effects at the macroscopic 
level, it cannot solve the measurement problem: ‘we are still left  
with a multitude of (albeit individually well-localized quasiclassi-
cal) components of the wave function, and we need to supplement  

or otherwise to interpret this situation in order to explain why 
and how single outcomes are perceived’2. Proposed resolutions  
have radical implications: they either reject the idea that measure-
ment outcomes have single, observer-independent values4–7 or 
postulate faster-than-light8,9 or retrocausal effects10,11 at a hidden 
variable level. Alternatively, some theories postulate mechanisms 
to avoid macroscopic superpositions, such as modifications to uni-
tary quantum dynamics12 or gravity-induced collapse13. Here we 
rigorously demonstrate that radical revisions of such types are in 
fact required.

Our work is inspired by the recent surge of renewed interest 
in the Wigner’s friend problem14–20. In particular, Brukner14 intro-
duced an extended Wigner’s friend scenario (EWFS) with two spa-
tially separated laboratories, each containing a friend, accompanied 
by a superobserver who can perform various measurements on 
their friend’s laboratory. Each friend measures half of an entangled 
pair of systems, establishing correlations between the results of the 
superobservers’ subsequent measurements.

In the context of this EWFS, Brukner14,15,20 considered three 
assumptions: ‘freedom of choice’, ‘locality’ (in the sense of ‘parameter 
independence’21) and ‘observer-independent facts’ (OIFs). The last 
of these means that propositions about all observables that might be 
measured (by an observer or a superobserver) are ‘assigned a truth 
value independently of which measurement Wigner performs’14.

In other words, the OIF assumption is equivalent to the assump-
tion of Kochen–Specker non-contextuality22,23 (KSNC). From these 
assumptions, Brukner derived a Bell inequality for the correlations 
of the superobservers’ results, which could be violated in quantum 
mechanics (if the superobservers could suitably manipulate the 
quantum state of the observers). A recent six-photon experiment17, 
using a set-up where the role of each friend is played by a single 

A strong no-go theorem on the Wigner’s friend 
paradox
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Does quantum theory apply at all scales, including that of observers? New light on this fundamental question has recently been 
shed through a resurgence of interest in the long-standing Wigner’s friend paradox. This is a thought experiment addressing 
the quantum measurement problem—the difficulty of reconciling the (unitary, deterministic) evolution of isolated systems 
and the (non-unitary, probabilistic) state update after a measurement. Here, by building on a scenario with two separated 
but entangled friends introduced by Brukner, we prove that if quantum evolution is controllable on the scale of an observer, 
then one of ‘No-Superdeterminism’, ‘Locality’ or ‘Absoluteness of Observed Events’—that every observed event exists abso-
lutely, not relatively—must be false. We show that although the violation of Bell-type inequalities in such scenarios is not in 
general sufficient to demonstrate the contradiction between those three assumptions, new inequalities can be derived, in a 
theory-independent manner, that are violated by quantum correlations. This is demonstrated in a proof-of-principle experiment 
where a photon’s path is deemed an observer. We discuss how this new theorem places strictly stronger constraints on physical 
reality than Bell’s theorem.
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Ich	lehne	diese	Sichtweise	ab.	
In	allen	Fällen	sollte	es	eine	Antwort	auf	die	
Frage	geben	“was	sehe	ich	als	nächstes?”,	
denn	diese	ist	fundamentaler	als	die	Frage	
nach	der	Beschaffenheit	der	Welt.
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Gesucht:	einheitlicher	Ansatz,	der	im	Prinzip	in	allen	Situaronen	die	Frage

beantwortet,	und	sich	in	Standard-Situaronen	auf	die	QM	reduziert.
“Was	sehe	ich	wahrscheinlich	als	nächstes?”

Idealismus
Philosophische	Posironen,	in	denen	der	Geist,	die	Vernun{	oder	das	
Bewusstsein	primär	das	eigentlich	Wirkliche	sind,	die	Materie	ist	
sekundär	und	eine	Erscheinungsform	derselben.

Hier:	“Geist”	ersetzt	durch	rigorose	mathemarsche,	
											informamonstheoremsche	Definironen.	
Irrelevant:	Qualia,	Bewusstsein,	was	wir	glauben	oder	wollen.

Ziel:	indirekte	Ableitung	der	QM;	Beantwortung	der	obigen	Frage	auch	in	
									Situaronen	wie	Wigner’s	Freund,	Boltzmann-Gehirne,	Computer-	
									Simularon	von	Beobachtern,	Duplikaron	(wie	in	“Star	Trek”),	Tod.
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Aber	auch	äußerst	kontraintuirv,	ungewohnt	und	mathemarsch	abstrakt,	
daher	recht	schwer	zu	vermi�eln.	Das	macht	es	schwierig	für	mich.

