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Motivation: quantum simulation/computing

Torsten V. Zache, ITP Heidelberg

Quantum systems are exponentially complex:

Quantum speed up for computationally hard problems, e.g.

• Searching a large database („Grover‘s search“) vs.

• Factorizing prime numbers („Shor‘s algorithm“)

• Quantum Fourier transform vs.

Quantum computation/simulation:

simulate quantum physics with a quantum system!

Shor, SIAM review, 41(2), 303-332 (1999)
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Grover, arXiv:9605043 (1996)

Manin, Sovetskoye Radio, Moscow, 128 (1980)
Feynman, Int. J. Theor. Phys. 21(6), 467-488 (1982)
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Outline

Torsten V. Zache, ITP Heidelberg

• Quantum simulation of lattice gauge theories

• The strong CP problem in QCD

• Dynamical quantum phase transitions

• Dynamical topological transitions in the massive 

Schwinger model

3



Quantum simulation of high-energy physics

Torsten V. Zache, ITP Heidelberg

Many proposals with different approaches on 
various platforms:

trapped ions, superconducting qubits,.. (digital)

ultracold gases,.. (analog)

4

Ion chip trap, IONQ, picture from www.sciencemag.org (Jan. 10 2018)
Google‘s superconducting chip, picture from physicsworlds.com (Jun. 10 2016)   
quantum gas mircoscope picture from Bakr et al. Nature, 462(7269), 74 (2009)

Büchler et al., Physical review letters, 95(4), 040402 (2005)
Wiese, Annalen der Physik, 525(10-11), 777-796 (2013)
Tagliacozzo et al., Nature communications, 4, 2615 (2013)
Zohar, Cirac & Reznik, Reports on Progress in Physics, 79(1), 014401 (2015)
…

Byrnes & Yamamoto, Physical Review A, 73(2), 022328 (2006)
Jordan, Lee & Preskill, Science, 336(6085), 1130-1133 (2012)
Marcos et al., Physical review letters, 111(11), 110504 (2013)
Zohar et al., Physical review letters, 118(7), 070501 (2017)
…



Implementation of lattice gauge theories

Torsten V. Zache, ITP Heidelberg

Limited realizations so far:
one-dimensional systems, few lattice sites, ground state or short time 
dynamics, ..

Real-world phenomena
(higher dimensions, non-
abelian gauge groups) lie in 
the far future –
what can we do now?

TVZ et al., Quantum science and technology, 3(3), 034010 (2018)

Martinez et al., Nature, 534(7608), 516 (2016)
…
Klco et al., Phys. Rev. A, 98(3), 032331 (2018)
Kokail et al., arXiv:1810.03421 (2018)
Schweizer et al., arXiv:1901.07103 (2019)
…

5



The strong CP problem

Torsten V. Zache, ITP Heidelberg

LQCD =  ̄a (i�µDµ �m) a � 1

4
F a
µ⌫F

a,µ⌫ � ✓
g2Nf

32⇡2
F a
µ⌫ F̃

a,µ⌫
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QCD with a ‘vacuum angle‘:

experimental fact: 
QCD conserves CP

… but why???

Peccei & Quinn:
The angle could be a dynamical field (the ‘axion‘) …

|✓| . 10�10
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✓ = h✓̂i
<latexit sha1_base64="OonIX0JbCy6sycAgXS7/w37PpmY=">AAACDnicbZA9SwNBEIb3/IzxK2ppsxgEq3AngjZC0MZSwZhALoS5zSRZsrd37M4J4cgvsPGv2FgoYmtt579x81Fo9IWFl2dmmJ03SpW05Ptf3sLi0vLKamGtuL6xubVd2tm9s0lmBNZEohLTiMCikhprJElhIzUIcaSwHg0ux/X6PRorE31LwxRbMfS07EoB5FC7dBhSHwn4OQ8V6J5CHvaB8ikd8dBMYLtU9iv+RPyvCWamzGa6bpc+w04ishg1CQXWNgM/pVYOhqRQOCqGmcUUxAB62HRWQ4y2lU/OGfFDRzq8mxj3NPEJ/TmRQ2ztMI5cZwzUt/O1Mfyv1syoe9bKpU4zQi2mi7qZ4pTwcTa8Iw0KUkNnQBjp/spFHwwIcgkWXQjB/Ml/zd1xJfArwc1JuXoxi6PA9tkBO2IBO2VVdsWuWY0J9sCe2At79R69Z+/Ne5+2LnizmT32S97HN8vBm/M=</latexit><latexit sha1_base64="OonIX0JbCy6sycAgXS7/w37PpmY=">AAACDnicbZA9SwNBEIb3/IzxK2ppsxgEq3AngjZC0MZSwZhALoS5zSRZsrd37M4J4cgvsPGv2FgoYmtt579x81Fo9IWFl2dmmJ03SpW05Ptf3sLi0vLKamGtuL6xubVd2tm9s0lmBNZEohLTiMCikhprJElhIzUIcaSwHg0ux/X6PRorE31LwxRbMfS07EoB5FC7dBhSHwn4OQ8V6J5CHvaB8ikd8dBMYLtU9iv+RPyvCWamzGa6bpc+w04ishg1CQXWNgM/pVYOhqRQOCqGmcUUxAB62HRWQ4y2lU/OGfFDRzq8mxj3NPEJ/TmRQ2ztMI5cZwzUt/O1Mfyv1syoe9bKpU4zQi2mi7qZ4pTwcTa8Iw0KUkNnQBjp/spFHwwIcgkWXQjB/Ml/zd1xJfArwc1JuXoxi6PA9tkBO2IBO2VVdsWuWY0J9sCe2At79R69Z+/Ne5+2LnizmT32S97HN8vBm/M=</latexit><latexit sha1_base64="OonIX0JbCy6sycAgXS7/w37PpmY=">AAACDnicbZA9SwNBEIb3/IzxK2ppsxgEq3AngjZC0MZSwZhALoS5zSRZsrd37M4J4cgvsPGv2FgoYmtt579x81Fo9IWFl2dmmJ03SpW05Ptf3sLi0vLKamGtuL6xubVd2tm9s0lmBNZEohLTiMCikhprJElhIzUIcaSwHg0ux/X6PRorE31LwxRbMfS07EoB5FC7dBhSHwn4OQ8V6J5CHvaB8ikd8dBMYLtU9iv+RPyvCWamzGa6bpc+w04ishg1CQXWNgM/pVYOhqRQOCqGmcUUxAB62HRWQ4y2lU/OGfFDRzq8mxj3NPEJ/TmRQ2ztMI5cZwzUt/O1Mfyv1syoe9bKpU4zQi2mi7qZ4pTwcTa8Iw0KUkNnQBjp/spFHwwIcgkWXQjB/Ml/zd1xJfArwc1JuXoxi6PA9tkBO2IBO2VVdsWuWY0J9sCe2At79R69Z+/Ne5+2LnizmT32S97HN8vBm/M=</latexit><latexit sha1_base64="OonIX0JbCy6sycAgXS7/w37PpmY=">AAACDnicbZA9SwNBEIb3/IzxK2ppsxgEq3AngjZC0MZSwZhALoS5zSRZsrd37M4J4cgvsPGv2FgoYmtt579x81Fo9IWFl2dmmJ03SpW05Ptf3sLi0vLKamGtuL6xubVd2tm9s0lmBNZEohLTiMCikhprJElhIzUIcaSwHg0ux/X6PRorE31LwxRbMfS07EoB5FC7dBhSHwn4OQ8V6J5CHvaB8ikd8dBMYLtU9iv+RPyvCWamzGa6bpc+w04ishg1CQXWNgM/pVYOhqRQOCqGmcUUxAB62HRWQ4y2lU/OGfFDRzq8mxj3NPEJ/TmRQ2ztMI5cZwzUt/O1Mfyv1syoe9bKpU4zQi2mi7qZ4pTwcTa8Iw0KUkNnQBjp/spFHwwIcgkWXQjB/Ml/zd1xJfArwc1JuXoxi6PA9tkBO2IBO2VVdsWuWY0J9sCe2At79R69Z+/Ne5+2LnizmT32S97HN8vBm/M=</latexit>

