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1D condition:

µ, kBT < !ω⊥

Experimental parameters:

Natoms = 2000− 20000

T = 20− 150 nK

ω⊥ ≈ 2π × 2 kHz

ωz ≈ 2π × 10Hz

1

For more information on experiment, read T. Schweigler or B. Rauer thesis
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From sine-Gordon to Klein-Gordon - Dynamics of relative DOF2

Schweigler et al., Nature (2017) 
Schweigler et al., Nat. Phys. (2021)

Rauer et al., Science (2018)
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From sine-Gordon to Klein-Gordon - Dynamics of relative DOF2

For strong tunnelling
Schweigler et al., Nature (2017) 

Schweigler et al., Nat. Phys. (2021)

Rauer et al., Science (2018)
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v(z) =
p
�⇢0(z)/m

1+1 D action

For strong tunnelling

<latexit sha1_base64="XF5/1s6hZkUluZ65ljoX2ieJcgk="></latexit>

K(z) =
~⇡
2

s
⇢0(z)

m�

<latexit sha1_base64="TB1Uj9fbZJnQ5y3hjaMZ5L9olyE=">AAACBXicbVDLSgNBEJyNrxhfqx71MBgUT3E3+LoIAQ+KIEQwD8iG0DuZJENmdteZWSEsuXjxV7x4UMSr/+DNv3GS7EGjBQ1FVTfdXX7EmdKO82VlZmbn5heyi7ml5ZXVNXt9o6rCWBJaISEPZd0HRTkLaEUzzWk9khSEz2nN75+P/No9lYqFwa0eRLQpoBuwDiOgjdSyt6/xHj7z1J3USdHr+SCxuDrwuiAEDFt23ik4Y+C/xE1JHqUot+xPrx2SWNBAEw5KNVwn0s0EpGaE02HOixWNgPShSxuGBiCoaibjL4Z41yht3AmlqUDjsfpzIgGh1ED4plOA7qlpbyT+5zVi3TltJiyIYk0DMlnUiTnWIR5FgttMUqL5wBAgkplbMemBBKJNcDkTgjv98l9SLRbc48LRzWG+dJHGkUVbaAftIxedoBK6RGVUQQQ9oCf0gl6tR+vZerPeJ60ZK53ZRL9gfXwDocSXcA==</latexit>

M =
p
2~mJ/�

Schweigler et al., Nature (2017) 
Schweigler et al., Nat. Phys. (2021)

Rauer et al., Science (2018)



3
1+1 D action

<latexit sha1_base64="hRfaN8XpUvTSkFDZ15aI+5LHgT4="></latexit>

S[�]⇠
Z
dzdt

p
�gK(z)

⇥
gµ⌫(@µ�)(@⌫�) +

1
2M

2�2
⇤

Tajik et al. , PNAS (2023)



3
1+1 D action

<latexit sha1_base64="hRfaN8XpUvTSkFDZ15aI+5LHgT4="></latexit>

S[�]⇠
Z
dzdt

p
�gK(z)

⇥
gµ⌫(@µ�)(@⌫�) +

1
2M

2�2
⇤

<latexit sha1_base64="OOBWsPHgR+va1kIMOCfwvDw0TLk=">AAAB8XicbVDLSsNAFL2prxpfVZduBovgqiTia1UKLhRBqGAf2IQymU7aoZNJmJkIJfQv3LhQxK1/486/cdpmoa0HLhzOuZd77wkSzpR2nG+rsLS8srpWXLc3Nre2d0q7e00Vp5LQBol5LNsBVpQzQRuaaU7biaQ4CjhtBcOrid96olKxWDzoUUL9CPcFCxnB2kiPt1UHeZ59V3W6pbJTcaZAi8TNSRly1LulL68XkzSiQhOOleq4TqL9DEvNCKdj20sVTTAZ4j7tGCpwRJWfTS8eoyOj9FAYS1NCo6n6eyLDkVKjKDCdEdYDNe9NxP+8TqrDSz9jIkk1FWS2KEw50jGavI96TFKi+cgQTCQztyIywBITbUKyTQju/MuLpHlScc8rZ/en5dp1HkcRDuAQjsGFC6jBDdShAQQEPMMrvFnKerHerY9Za8HKZ/bhD6zPHxVRj0I=</latexit>