Glauben	Sie	mir	(ab	jetzt)	nichts	einfach	so:	
vielleicht	stelle	ich,	genau	wie	meine	Kinder,	eine	fruchtlose	
Frage	ohne	Antwort	(“was	sehe	ich	wohl	als	nächstes?”)	—	
möglicherweise	aber	auch	nicht,	und	dann	ist	die	
Antwort	höchst	relevant!

http://mpmueller.net/ai


“Was	sehe	ich	wahrscheinlich	als	nächstes?”

• Parfit’s	Teletransporter-Paradoxon

• Das	Boltzmann-Gehirn-Problem

• Wigners	Freund

what’s next?



“Was	sehe	ich	wahrscheinlich	als	nächstes?”

• Parfit’s	Teletransporter-Paradoxon

• Das	Boltzmann-Gehirn-Problem

• Wigners	Freund

what’s next?

• Computersimulamon	von	Beobachtern



exomsches	
Regime

“Was	sehe	ich	wahrscheinlich	als	nächstes?”

• Parfit’s	Teletransporter-Paradoxon

• Das	Boltzmann-Gehirn-Problem

• Wigners	Freund

• Computersimulamon	von	Beobachtern



exomsches	
Regime

“Was	sehe	ich	wahrscheinlich	als	nächstes?”

• Parfit’s	Teletransporter-Paradoxon

• Das	Boltzmann-Gehirn-Problem

• Wigners	Freund

• Experimente	im	Labor

• Computersimulamon	von	Beobachtern



exomsches	
Regime

“Was	sehe	ich	wahrscheinlich	als	nächstes?”

• Parfit’s	Teletransporter-Paradoxon

• Das	Boltzmann-Gehirn-Problem

• Wigners	Freund

• Experimente	im	Labor

37 10. Emergence of objective reality
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FIG. 8. Informal illustration of the setup that is considered in this section. We have an observer A (Abby) whose experience is well
described by a simple computational process which generates some A-measure µ (we know from Theorem 8.5 that this happens with
high probability). This means that the computational process is what she may call her “external world” as explained in Section 9;
her observational history (here e.g. (x1, x2, x3, x4)) is a function fA of the process’ state (see also Figure 7). Suppose that there is
another simple computable function fB , acting on the states of this graph machine, which produces a B-history, where B is another
observer (Bambi). Then it will look for Abby as if there was another observer “in her world”, and she may predict what Bambi
is supposed to experience in the future. However, Bambi’s first-person perspective is determined by Postulates 6.1; she experiences
a sequence of successor states determined by transition probabilities P(·;B) that may apriori be completely unrelated to Abby’s
predictions, symbolized by the grey speech bubble. But as we show in Theorem 10.2 below, if Bambi is “old” enough, then she will
indeed subjectively experience the same probabilities that Abby predicts — in other words, she sees the same world (depicted as the
galaxy) as Abby does. This is a probabilistic form of emergent objective reality.

some computational process that generates Abby’s experi-
ences (histories over an observer graph A), and a computable
function fA which “reads out” Abby’s current history from
the full computational process. But now, in addition, we
have another computable map fB which reads out another
history, corresponding to another observer graph B, as illus-
trated in Figure 8. Basically, fB reads out what Abby sees
Bambi experience; or, in more detail, the information con-
tent of Bambi’s brain, as she is appearing in Abby’s external
computational world.

Since the computational process is probabilistic, the state
of this computation (say, of the universal graph machine U)
at some computational time t is a random variable, g(t). For
every t, the function fA reads out the A-history fA(g(t))
that Abby has experienced until that computational mo-
ment. Similarly, fB(g(t)) will yield a B-history. If fB is
suitably chosen, then fB(g(t+1)) will always be either equal
to, or an extension of, fB(g(t)). For fA, this is true auto-
matically due to the way that the output of a graph machine
is defined, cf. Figure 7.

For example, fB can simply read out “the current informa-
tion content of Bambi’s brain”, and infer the corresponding
information content at all earlier times (if the computational
process is reversible), patching all of them together47 to pro-
duce a history fB(g(t)).

47 This specific example will only work, however, if no vertex of the

observer graph is a successor state of itself, i.e. if x
B
!x is impossible

for all x. This is because then a new entry in Bambi’s history can
appear whenever the current information content changes; if there is
no change from time t to time t+ 1 then fB(g(t+ 1)) = fB(g(t)).