Peccei & Quinn, Physical Review Letters, 38(25), 1440 (1977)

Chupp et al Reviews of Modern Physics 91(1), 015001 (2019)

Violates combined charge (C) 
and parity (P) symmetry!
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Setup: quench dynamics in QED2
Vacuum structure of QED2:

Hamiltonian with a topological term:

Use the axial anomaly to rewrite it:

Consider a general quench and calculate real-time dynamics: 

✓ ! ✓0
<latexit sha1_base64="rkgX2aZmeU/X6M31uLgiMHApCQs=">AAACA3icbVBNS8NAEN3Ur1q/ot70slhETyURQY9FLx4r2A9oQtlsN83STTbsTpQSCl78K148KOLVP+HNf+O2zUFbHww83pthZl6QCq7Bcb6t0tLyyupaeb2ysbm1vWPv7rW0zBRlTSqFVJ2AaCZ4wprAQbBOqhiJA8HawfB64rfvmdJcJncwSpkfk0HCQ04JGKlnH3gQMSDYU3wQAVFKPuCZdNKzq07NmQIvErcgVVSg0bO/vL6kWcwSoIJo3XWdFPycKOBUsHHFyzRLCR2SAesampCYaT+f/jDGx0bp41AqUwngqfp7Iiex1qM4MJ0xgUjPexPxP6+bQXjp5zxJM2AJnS0KM4FB4kkguM8VoyBGhhCquLkV04goQsHEVjEhuPMvL5LWWc11au7tebV+VcRRRofoCJ0iF12gOrpBDdREFD2iZ/SK3qwn68V6tz5mrSWrmNlHf2B9/gDVVpef</latexit><latexit sha1_base64="rkgX2aZmeU/X6M31uLgiMHApCQs=">AAACA3icbVBNS8NAEN3Ur1q/ot70slhETyURQY9FLx4r2A9oQtlsN83STTbsTpQSCl78K148KOLVP+HNf+O2zUFbHww83pthZl6QCq7Bcb6t0tLyyupaeb2ysbm1vWPv7rW0zBRlTSqFVJ2AaCZ4wprAQbBOqhiJA8HawfB64rfvmdJcJncwSpkfk0HCQ04JGKlnH3gQMSDYU3wQAVFKPuCZdNKzq07NmQIvErcgVVSg0bO/vL6kWcwSoIJo3XWdFPycKOBUsHHFyzRLCR2SAesampCYaT+f/jDGx0bp41AqUwngqfp7Iiex1qM4MJ0xgUjPexPxP6+bQXjp5zxJM2AJnS0KM4FB4kkguM8VoyBGhhCquLkV04goQsHEVjEhuPMvL5LWWc11au7tebV+VcRRRofoCJ0iF12gOrpBDdREFD2iZ/SK3qwn68V6tz5mrSWrmNlHf2B9/gDVVpef</latexit><latexit sha1_base64="rkgX2aZmeU/X6M31uLgiMHApCQs=">AAACA3icbVBNS8NAEN3Ur1q/ot70slhETyURQY9FLx4r2A9oQtlsN83STTbsTpQSCl78K148KOLVP+HNf+O2zUFbHww83pthZl6QCq7Bcb6t0tLyyupaeb2ysbm1vWPv7rW0zBRlTSqFVJ2AaCZ4wprAQbBOqhiJA8HawfB64rfvmdJcJncwSpkfk0HCQ04JGKlnH3gQMSDYU3wQAVFKPuCZdNKzq07NmQIvErcgVVSg0bO/vL6kWcwSoIJo3XWdFPycKOBUsHHFyzRLCR2SAesampCYaT+f/jDGx0bp41AqUwngqfp7Iiex1qM4MJ0xgUjPexPxP6+bQXjp5zxJM2AJnS0KM4FB4kkguM8VoyBGhhCquLkV04goQsHEVjEhuPMvL5LWWc11au7tebV+VcRRRofoCJ0iF12gOrpBDdREFD2iZ/SK3qwn68V6tz5mrSWrmNlHf2B9/gDVVpef</latexit><latexit sha1_base64="rkgX2aZmeU/X6M31uLgiMHApCQs=">AAACA3icbVBNS8NAEN3Ur1q/ot70slhETyURQY9FLx4r2A9oQtlsN83STTbsTpQSCl78K148KOLVP+HNf+O2zUFbHww83pthZl6QCq7Bcb6t0tLyyupaeb2ysbm1vWPv7rW0zBRlTSqFVJ2AaCZ4wprAQbBOqhiJA8HawfB64rfvmdJcJncwSpkfk0HCQ04JGKlnH3gQMSDYU3wQAVFKPuCZdNKzq07NmQIvErcgVVSg0bO/vL6kWcwSoIJo3XWdFPycKOBUsHHFyzRLCR2SAesampCYaT+f/jDGx0bp41AqUwngqfp7Iiex1qM4MJ0xgUjPexPxP6+bQXjp5zxJM2AJnS0KM4FB4kkguM8VoyBGhhCquLkV04goQsHEVjEhuPMvL5LWWc11au7tebV+VcRRRofoCJ0iF12gOrpBDdREFD2iZ/SK3qwn68V6tz5mrSWrmNlHf2B9/gDVVpef</latexit>

| (t)i = e�iH✓0 t |⌦(✓)i
<latexit sha1_base64="zdDhr8X80IWD3D5L8kJXMZLEa+U="></latexit><latexit sha1_base64="zdDhr8X80IWD3D5L8kJXMZLEa+U="></latexit><latexit sha1_base64="zdDhr8X80IWD3D5L8kJXMZLEa+U="></latexit><latexit sha1_base64="zdDhr8X80IWD3D5L8kJXMZLEa+U="></latexit>