J > 0

M > 0

<latexit sha1_base64="8GSthQF/QH/QqN/b0XaSvvFPpog=">AAAB8XicbVDLSsNAFL2prxpfVZduBovgqiTia1MouFAEoYJ9YBPKZDpph04mYWYilNC/cONCEbf+jTv/xmmbhbYeuHA4517uvSdIOFPacb6twtLyyupacd3e2Nza3int7jVVnEpCGyTmsWwHWFHOBG1opjltJ5LiKOC0FQyvJn7riUrFYvGgRwn1I9wXLGQEayM93lYd5Hn2XdXplspOxZkCLRI3J2XIUe+WvrxeTNKICk04VqrjOon2Myw1I5yObS9VNMFkiPu0Y6jAEVV+Nr14jI6M0kNhLE0Jjabq74kMR0qNosB0RlgP1Lw3Ef/zOqkOL/2MiSTVVJDZojDlSMdo8j7qMUmJ5iNDMJHM3IrIAEtMtAnJNiG48y8vkuZJxT2vnN2flmvXeRxFOIBDOAYXLqAGN1CHBhAQ8Ayv8GYp68V6tz5mrQUrn9mHP7A+fwASQI9A</latexit>

J = 0

M = 0

Quench!

Tajik et al. , PNAS (2023)



3
1+1 D action

<latexit sha1_base64="hRfaN8XpUvTSkFDZ15aI+5LHgT4="></latexit>

S[�]⇠
Z
dzdt

p
�gK(z)

⇥
gµ⌫(@µ�)(@⌫�) +

1
2M

2�2
⇤

<latexit sha1_base64="OOBWsPHgR+va1kIMOCfwvDw0TLk=">AAAB8XicbVDLSsNAFL2prxpfVZduBovgqiTia1UKLhRBqGAf2IQymU7aoZNJmJkIJfQv3LhQxK1/486/cdpmoa0HLhzOuZd77wkSzpR2nG+rsLS8srpWXLc3Nre2d0q7e00Vp5LQBol5LNsBVpQzQRuaaU7biaQ4CjhtBcOrid96olKxWDzoUUL9CPcFCxnB2kiPt1UHeZ59V3W6pbJTcaZAi8TNSRly1LulL68XkzSiQhOOleq4TqL9DEvNCKdj20sVTTAZ4j7tGCpwRJWfTS8eoyOj9FAYS1NCo6n6eyLDkVKjKDCdEdYDNe9NxP+8TqrDSz9jIkk1FWS2KEw50jGavI96TFKi+cgQTCQztyIywBITbUKyTQju/MuLpHlScc8rZ/en5dp1HkcRDuAQjsGFC6jBDdShAQQEPMMrvFnKerHerY9Za8HKZ/bhD6zPHxVRj0I=</latexit>

J > 0

M > 0

<latexit sha1_base64="8GSthQF/QH/QqN/b0XaSvvFPpog=">AAAB8XicbVDLSsNAFL2prxpfVZduBovgqiTia1MouFAEoYJ9YBPKZDpph04mYWYilNC/cONCEbf+jTv/xmmbhbYeuHA4517uvSdIOFPacb6twtLyyupacd3e2Nza3int7jVVnEpCGyTmsWwHWFHOBG1opjltJ5LiKOC0FQyvJn7riUrFYvGgRwn1I9wXLGQEayM93lYd5Hn2XdXplspOxZkCLRI3J2XIUe+WvrxeTNKICk04VqrjOon2Myw1I5yObS9VNMFkiPu0Y6jAEVV+Nr14jI6M0kNhLE0Jjabq74kMR0qNosB0RlgP1Lw3Ef/zOqkOL/2MiSTVVJDZojDlSMdo8j7qMUmJ5iNDMJHM3IrIAEtMtAnJNiG48y8vkuZJxT2vnN2flmvXeRxFOIBDOAYXLqAGN1CHBhAQ8Ayv8GYp68V6tz5mrQUrn9mHP7A+fwASQI9A</latexit>

J = 0

M = 0

Quench!