Since g(t) is a random variable (depending on the random
input bits supplied to the graph machine), we thus have to
distinguish the following two probability distributions:

1. The distribution on fB(g(t)) that is induced by the
probabilities of the di↵erent computations g(t);

2. the distribution P(·;B) that is predicted by our the-
ory (according to Postulates 6.1) to determine what B
actually experiences.

In our example, case 1. corresponds to the unit probability
that Abby assigns to the statement “tomorrow I will see
Bambi experience a rising sun”, whereas case 2. corresponds
to the probability that Bambi will actually see a rising sun
herself.

Apriori, both probabilities could be very di↵erent. How-
ever, if they were in fact di↵erent, then we would have a very
strange situation, reminiscent of Wittgenstein’s philosophi-
cal concept of a “zombie” [76]: the observer called Bambi
that Abby sees would in fact not subjectively experience
what Abby sees her experience, but would divert into her
own “parallel world”, leaving a material remainder that be-
haves like an observer, but does not correspond to a valid
first-person perspective that is actually taken by anybody48.

48 Note that this would be much stranger than the simple e↵ect of
having di↵erent “computational branches”, following di↵erent values
that the random variable g(t) can take. Similarly as in Everettian
interpretations of quantum mechanics, a “many-worlds”-like picture
would automatically suggest that we should imagine di↵erent “in-
stances” of Abby and Bambi, following the di↵erent branches. Nev-
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jetzt	wahrnehme	und	erinnere,	
bewusst	oder	nicht)
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der	physikalischen	Welt

Problem:	nur	eingeschränkt	anwendbar	(siehe	exorsche	Rätsel)	und	
schwer	mit	der	Quantentheorie	in	Einklang	zu	bringen.

Übliche	Weltsicht:
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y :

<latexit sha1_base64="JI5UAk7hAzy54KWCbb60ILk9OYo=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkVFE9FLx6r2A9oQ9lsN+3SzSbsToQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqEccJ9yM6UCIUjKKVHsbXvVLZrbgzkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2aXTsipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2hC8xZeXSbNa8c4r1fuLcu0mj6MAx3ACZ+DBJdTgDurQAAYhPMMrvDkj58V5dz7mrStOPnMEf+B8/gBmX41F</latexit>

Selbstzustand	danach

Übliche	Sicht	als	gute	Näherung:	
Langfristig	ist	die	Statistik	so	ähnlich	wie

einfache	
Gesetze

Algorithmische	Wahrscheinlichkeit

statistisches	
Phänomen



Überblick

1.	Was	wir	wissen	und	vermuten
1a.	Experimente	mit	Münzen	
1b.	Die	Quantenwelt	ist	nicht	lokal-realistisch	
1c.	Was	tun	damit?	->	Erzeugung	sicherer	Zufallszahlen	
1d.	In	was	für	einer	verrückten	Welt	leben	wir,	die	das	ermöglicht?

2.	Worüber	wir	uns	wundern	—	und	was	mich	antreibt
2a.	Vielleicht	stellen	wir	die	falschen	Fragen	
2b.	Der	Blick	von	innen:	“was	passiert	mit	mir	als	nächstes?”	
2c.	Die	Suche	nach	einer	modernen	Version	des	Idealismus

0.	Kurze	Vorstellung
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• Konsequenz:	absolut	sichere	Zufallszahlen	und	Verschlüsselung.

Zusammenfassung

• Unsere	(Quanten)-Welt	ist	nicht	lokal-realismsch.	
Mit	Quantenmechanik	können	Sie	Münzspiele	mit	höherer	
Wahrscheinlichkeit	gewinnen	als	mit	allen	Mi�eln	der	Alltagswelt.

• Wir	wissen	nicht,	wie	unsere	Welt	das	macht.	Viele	Welten?	
Überlichtschnelle	Informaronsübertragung?	
Aber	vielleicht	stellen	wir	die	falschen	Fragen.

• In	gewisser	Weise	sagt	uns	die	QM,	dass	der	“Blick	von	innen”	(der	
Beobachter)	wesentlich	ist.	Kein	Konsens	darüber,	inwiefern	genau!

• Mein	eigener	Ansatz:	“was	sehe	ich	als	nächstes?”	als	fundamentale	
Frage,	um	mehrere	Rätsel	der	Physik	und	Philosophie	anzugehen.
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Vielen	Dank	für	Ihr	Interesse!	
mpmueller.net