Torsten V. Zache, ITP Heidelberg

R ⇠ S1 ! U(1) ⇠ S1
<latexit sha1_base64="VXTFHfTS0ru16ShPydnQnuU62Yw=">AAACFXicbVDLSgMxFM34rPU16tJNsAgVpMyIoMuiG5f1MW2hM5ZMmrahSWZIMkoZ+hNu/BU3LhRxK7jzb8y0I2jrgcDhnHu5OSeMGVXacb6sufmFxaXlwkpxdW19Y9Pe2q6rKJGYeDhikWyGSBFGBfE01Yw0Y0kQDxlphIPzzG/cEaloJG70MCYBRz1BuxQjbaS2fehzpPthmF6NfEU5vL51oS9pr6+RlNE99MruAfxx2nbJqThjwFni5qQEctTa9qffiXDCidCYIaVarhPrIEVSU8zIqOgnisQID1CPtAwViBMVpONUI7hvlA7sRtI8oeFY/b2RIq7UkIdmMsugpr1M/M9rJbp7GqRUxIkmAk8OdRMGdQSzimCHSoI1GxqCsKTmrxD3kURYmyKLpgR3OvIsqR9VXKfiXh6Xqmd5HQWwC/ZAGbjgBFTBBagBD2DwAJ7AC3i1Hq1n6816n4zOWfnODvgD6+MbXXKdoQ==</latexit><latexit sha1_base64="VXTFHfTS0ru16ShPydnQnuU62Yw=">AAACFXicbVDLSgMxFM34rPU16tJNsAgVpMyIoMuiG5f1MW2hM5ZMmrahSWZIMkoZ+hNu/BU3LhRxK7jzb8y0I2jrgcDhnHu5OSeMGVXacb6sufmFxaXlwkpxdW19Y9Pe2q6rKJGYeDhikWyGSBFGBfE01Yw0Y0kQDxlphIPzzG/cEaloJG70MCYBRz1BuxQjbaS2fehzpPthmF6NfEU5vL51oS9pr6+RlNE99MruAfxx2nbJqThjwFni5qQEctTa9qffiXDCidCYIaVarhPrIEVSU8zIqOgnisQID1CPtAwViBMVpONUI7hvlA7sRtI8oeFY/b2RIq7UkIdmMsugpr1M/M9rJbp7GqRUxIkmAk8OdRMGdQSzimCHSoI1GxqCsKTmrxD3kURYmyKLpgR3OvIsqR9VXKfiXh6Xqmd5HQWwC/ZAGbjgBFTBBagBD2DwAJ7AC3i1Hq1n6816n4zOWfnODvgD6+MbXXKdoQ==</latexit><latexit sha1_base64="VXTFHfTS0ru16ShPydnQnuU62Yw=">AAACFXicbVDLSgMxFM34rPU16tJNsAgVpMyIoMuiG5f1MW2hM5ZMmrahSWZIMkoZ+hNu/BU3LhRxK7jzb8y0I2jrgcDhnHu5OSeMGVXacb6sufmFxaXlwkpxdW19Y9Pe2q6rKJGYeDhikWyGSBFGBfE01Yw0Y0kQDxlphIPzzG/cEaloJG70MCYBRz1BuxQjbaS2fehzpPthmF6NfEU5vL51oS9pr6+RlNE99MruAfxx2nbJqThjwFni5qQEctTa9qffiXDCidCYIaVarhPrIEVSU8zIqOgnisQID1CPtAwViBMVpONUI7hvlA7sRtI8oeFY/b2RIq7UkIdmMsugpr1M/M9rJbp7GqRUxIkmAk8OdRMGdQSzimCHSoI1GxqCsKTmrxD3kURYmyKLpgR3OvIsqR9VXKfiXh6Xqmd5HQWwC/ZAGbjgBFTBBagBD2DwAJ7AC3i1Hq1n6816n4zOWfnODvgD6+MbXXKdoQ==</latexit><latexit sha1_base64="VXTFHfTS0ru16ShPydnQnuU62Yw=">AAACFXicbVDLSgMxFM34rPU16tJNsAgVpMyIoMuiG5f1MW2hM5ZMmrahSWZIMkoZ+hNu/BU3LhRxK7jzb8y0I2jrgcDhnHu5OSeMGVXacb6sufmFxaXlwkpxdW19Y9Pe2q6rKJGYeDhikWyGSBFGBfE01Yw0Y0kQDxlphIPzzG/cEaloJG70MCYBRz1BuxQjbaS2fehzpPthmF6NfEU5vL51oS9pr6+RlNE99MruAfxx2nbJqThjwFni5qQEctTa9qffiXDCidCYIaVarhPrIEVSU8zIqOgnisQID1CPtAwViBMVpONUI7hvlA7sRtI8oeFY/b2RIq7UkIdmMsugpr1M/M9rJbp7GqRUxIkmAk8OdRMGdQSzimCHSoI1GxqCsKTmrxD3kURYmyKLpgR3OvIsqR9VXKfiXh6Xqmd5HQWwC/ZAGbjgBFTBBagBD2DwAJ7AC3i1Hq1n6816n4zOWfnODvgD6+MbXXKdoQ==</latexit>