<latexit sha1_base64="s14DRnYq4XoGfYOknb0s/Z2jeiQ=">AAACDHicbVC7TsMwFHXKq5RXgZElokJql5IgXgtSJQYYi0QfUhNVjus0Vm0nsh2kNsoHsPArLAwgxMoHsPE3OG0GaDmSpaNzzrV9jxdRIpVlfRuFpeWV1bXiemljc2t7p7y715ZhLBBuoZCGoutBiSnhuKWIorgbCQyZR3HHG11nfucBC0lCfq/GEXYZHHLiEwSVlvrlSlyd1K6qTuBBccxqTgSFIpD2k0maOFFAUm3rlFW3pjAXiZ2TCsjR7Je/nEGIYoa5QhRK2bOtSLlJdjWiOC05scQRRCM4xD1NOWRYusl0mdQ80srA9EOhD1fmVP09kUAm5Zh5OsmgCuS8l4n/eb1Y+ZduQngUK8zR7CE/pqYKzawZc0AERoqONYFIEP1XEwVQQKR0fyVdgj2/8iJpn9Tt8/rZ3WmlcZPXUQQH4BBUgQ0uQAPcgiZoAQQewTN4BW/Gk/FivBsfs2jByGf2wR8Ynz/q5Jr1</latexit>

u(z) = (~/m)@z�(z)Velocity field:

Tajik et al. , PNAS (2023)



3
1+1 D action

<latexit sha1_base64="hRfaN8XpUvTSkFDZ15aI+5LHgT4="></latexit>

S[�]⇠
Z
dzdt

p
�gK(z)

⇥
gµ⌫(@µ�)(@⌫�) +

1
2M

2�2
⇤

<latexit sha1_base64="OOBWsPHgR+va1kIMOCfwvDw0TLk=">AAAB8XicbVDLSsNAFL2prxpfVZduBovgqiTia1UKLhRBqGAf2IQymU7aoZNJmJkIJfQv3LhQxK1/486/cdpmoa0HLhzOuZd77wkSzpR2nG+rsLS8srpWXLc3Nre2d0q7e00Vp5LQBol5LNsBVpQzQRuaaU7biaQ4CjhtBcOrid96olKxWDzoUUL9CPcFCxnB2kiPt1UHeZ59V3W6pbJTcaZAi8TNSRly1LulL68XkzSiQhOOleq4TqL9DEvNCKdj20sVTTAZ4j7tGCpwRJWfTS8eoyOj9FAYS1NCo6n6eyLDkVKjKDCdEdYDNe9NxP+8TqrDSz9jIkk1FWS2KEw50jGavI96TFKi+cgQTCQztyIywBITbUKyTQju/MuLpHlScc8rZ/en5dp1HkcRDuAQjsGFC6jBDdShAQQEPMMrvFnKerHerY9Za8HKZ/bhD6zPHxVRj0I=</latexit>

J > 0

M > 0

<latexit sha1_base64="8GSthQF/QH/QqN/b0XaSvvFPpog=">AAAB8XicbVDLSsNAFL2prxpfVZduBovgqiTia1MouFAEoYJ9YBPKZDpph04mYWYilNC/cONCEbf+jTv/xmmbhbYeuHA4517uvSdIOFPacb6twtLyyupacd3e2Nza3int7jVVnEpCGyTmsWwHWFHOBG1opjltJ5LiKOC0FQyvJn7riUrFYvGgRwn1I9wXLGQEayM93lYd5Hn2XdXplspOxZkCLRI3J2XIUe+WvrxeTNKICk04VqrjOon2Myw1I5yObS9VNMFkiPu0Y6jAEVV+Nr14jI6M0kNhLE0Jjabq74kMR0qNosB0RlgP1Lw3Ef/zOqkOL/2MiSTVVJDZojDlSMdo8j7qMUmJ5iNDMJHM3IrIAEtMtAnJNiG48y8vkuZJxT2vnN2flmvXeRxFOIBDOAYXLqAGN1CHBhAQ8Ayv8GYp68V6tz5mrQUrn9mHP7A+fwASQI9A</latexit>

J = 0

M = 0

Quench!