⌫ =
e

4⇡

Z
d2x ✏µ⌫F

µ⌫

<latexit sha1_base64="/qLK/8S5N4aGUQu1ZhHAUMZIbT0=">AAACKXicbVDLSgMxFM3Ud31VXboJFsGFlJlS0I1QFMSlgq1CM5ZM5k4NZjJDkhHLML/jxl9xo6CoW3/E9IFo9UDgcM655N4TpIJr47rvTmlqemZ2bn6hvLi0vLJaWVtv6yRTDFosEYm6DKgGwSW0DDcCLlMFNA4EXAQ3RwP/4haU5ok8N/0U/Jj2JI84o8ZK3UqTyAwfYBIpynIo8gZJeYEJlwaHV/U7THYxgVRzYcM5iTNs8wU+vvrm3UrVrblD4L/EG5MqGuO0W3kmYcKyGKRhgmrd8dzU+DlVhjMBRZlkGlLKbmgPOpZKGoP28+GlBd62SoijRNlnVxyqPydyGmvdjwObjKm51pPeQPzP62Qm2vdzLtPMgGSjj6JMYJPgQW045AqYEX1LKFPc7orZNbWlGVtu2ZbgTZ78l7TrNc+teWeNavNwXMc82kRbaAd5aA810Qk6RS3E0D16RC/o1Xlwnpw352MULTnjmQ30C87nF8YIpls=</latexit><latexit sha1_base64="/qLK/8S5N4aGUQu1ZhHAUMZIbT0=">AAACKXicbVDLSgMxFM3Ud31VXboJFsGFlJlS0I1QFMSlgq1CM5ZM5k4NZjJDkhHLML/jxl9xo6CoW3/E9IFo9UDgcM655N4TpIJr47rvTmlqemZ2bn6hvLi0vLJaWVtv6yRTDFosEYm6DKgGwSW0DDcCLlMFNA4EXAQ3RwP/4haU5ok8N/0U/Jj2JI84o8ZK3UqTyAwfYBIpynIo8gZJeYEJlwaHV/U7THYxgVRzYcM5iTNs8wU+vvrm3UrVrblD4L/EG5MqGuO0W3kmYcKyGKRhgmrd8dzU+DlVhjMBRZlkGlLKbmgPOpZKGoP28+GlBd62SoijRNlnVxyqPydyGmvdjwObjKm51pPeQPzP62Qm2vdzLtPMgGSjj6JMYJPgQW045AqYEX1LKFPc7orZNbWlGVtu2ZbgTZ78l7TrNc+teWeNavNwXMc82kRbaAd5aA810Qk6RS3E0D16RC/o1Xlwnpw352MULTnjmQ30C87nF8YIpls=</latexit><latexit sha1_base64="/qLK/8S5N4aGUQu1ZhHAUMZIbT0=">AAACKXicbVDLSgMxFM3Ud31VXboJFsGFlJlS0I1QFMSlgq1CM5ZM5k4NZjJDkhHLML/jxl9xo6CoW3/E9IFo9UDgcM655N4TpIJr47rvTmlqemZ2bn6hvLi0vLJaWVtv6yRTDFosEYm6DKgGwSW0DDcCLlMFNA4EXAQ3RwP/4haU5ok8N/0U/Jj2JI84o8ZK3UqTyAwfYBIpynIo8gZJeYEJlwaHV/U7THYxgVRzYcM5iTNs8wU+vvrm3UrVrblD4L/EG5MqGuO0W3kmYcKyGKRhgmrd8dzU+DlVhjMBRZlkGlLKbmgPOpZKGoP28+GlBd62SoijRNlnVxyqPydyGmvdjwObjKm51pPeQPzP62Qm2vdzLtPMgGSjj6JMYJPgQW045AqYEX1LKFPc7orZNbWlGVtu2ZbgTZ78l7TrNc+teWeNavNwXMc82kRbaAd5aA810Qk6RS3E0D16RC/o1Xlwnpw352MULTnjmQ30C87nF8YIpls=</latexit><latexit sha1_base64="/qLK/8S5N4aGUQu1ZhHAUMZIbT0=">AAACKXicbVDLSgMxFM3Ud31VXboJFsGFlJlS0I1QFMSlgq1CM5ZM5k4NZjJDkhHLML/jxl9xo6CoW3/E9IFo9UDgcM655N4TpIJr47rvTmlqemZ2bn6hvLi0vLJaWVtv6yRTDFosEYm6DKgGwSW0DDcCLlMFNA4EXAQ3RwP/4haU5ok8N/0U/Jj2JI84o8ZK3UqTyAwfYBIpynIo8gZJeYEJlwaHV/U7THYxgVRzYcM5iTNs8wU+vvrm3UrVrblD4L/EG5MqGuO0W3kmYcKyGKRhgmrd8dzU+DlVhjMBRZlkGlLKbmgPOpZKGoP28+GlBd62SoijRNlnVxyqPydyGmvdjwObjKm51pPeQPzP62Qm2vdzLtPMgGSjj6JMYJPgQW045AqYEX1LKFPc7orZNbWlGVtu2ZbgTZ78l7TrNc+teWeNavNwXMc82kRbaAd5aA810Qk6RS3E0D16RC/o1Xlwnpw352MULTnjmQ30C87nF8YIpls=</latexit>

H✓ =

Z

x

⇢
 ̄x

⇥
i�

1 (@x � ieAx) +m
⇤
 x +

1

2
E

2
x +

e✓

2⇡
Ex

�

<latexit sha1_base64="yAd2dBh0W4FmZkj9vdwCgJzxyWk="></latexit><latexit sha1_base64="yAd2dBh0W4FmZkj9vdwCgJzxyWk="></latexit><latexit sha1_base64="yAd2dBh0W4FmZkj9vdwCgJzxyWk="></latexit><latexit sha1_base64="yAd2dBh0W4FmZkj9vdwCgJzxyWk="></latexit>

H✓ =

Z

x

⇢
 ̄x

⇥
i�

1 (@x � ieAx) +me
i✓�5

⇤
 x +

1

2
E

2
x

�

<latexit sha1_base64="Oys/czi+Apr95UMX9Mmo74HtP5Y="></latexit><latexit sha1_base64="Oys/czi+Apr95UMX9Mmo74HtP5Y="></latexit><latexit sha1_base64="Oys/czi+Apr95UMX9Mmo74HtP5Y="></latexit><latexit sha1_base64="Oys/czi+Apr95UMX9Mmo74HtP5Y="></latexit>

Coleman, Annals Phys. 101, 239 (1976)
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Partition function in 
thermal equilibrium:

Thermal phase transition
at       

Dynamical quantum phase transitions

Torsten V. Zache, ITP Heidelberg

Z(�) = Tr
⇥
e��H

⇤

= e�V f(�)
<latexit sha1_base64="DAEoYmmo0Qf/kiwzo38Sc5KmLLU="></latexit><latexit sha1_base64="DAEoYmmo0Qf/kiwzo38Sc5KmLLU="></latexit><latexit sha1_base64="DAEoYmmo0Qf/kiwzo38Sc5KmLLU="></latexit><latexit sha1_base64="DAEoYmmo0Qf/kiwzo38Sc5KmLLU="></latexit>

L(t) =
⌦
 (0)|e�iHt| (0)

↵

= e�V �(t)
<latexit sha1_base64="M53Il1wUXo7fOIH64K7sZwe4fwE="></latexit><latexit sha1_base64="M53Il1wUXo7fOIH64K7sZwe4fwE="></latexit><latexit sha1_base64="M53Il1wUXo7fOIH64K7sZwe4fwE="></latexit><latexit sha1_base64="M53Il1wUXo7fOIH64K7sZwe4fwE="></latexit>

Loschmidt amplitude out 
of equilibrium:

Dynamical quantum phase
transition (DQPT) at

f(�c)
<latexit sha1_base64="+R9f26WglMA9kLWupFGktaiUSmQ=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZTtqlm03Y3Qgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLHSY1jtBWhon533yxW35s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5hdPyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExm75MBV8iMmFhCmeL2VsJGVFFmbEglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGEh4hld4c7Tz4rw7H4vWgpPPHMMfOJ8/w/aQTw==</latexit><latexit sha1_base64="+R9f26WglMA9kLWupFGktaiUSmQ=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZTtqlm03Y3Qgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLHSY1jtBWhon533yxW35s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5hdPyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExm75MBV8iMmFhCmeL2VsJGVFFmbEglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGEh4hld4c7Tz4rw7H4vWgpPPHMMfOJ8/w/aQTw==</latexit><latexit sha1_base64="+R9f26WglMA9kLWupFGktaiUSmQ=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZTtqlm03Y3Qgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLHSY1jtBWhon533yxW35s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5hdPyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExm75MBV8iMmFhCmeL2VsJGVFFmbEglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGEh4hld4c7Tz4rw7H4vWgpPPHMMfOJ8/w/aQTw==</latexit><latexit sha1_base64="+R9f26WglMA9kLWupFGktaiUSmQ=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZTtqlm03Y3Qgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLHSY1jtBWhon533yxW35s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5hdPyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExm75MBV8iMmFhCmeL2VsJGVFFmbEglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGEh4hld4c7Tz4rw7H4vWgpPPHMMfOJ8/w/aQTw==</latexit>

�c
<latexit sha1_base64="/2wAgBF73MedBmdHQjcbyrySo2c=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJk9sFMrxCWfIQXD4p49Xu8+TdOkj1oYkFDUdVNd1eQKmnIdb+dtfWNza3t0k55d2//4LBydNwySaYFNkWiEt0JuEElY2ySJIWdVCOPAoXtYHw389tPqI1M4keapOhHfBjLUApOVmr3AiTeF/1K1a25c7BV4hWkCgUa/cpXb5CILMKYhOLGdD03JT/nmqRQOC33MoMpF2M+xK6lMY/Q+Pn83Ck7t8qAhYm2FRObq78nch4ZM4kC2xlxGpllbyb+53UzCm/8XMZpRhiLxaIwU4wSNvudDaRGQWpiCRda2luZGHHNBdmEyjYEb/nlVdK6rHluzXu4qtZvizhKcApncAEeXEMd7qEBTRAwhmd4hTcndV6cd+dj0brmFDMn8AfO5w84JY96</latexit><latexit sha1_base64="/2wAgBF73MedBmdHQjcbyrySo2c=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJk9sFMrxCWfIQXD4p49Xu8+TdOkj1oYkFDUdVNd1eQKmnIdb+dtfWNza3t0k55d2//4LBydNwySaYFNkWiEt0JuEElY2ySJIWdVCOPAoXtYHw389tPqI1M4keapOhHfBjLUApOVmr3AiTeF/1K1a25c7BV4hWkCgUa/cpXb5CILMKYhOLGdD03JT/nmqRQOC33MoMpF2M+xK6lMY/Q+Pn83Ck7t8qAhYm2FRObq78nch4ZM4kC2xlxGpllbyb+53UzCm/8XMZpRhiLxaIwU4wSNvudDaRGQWpiCRda2luZGHHNBdmEyjYEb/nlVdK6rHluzXu4qtZvizhKcApncAEeXEMd7qEBTRAwhmd4hTcndV6cd+dj0brmFDMn8AfO5w84JY96</latexit><latexit sha1_base64="/2wAgBF73MedBmdHQjcbyrySo2c=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJk9sFMrxCWfIQXD4p49Xu8+TdOkj1oYkFDUdVNd1eQKmnIdb+dtfWNza3t0k55d2//4LBydNwySaYFNkWiEt0JuEElY2ySJIWdVCOPAoXtYHw389tPqI1M4keapOhHfBjLUApOVmr3AiTeF/1K1a25c7BV4hWkCgUa/cpXb5CILMKYhOLGdD03JT/nmqRQOC33MoMpF2M+xK6lMY/Q+Pn83Ck7t8qAhYm2FRObq78nch4ZM4kC2xlxGpllbyb+53UzCm/8XMZpRhiLxaIwU4wSNvudDaRGQWpiCRda2luZGHHNBdmEyjYEb/nlVdK6rHluzXu4qtZvizhKcApncAEeXEMd7qEBTRAwhmd4hTcndV6cd+dj0brmFDMn8AfO5w84JY96</latexit><latexit sha1_base64="/2wAgBF73MedBmdHQjcbyrySo2c=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJk9sFMrxCWfIQXD4p49Xu8+TdOkj1oYkFDUdVNd1eQKmnIdb+dtfWNza3t0k55d2//4LBydNwySaYFNkWiEt0JuEElY2ySJIWdVCOPAoXtYHw389tPqI1M4keapOhHfBjLUApOVmr3AiTeF/1K1a25c7BV4hWkCgUa/cpXb5CILMKYhOLGdD03JT/nmqRQOC33MoMpF2M+xK6lMY/Q+Pn83Ck7t8qAhYm2FRObq78nch4ZM4kC2xlxGpllbyb+53UzCm/8XMZpRhiLxaIwU4wSNvudDaRGQWpiCRda2luZGHHNBdmEyjYEb/nlVdK6rHluzXu4qtZvizhKcApncAEeXEMd7qEBTRAwhmd4hTcndV6cd+dj0brmFDMn8AfO5w84JY96</latexit>

�(tc)
<latexit sha1_base64="wfXz4sY61mZ0PlSMBgId6K923xM=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoMQL2FXBD0GPegxgnnAZgmzk9lkyDyWmV4hhHyGFw+KePVrvPk3TpI9aGJBQ1HVTXdXnApuwfe/vcLa+sbmVnG7tLO7t39QPjxqWZ0ZyppUC206MbFMcMWawEGwTmoYkbFg7Xh0O/PbT8xYrtUjjFMWSTJQPOGUgJPC7h2RklShR8975Ypf8+fAqyTISQXlaPTKX92+pplkCqgg1oaBn0I0IQY4FWxa6maWpYSOyICFjioimY0m85On+MwpfZxo40oBnqu/JyZEWjuWseuUBIZ22ZuJ/3lhBsl1NOEqzYApuliUZAKDxrP/cZ8bRkGMHSHUcHcrpkNiCAWXUsmFECy/vEpaF7XArwUPl5X6TR5HEZ2gU1RFAbpCdXSPGqiJKNLoGb2iNw+8F+/d+1i0Frx85hj9gff5A23GkK4=</latexit><latexit sha1_base64="wfXz4sY61mZ0PlSMBgId6K923xM=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoMQL2FXBD0GPegxgnnAZgmzk9lkyDyWmV4hhHyGFw+KePVrvPk3TpI9aGJBQ1HVTXdXnApuwfe/vcLa+sbmVnG7tLO7t39QPjxqWZ0ZyppUC206MbFMcMWawEGwTmoYkbFg7Xh0O/PbT8xYrtUjjFMWSTJQPOGUgJPC7h2RklShR8975Ypf8+fAqyTISQXlaPTKX92+pplkCqgg1oaBn0I0IQY4FWxa6maWpYSOyICFjioimY0m85On+MwpfZxo40oBnqu/JyZEWjuWseuUBIZ22ZuJ/3lhBsl1NOEqzYApuliUZAKDxrP/cZ8bRkGMHSHUcHcrpkNiCAWXUsmFECy/vEpaF7XArwUPl5X6TR5HEZ2gU1RFAbpCdXSPGqiJKNLoGb2iNw+8F+/d+1i0Frx85hj9gff5A23GkK4=</latexit><latexit sha1_base64="wfXz4sY61mZ0PlSMBgId6K923xM=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoMQL2FXBD0GPegxgnnAZgmzk9lkyDyWmV4hhHyGFw+KePVrvPk3TpI9aGJBQ1HVTXdXnApuwfe/vcLa+sbmVnG7tLO7t39QPjxqWZ0ZyppUC206MbFMcMWawEGwTmoYkbFg7Xh0O/PbT8xYrtUjjFMWSTJQPOGUgJPC7h2RklShR8975Ypf8+fAqyTISQXlaPTKX92+pplkCqgg1oaBn0I0IQY4FWxa6maWpYSOyICFjioimY0m85On+MwpfZxo40oBnqu/JyZEWjuWseuUBIZ22ZuJ/3lhBsl1NOEqzYApuliUZAKDxrP/cZ8bRkGMHSHUcHcrpkNiCAWXUsmFECy/vEpaF7XArwUPl5X6TR5HEZ2gU1RFAbpCdXSPGqiJKNLoGb2iNw+8F+/d+1i0Frx85hj9gff5A23GkK4=</latexit><latexit sha1_base64="wfXz4sY61mZ0PlSMBgId6K923xM=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoMQL2FXBD0GPegxgnnAZgmzk9lkyDyWmV4hhHyGFw+KePVrvPk3TpI9aGJBQ1HVTXdXnApuwfe/vcLa+sbmVnG7tLO7t39QPjxqWZ0ZyppUC206MbFMcMWawEGwTmoYkbFg7Xh0O/PbT8xYrtUjjFMWSTJQPOGUgJPC7h2RklShR8975Ypf8+fAqyTISQXlaPTKX92+pplkCqgg1oaBn0I0IQY4FWxa6maWpYSOyICFjioimY0m85On+MwpfZxo40oBnqu/JyZEWjuWseuUBIZ22ZuJ/3lhBsl1NOEqzYApuliUZAKDxrP/cZ8bRkGMHSHUcHcrpkNiCAWXUsmFECy/vEpaF7XArwUPl5X6TR5HEZ2gU1RFAbpCdXSPGqiJKNLoGb2iNw+8F+/d+1i0Frx85hj9gff5A23GkK4=</latexit>