<latexit sha1_base64="DECWW/9jqlCmLXcMvWm2ij4TYHI="></latexit>

hu(z)i = 0

Cu(z, z
0) = hu(z)u(z0)i

<latexit sha1_base64="s14DRnYq4XoGfYOknb0s/Z2jeiQ=">AAACDHicbVC7TsMwFHXKq5RXgZElokJql5IgXgtSJQYYi0QfUhNVjus0Vm0nsh2kNsoHsPArLAwgxMoHsPE3OG0GaDmSpaNzzrV9jxdRIpVlfRuFpeWV1bXiemljc2t7p7y715ZhLBBuoZCGoutBiSnhuKWIorgbCQyZR3HHG11nfucBC0lCfq/GEXYZHHLiEwSVlvrlSlyd1K6qTuBBccxqTgSFIpD2k0maOFFAUm3rlFW3pjAXiZ2TCsjR7Je/nEGIYoa5QhRK2bOtSLlJdjWiOC05scQRRCM4xD1NOWRYusl0mdQ80srA9EOhD1fmVP09kUAm5Zh5OsmgCuS8l4n/eb1Y+ZduQngUK8zR7CE/pqYKzawZc0AERoqONYFIEP1XEwVQQKR0fyVdgj2/8iJpn9Tt8/rZ3WmlcZPXUQQH4BBUgQ0uQAPcgiZoAQQewTN4BW/Gk/FivBsfs2jByGf2wR8Ynz/q5Jr1</latexit>

u(z) = (~/m)@z�(z)Velocity field:

Tajik et al. , PNAS (2023)



3
1+1 D action

<latexit sha1_base64="hRfaN8XpUvTSkFDZ15aI+5LHgT4="></latexit>

S[�]⇠
Z
dzdt

p
�gK(z)

⇥
gµ⌫(@µ�)(@⌫�) +

1
2M

2�2
⇤

<latexit sha1_base64="OOBWsPHgR+va1kIMOCfwvDw0TLk=">AAAB8XicbVDLSsNAFL2prxpfVZduBovgqiTia1UKLhRBqGAf2IQymU7aoZNJmJkIJfQv3LhQxK1/486/cdpmoa0HLhzOuZd77wkSzpR2nG+rsLS8srpWXLc3Nre2d0q7e00Vp5LQBol5LNsBVpQzQRuaaU7biaQ4CjhtBcOrid96olKxWDzoUUL9CPcFCxnB2kiPt1UHeZ59V3W6pbJTcaZAi8TNSRly1LulL68XkzSiQhOOleq4TqL9DEvNCKdj20sVTTAZ4j7tGCpwRJWfTS8eoyOj9FAYS1NCo6n6eyLDkVKjKDCdEdYDNe9NxP+8TqrDSz9jIkk1FWS2KEw50jGavI96TFKi+cgQTCQztyIywBITbUKyTQju/MuLpHlScc8rZ/en5dp1HkcRDuAQjsGFC6jBDdShAQQEPMMrvFnKerHerY9Za8HKZ/bhD6zPHxVRj0I=</latexit>

J > 0

M > 0

<latexit sha1_base64="8GSthQF/QH/QqN/b0XaSvvFPpog=">AAAB8XicbVDLSsNAFL2prxpfVZduBovgqiTia1MouFAEoYJ9YBPKZDpph04mYWYilNC/cONCEbf+jTv/xmmbhbYeuHA4517uvSdIOFPacb6twtLyyupacd3e2Nza3int7jVVnEpCGyTmsWwHWFHOBG1opjltJ5LiKOC0FQyvJn7riUrFYvGgRwn1I9wXLGQEayM93lYd5Hn2XdXplspOxZkCLRI3J2XIUe+WvrxeTNKICk04VqrjOon2Myw1I5yObS9VNMFkiPu0Y6jAEVV+Nr14jI6M0kNhLE0Jjabq74kMR0qNosB0RlgP1Lw3Ef/zOqkOL/2MiSTVVJDZojDlSMdo8j7qMUmJ5iNDMJHM3IrIAEtMtAnJNiG48y8vkuZJxT2vnN2flmvXeRxFOIBDOAYXLqAGN1CHBhAQ8Ayv8GYp68V6tz5mrQUrn9mHP7A+fwASQI9A</latexit>

J = 0

M = 0

Quench!