tc
<latexit sha1_base64="9TPf0z8JW1US6RXpVyiURG4JNNQ=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpAfus71a9mjcHWSV+QapQoNF3v3qDhGUxV8gkNabreykGOdUomOTTSi8zPKVsTIe8a6miMTdBPj91Ss6sMiBRom0pJHP190ROY2MmcWg7Y4ojs+zNxP+8bobRdZALlWbIFVssijJJMCGzv8lAaM5QTiyhTAt7K2EjqilDm07FhuAvv7xKWhc136v595fV+k0RRxlO4BTOwYcrqMMdNKAJDIbwDK/w5kjnxXl3PhatJaeYOYY/cD5/AFFgjc4=</latexit><latexit sha1_base64="9TPf0z8JW1US6RXpVyiURG4JNNQ=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpAfus71a9mjcHWSV+QapQoNF3v3qDhGUxV8gkNabreykGOdUomOTTSi8zPKVsTIe8a6miMTdBPj91Ss6sMiBRom0pJHP190ROY2MmcWg7Y4ojs+zNxP+8bobRdZALlWbIFVssijJJMCGzv8lAaM5QTiyhTAt7K2EjqilDm07FhuAvv7xKWhc136v595fV+k0RRxlO4BTOwYcrqMMdNKAJDIbwDK/w5kjnxXl3PhatJaeYOYY/cD5/AFFgjc4=</latexit><latexit sha1_base64="9TPf0z8JW1US6RXpVyiURG4JNNQ=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpAfus71a9mjcHWSV+QapQoNF3v3qDhGUxV8gkNabreykGOdUomOTTSi8zPKVsTIe8a6miMTdBPj91Ss6sMiBRom0pJHP190ROY2MmcWg7Y4ojs+zNxP+8bobRdZALlWbIFVssijJJMCGzv8lAaM5QTiyhTAt7K2EjqilDm07FhuAvv7xKWhc136v595fV+k0RRxlO4BTOwYcrqMMdNKAJDIbwDK/w5kjnxXl3PhatJaeYOYY/cD5/AFFgjc4=</latexit><latexit sha1_base64="9TPf0z8JW1US6RXpVyiURG4JNNQ=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpAfus71a9mjcHWSV+QapQoNF3v3qDhGUxV8gkNabreykGOdUomOTTSi8zPKVsTIe8a6miMTdBPj91Ss6sMiBRom0pJHP190ROY2MmcWg7Y4ojs+zNxP+8bobRdZALlWbIFVssijJJMCGzv8lAaM5QTiyhTAt7K2EjqilDm07FhuAvv7xKWhc136v595fV+k0RRxlO4BTOwYcrqMMdNKAJDIbwDK/w5kjnxXl3PhatJaeYOYY/cD5/AFFgjc4=</latexit>

Non-analyticity
Heyl, Polkovnikov & Kehrein,
Physical review letters,
110(13), 135704  (2013). 
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Topological insulators: the SSH model

Torsten V. Zache, ITP Heidelberg

Spinless fermions with staggered hopping 
as a model for polyacetylene:

effective field theory: free Dirac fermions m = J � J 0 , J 0 =
1

a
,

 x  
1p
a

✓
cn,A
cn,B

◆
(a! 0)

<latexit sha1_base64="T2PkY9MY8KgrLtdI8Nns/9aa3wo="></latexit><latexit sha1_base64="T2PkY9MY8KgrLtdI8Nns/9aa3wo="></latexit><latexit sha1_base64="T2PkY9MY8KgrLtdI8Nns/9aa3wo="></latexit><latexit sha1_base64="T2PkY9MY8KgrLtdI8Nns/9aa3wo="></latexit>

H !
Z

dx [ x (�
x
m� i�

y
@x) x]

<latexit sha1_base64="VMpRp9NlkPxH5G44HUcvGZc1r0k="></latexit><latexit sha1_base64="VMpRp9NlkPxH5G44HUcvGZc1r0k="></latexit><latexit sha1_base64="VMpRp9NlkPxH5G44HUcvGZc1r0k="></latexit><latexit sha1_base64="VMpRp9NlkPxH5G44HUcvGZc1r0k="></latexit>

Asboth et al.
A short course on topological insulators
arXiv:1509.02295

Two gapped (insulating) phases distinguished by their topology:

H =
X

n

h
v

⇣
c
†
n,Acn,B + h.c.

⌘
+ w

⇣
c
†
n,Bcn+1,A + h.c.

⌘i

<latexit sha1_base64="u7rhX3zYGEk5oNR9QdY9F/5k4HY="></latexit><latexit sha1_base64="u7rhX3zYGEk5oNR9QdY9F/5k4HY="></latexit><latexit sha1_base64="u7rhX3zYGEk5oNR9QdY9F/5k4HY="></latexit><latexit sha1_base64="u7rhX3zYGEk5oNR9QdY9F/5k4HY="></latexit>

m = v � w , a =
1

w
<latexit sha1_base64="Jkf8mcaxTYpipJDsTbkGY6VY5Nw=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXWmZEUBCh6MZlBfuAzlAymUwbmmTGJNNShvkAN/6KGxeKuPUD3Pk3pu0stPVA4HDOudzc48eMKm3b39bC4tLyymphrbi+sbm1XdrZbagokZjUccQi2fKRIowKUtdUM9KKJUHcZ6Tp92/GfnNApKKRuNejmHgcdQUNKUbaSJ1SmcMrOIAncAjdy2PoPiQogMhobigRTp0sHWYmZVfsCeA8cXJSBjlqndKXG0Q44URozJBSbceOtZciqSlmJCu6iSIxwn3UJW1DBeJEeenkmAweGiWAYSTNExpO1N8TKeJKjbhvkhzpnpr1xuJ/XjvR4YWXUhEnmgg8XRQmDOoIjpuBAZUEazYyBGFJzV8h7iHTgjb9FU0JzuzJ86RxWnHsinN3Vq5e53UUwD44AEfAAeegCm5BDdQBBo/gGbyCN+vJerHerY9pdMHKZ/bAH1ifP66RmOU=</latexit><latexit sha1_base64="Jkf8mcaxTYpipJDsTbkGY6VY5Nw=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXWmZEUBCh6MZlBfuAzlAymUwbmmTGJNNShvkAN/6KGxeKuPUD3Pk3pu0stPVA4HDOudzc48eMKm3b39bC4tLyymphrbi+sbm1XdrZbagokZjUccQi2fKRIowKUtdUM9KKJUHcZ6Tp92/GfnNApKKRuNejmHgcdQUNKUbaSJ1SmcMrOIAncAjdy2PoPiQogMhobigRTp0sHWYmZVfsCeA8cXJSBjlqndKXG0Q44URozJBSbceOtZciqSlmJCu6iSIxwn3UJW1DBeJEeenkmAweGiWAYSTNExpO1N8TKeJKjbhvkhzpnpr1xuJ/XjvR4YWXUhEnmgg8XRQmDOoIjpuBAZUEazYyBGFJzV8h7iHTgjb9FU0JzuzJ86RxWnHsinN3Vq5e53UUwD44AEfAAeegCm5BDdQBBo/gGbyCN+vJerHerY9pdMHKZ/bAH1ifP66RmOU=</latexit><latexit sha1_base64="Jkf8mcaxTYpipJDsTbkGY6VY5Nw=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXWmZEUBCh6MZlBfuAzlAymUwbmmTGJNNShvkAN/6KGxeKuPUD3Pk3pu0stPVA4HDOudzc48eMKm3b39bC4tLyymphrbi+sbm1XdrZbagokZjUccQi2fKRIowKUtdUM9KKJUHcZ6Tp92/GfnNApKKRuNejmHgcdQUNKUbaSJ1SmcMrOIAncAjdy2PoPiQogMhobigRTp0sHWYmZVfsCeA8cXJSBjlqndKXG0Q44URozJBSbceOtZciqSlmJCu6iSIxwn3UJW1DBeJEeenkmAweGiWAYSTNExpO1N8TKeJKjbhvkhzpnpr1xuJ/XjvR4YWXUhEnmgg8XRQmDOoIjpuBAZUEazYyBGFJzV8h7iHTgjb9FU0JzuzJ86RxWnHsinN3Vq5e53UUwD44AEfAAeegCm5BDdQBBo/gGbyCN+vJerHerY9pdMHKZ/bAH1ifP66RmOU=</latexit><latexit sha1_base64="Jkf8mcaxTYpipJDsTbkGY6VY5Nw=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXWmZEUBCh6MZlBfuAzlAymUwbmmTGJNNShvkAN/6KGxeKuPUD3Pk3pu0stPVA4HDOudzc48eMKm3b39bC4tLyymphrbi+sbm1XdrZbagokZjUccQi2fKRIowKUtdUM9KKJUHcZ6Tp92/GfnNApKKRuNejmHgcdQUNKUbaSJ1SmcMrOIAncAjdy2PoPiQogMhobigRTp0sHWYmZVfsCeA8cXJSBjlqndKXG0Q44URozJBSbceOtZciqSlmJCu6iSIxwn3UJW1DBeJEeenkmAweGiWAYSTNExpO1N8TKeJKjbhvkhzpnpr1xuJ/XjvR4YWXUhEnmgg8XRQmDOoIjpuBAZUEazYyBGFJzV8h7iHTgjb9FU0JzuzJ86RxWnHsinN3Vq5e53UUwD44AEfAAeegCm5BDdQBBo/gGbyCN+vJerHerY9pdMHKZ/bAH1ifP66RmOU=</latexit>

Su, Schrieffer, Heeger. 
Phys. Rev. Lett. 42(25), 1698 (1979)
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Real-time topology without interactions

Time-ordered correlation function:

count (anti-)vortices in plane:       

g(x, t) = h †
x(t) e

�ie
R x
0 dx0Ax0 (t)  0(0)i

<latexit sha1_base64="7mb6x1bMJLyUFR5QUQfn7BR7h0E="></latexit><latexit sha1_base64="7mb6x1bMJLyUFR5QUQfn7BR7h0E="></latexit><latexit sha1_base64="7mb6x1bMJLyUFR5QUQfn7BR7h0E="></latexit><latexit sha1_base64="7mb6x1bMJLyUFR5QUQfn7BR7h0E="></latexit>

n±(t) =

I

C±(t)

dz

2⇡

⇥
g̃†(z)rzg̃(z)

⇤

<latexit sha1_base64="gpBT8d/1La2kZ+ieU29JRKA5bUI="></latexit><latexit sha1_base64="gpBT8d/1La2kZ+ieU29JRKA5bUI="></latexit><latexit sha1_base64="gpBT8d/1La2kZ+ieU29JRKA5bUI="></latexit><latexit sha1_base64="gpBT8d/1La2kZ+ieU29JRKA5bUI="></latexit>