<latexit sha1_base64="DECWW/9jqlCmLXcMvWm2ij4TYHI="></latexit>

hu(z)i = 0

Cu(z, z
0) = hu(z)u(z0)i

<latexit sha1_base64="s14DRnYq4XoGfYOknb0s/Z2jeiQ=">AAACDHicbVC7TsMwFHXKq5RXgZElokJql5IgXgtSJQYYi0QfUhNVjus0Vm0nsh2kNsoHsPArLAwgxMoHsPE3OG0GaDmSpaNzzrV9jxdRIpVlfRuFpeWV1bXiemljc2t7p7y715ZhLBBuoZCGoutBiSnhuKWIorgbCQyZR3HHG11nfucBC0lCfq/GEXYZHHLiEwSVlvrlSlyd1K6qTuBBccxqTgSFIpD2k0maOFFAUm3rlFW3pjAXiZ2TCsjR7Je/nEGIYoa5QhRK2bOtSLlJdjWiOC05scQRRCM4xD1NOWRYusl0mdQ80srA9EOhD1fmVP09kUAm5Zh5OsmgCuS8l4n/eb1Y+ZduQngUK8zR7CE/pqYKzawZc0AERoqONYFIEP1XEwVQQKR0fyVdgj2/8iJpn9Tt8/rZ3WmlcZPXUQQH4BBUgQ0uQAPcgiZoAQQewTN4BW/Gk/FivBsfs2jByGf2wR8Ynz/q5Jr1</latexit>

u(z) = (~/m)@z�(z)Velocity field:

<latexit sha1_base64="DECWW/9jqlCmLXcMvWm2ij4TYHI="></latexit>

hu(z)i = 0

Cu(z, z
0) = hu(z)u(z0)i

Tajik et al. , PNAS (2023)



3
1+1 D action

<latexit sha1_base64="hRfaN8XpUvTSkFDZ15aI+5LHgT4="></latexit>

S[�]⇠
Z
dzdt

p
�gK(z)

⇥
gµ⌫(@µ�)(@⌫�) +

1
2M

2�2
⇤

<latexit sha1_base64="OOBWsPHgR+va1kIMOCfwvDw0TLk=">AAAB8XicbVDLSsNAFL2prxpfVZduBovgqiTia1UKLhRBqGAf2IQymU7aoZNJmJkIJfQv3LhQxK1/486/cdpmoa0HLhzOuZd77wkSzpR2nG+rsLS8srpWXLc3Nre2d0q7e00Vp5LQBol5LNsBVpQzQRuaaU7biaQ4CjhtBcOrid96olKxWDzoUUL9CPcFCxnB2kiPt1UHeZ59V3W6pbJTcaZAi8TNSRly1LulL68XkzSiQhOOleq4TqL9DEvNCKdj20sVTTAZ4j7tGCpwRJWfTS8eoyOj9FAYS1NCo6n6eyLDkVKjKDCdEdYDNe9NxP+8TqrDSz9jIkk1FWS2KEw50jGavI96TFKi+cgQTCQztyIywBITbUKyTQju/MuLpHlScc8rZ/en5dp1HkcRDuAQjsGFC6jBDdShAQQEPMMrvFnKerHerY9Za8HKZ/bhD6zPHxVRj0I=</latexit>

J > 0

M > 0

<latexit sha1_base64="8GSthQF/QH/QqN/b0XaSvvFPpog=">AAAB8XicbVDLSsNAFL2prxpfVZduBovgqiTia1MouFAEoYJ9YBPKZDpph04mYWYilNC/cONCEbf+jTv/xmmbhbYeuHA4517uvSdIOFPacb6twtLyyupacd3e2Nza3int7jVVnEpCGyTmsWwHWFHOBG1opjltJ5LiKOC0FQyvJn7riUrFYvGgRwn1I9wXLGQEayM93lYd5Hn2XdXplspOxZkCLRI3J2XIUe+WvrxeTNKICk04VqrjOon2Myw1I5yObS9VNMFkiPu0Y6jAEVV+Nr14jI6M0kNhLE0Jjabq74kMR0qNosB0RlgP1Lw3Ef/zOqkOL/2MiSTVVJDZojDlSMdo8j7qMUmJ5iNDMJHM3IrIAEtMtAnJNiG48y8vkuZJxT2vnN2flmvXeRxFOIBDOAYXLqAGN1CHBhAQ8Ayv8GYp68V6tz5mrQUrn9mHP7A+fwASQI9A</latexit>

J = 0

M = 0

Quench!

<latexit sha1_base64="DECWW/9jqlCmLXcMvWm2ij4TYHI="></latexit>

hu(z)i = 0

Cu(z, z
0) = hu(z)u(z0)i

<latexit sha1_base64="s14DRnYq4XoGfYOknb0s/Z2jeiQ=">AAACDHicbVC7TsMwFHXKq5RXgZElokJql5IgXgtSJQYYi0QfUhNVjus0Vm0nsh2kNsoHsPArLAwgxMoHsPE3OG0GaDmSpaNzzrV9jxdRIpVlfRuFpeWV1bXiemljc2t7p7y715ZhLBBuoZCGoutBiSnhuKWIorgbCQyZR3HHG11nfucBC0lCfq/GEXYZHHLiEwSVlvrlSlyd1K6qTuBBccxqTgSFIpD2k0maOFFAUm3rlFW3pjAXiZ2TCsjR7Je/nEGIYoa5QhRK2bOtSLlJdjWiOC05scQRRCM4xD1NOWRYusl0mdQ80srA9EOhD1fmVP09kUAm5Zh5OsmgCuS8l4n/eb1Y+ZduQngUK8zR7CE/pqYKzawZc0AERoqONYFIEP1XEwVQQKR0fyVdgj2/8iJpn9Tt8/rZ3WmlcZPXUQQH4BBUgQ0uQAPcgiZoAQQewTN4BW/Gk/FivBsfs2jByGf2wR8Ynz/q5Jr1</latexit>

u(z) = (~/m)@z�(z)Velocity field:

<latexit sha1_base64="DECWW/9jqlCmLXcMvWm2ij4TYHI="></latexit>

hu(z)i = 0

Cu(z, z
0) = hu(z)u(z0)i

<latexit sha1_base64="5qdIMhcOO6j+OEosEvJwCpUP6zM=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiL1sREKLpSuKtgHNCFMppN26MwkzkyEErJ246+4caGIW7/AnX/j9LHQ1gMXDufcy733hAmjSjvOt7WwuLS8slpYK65vbG5t2zu7TRWnEpMGjlks2yFShFFBGppqRtqJJIiHjLTCwdXIbz0QqWgs7vQwIT5HPUEjipE2UmAfeISxIKvll566lzrzIolw5vVDJPOswmt5Htglp+yMAeeJOyUlMEU9sL+8boxTToTGDCnVcZ1E+xmSmmJG8qKXKpIgPEA90jFUIE6Un41fyeGRUbowiqUpoeFY/T2RIa7UkIemkyPdV7PeSPzP66Q6uvAzKpJUE4Eni6KUQR3DUS6wSyXBmg0NQVhScyvEfWTC0Ca9ognBnX15njRPyu5Z+fS2UqpeT+MogH1wCI6BC85BFdyAOmgADB7BM3gFb9aT9WK9Wx+T1gVrOrMH/sD6/AFsRZtl</latexit>
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Measuring von Neumann entropy and mutual information

I(A : B) = SA + SB − SA∪B

SA = −Tr(ρA ln ρA) ρA = −TrB(ρA∪B)with

A B

von Neumann entropy for subsystem A  

• Definition:

Gluza et al. Nat Com Phys (2020)



Measuring von Neumann entropy and mutual information

• Covariance matrix

I(A : B) = SA + SB − SA∪B
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von Neumann entropy for subsystem A  

• Definition:

Gluza et al. Nat Com Phys (2020)



Direct measurement

Measuring von Neumann entropy and mutual information

• Covariance matrix

I(A : B) = SA + SB − SA∪B

SA = −Tr(ρA ln ρA) ρA = −TrB(ρA∪B)with

A B

von Neumann entropy for subsystem A  

• Definition:

Gluza et al. Nat Com Phys (2020)



TomographyDirect measurement

Measuring von Neumann entropy and mutual information

• Covariance matrix

I(A : B) = SA + SB − SA∪B

SA = −Tr(ρA ln ρA) ρA = −TrB(ρA∪B)with

A B

von Neumann entropy for subsystem A  

• Definition:

Gluza et al. Nat Com Phys (2020)
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Spatial dependence
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