z = (k, t)
<latexit sha1_base64="xpfn5bxVCtEtlsLzkGsApyYroso=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQQUoigm6EohuXFewD2lIm00k7dDIJMzdiDfkVNy4UceuPuPNvnLRZaOuBgcM593LPHC8SXIPjfFuFldW19Y3iZmlre2d3z94vt3QYK8qaNBSh6nhEM8ElawIHwTqRYiTwBGt7k5vMbz8wpXko72EasX5ARpL7nBIw0sAu9wICY89PnlJ8hauTUzgZ2BWn5syAl4mbkwrK0RjYX71hSOOASaCCaN11nQj6CVHAqWBpqRdrFhE6ISPWNVSSgOl+Msue4mOjDLEfKvMk4Jn6eyMhgdbTwDOTWVK96GXif143Bv+yn3AZxcAknR/yY4EhxFkReMgVoyCmhhCquMmK6ZgoQsHUVTIluItfXiats5rr1Ny780r9Oq+jiA7REaoiF12gOrpFDdREFD2iZ/SK3qzUerHerY/5aMHKdw7QH1ifP5UHk3g=</latexit><latexit sha1_base64="xpfn5bxVCtEtlsLzkGsApyYroso=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQQUoigm6EohuXFewD2lIm00k7dDIJMzdiDfkVNy4UceuPuPNvnLRZaOuBgcM593LPHC8SXIPjfFuFldW19Y3iZmlre2d3z94vt3QYK8qaNBSh6nhEM8ElawIHwTqRYiTwBGt7k5vMbz8wpXko72EasX5ARpL7nBIw0sAu9wICY89PnlJ8hauTUzgZ2BWn5syAl4mbkwrK0RjYX71hSOOASaCCaN11nQj6CVHAqWBpqRdrFhE6ISPWNVSSgOl+Msue4mOjDLEfKvMk4Jn6eyMhgdbTwDOTWVK96GXif143Bv+yn3AZxcAknR/yY4EhxFkReMgVoyCmhhCquMmK6ZgoQsHUVTIluItfXiats5rr1Ny780r9Oq+jiA7REaoiF12gOrpFDdREFD2iZ/SK3qzUerHerY/5aMHKdw7QH1ifP5UHk3g=</latexit><latexit sha1_base64="xpfn5bxVCtEtlsLzkGsApyYroso=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQQUoigm6EohuXFewD2lIm00k7dDIJMzdiDfkVNy4UceuPuPNvnLRZaOuBgcM593LPHC8SXIPjfFuFldW19Y3iZmlre2d3z94vt3QYK8qaNBSh6nhEM8ElawIHwTqRYiTwBGt7k5vMbz8wpXko72EasX5ARpL7nBIw0sAu9wICY89PnlJ8hauTUzgZ2BWn5syAl4mbkwrK0RjYX71hSOOASaCCaN11nQj6CVHAqWBpqRdrFhE6ISPWNVSSgOl+Msue4mOjDLEfKvMk4Jn6eyMhgdbTwDOTWVK96GXif143Bv+yn3AZxcAknR/yY4EhxFkReMgVoyCmhhCquMmK6ZgoQsHUVTIluItfXiats5rr1Ny780r9Oq+jiA7REaoiF12gOrpFDdREFD2iZ/SK3qzUerHerY/5aMHKdw7QH1ifP5UHk3g=</latexit><latexit sha1_base64="xpfn5bxVCtEtlsLzkGsApyYroso=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQQUoigm6EohuXFewD2lIm00k7dDIJMzdiDfkVNy4UceuPuPNvnLRZaOuBgcM593LPHC8SXIPjfFuFldW19Y3iZmlre2d3z94vt3QYK8qaNBSh6nhEM8ElawIHwTqRYiTwBGt7k5vMbz8wpXko72EasX5ARpL7nBIw0sAu9wICY89PnlJ8hauTUzgZ2BWn5syAl4mbkwrK0RjYX71hSOOASaCCaN11nQj6CVHAqWBpqRdrFhE6ISPWNVSSgOl+Msue4mOjDLEfKvMk4Jn6eyMhgdbTwDOTWVK96GXif143Bv+yn3AZxcAknR/yY4EhxFkReMgVoyCmhhCquMmK6ZgoQsHUVTIluItfXiats5rr1Ny780r9Oq+jiA7REaoiF12gOrpFDdREFD2iZ/SK3qzUerHerY/5aMHKdw7QH1ifP5UHk3g=</latexit>

g̃(z) =
g(k, t)

|g(k, t)|
<latexit sha1_base64="FfWFQStiZ2QCtB++K1RORD2Ob1U=">AAACGHicbZDLSsNAFIYn9VbrrerSzWARWpCaiKAboejGZQV7gSaUyXTSDp1cmDkRaprHcOOruHGhiNvufBsnbRfa+sPAx3/OYc753UhwBab5beRWVtfWN/Kbha3tnd294v5BU4WxpKxBQxHKtksUEzxgDeAgWDuSjPiuYC13eJvVW49MKh4GDzCKmOOTfsA9Tgloq1s8s4GLHkv6adn2CQxcL3lKK/ga254kNOmXh6dQSZPxDMZpt1gyq+ZUeBmsOZTQXPVucWL3Qhr7LAAqiFIdy4zASYgETgVLC3asWETokPRZR2NAfKacZHpYik+008NeKPULAE/d3xMJ8ZUa+a7uzJZXi7XM/K/WicG7chIeRDGwgM4+8mKBIcRZSrjHJaMgRhoIlVzviumA6ERAZ1nQIViLJy9D87xqmVXr/qJUu5nHkUdH6BiVkYUuUQ3doTpqIIqe0St6Rx/Gi/FmfBpfs9acMZ85RH9kTH4AFK6fwg==</latexit><latexit sha1_base64="FfWFQStiZ2QCtB++K1RORD2Ob1U=">AAACGHicbZDLSsNAFIYn9VbrrerSzWARWpCaiKAboejGZQV7gSaUyXTSDp1cmDkRaprHcOOruHGhiNvufBsnbRfa+sPAx3/OYc753UhwBab5beRWVtfWN/Kbha3tnd294v5BU4WxpKxBQxHKtksUEzxgDeAgWDuSjPiuYC13eJvVW49MKh4GDzCKmOOTfsA9Tgloq1s8s4GLHkv6adn2CQxcL3lKK/ga254kNOmXh6dQSZPxDMZpt1gyq+ZUeBmsOZTQXPVucWL3Qhr7LAAqiFIdy4zASYgETgVLC3asWETokPRZR2NAfKacZHpYik+008NeKPULAE/d3xMJ8ZUa+a7uzJZXi7XM/K/WicG7chIeRDGwgM4+8mKBIcRZSrjHJaMgRhoIlVzviumA6ERAZ1nQIViLJy9D87xqmVXr/qJUu5nHkUdH6BiVkYUuUQ3doTpqIIqe0St6Rx/Gi/FmfBpfs9acMZ85RH9kTH4AFK6fwg==</latexit><latexit sha1_base64="FfWFQStiZ2QCtB++K1RORD2Ob1U=">AAACGHicbZDLSsNAFIYn9VbrrerSzWARWpCaiKAboejGZQV7gSaUyXTSDp1cmDkRaprHcOOruHGhiNvufBsnbRfa+sPAx3/OYc753UhwBab5beRWVtfWN/Kbha3tnd294v5BU4WxpKxBQxHKtksUEzxgDeAgWDuSjPiuYC13eJvVW49MKh4GDzCKmOOTfsA9Tgloq1s8s4GLHkv6adn2CQxcL3lKK/ga254kNOmXh6dQSZPxDMZpt1gyq+ZUeBmsOZTQXPVucWL3Qhr7LAAqiFIdy4zASYgETgVLC3asWETokPRZR2NAfKacZHpYik+008NeKPULAE/d3xMJ8ZUa+a7uzJZXi7XM/K/WicG7chIeRDGwgM4+8mKBIcRZSrjHJaMgRhoIlVzviumA6ERAZ1nQIViLJy9D87xqmVXr/qJUu5nHkUdH6BiVkYUuUQ3doTpqIIqe0St6Rx/Gi/FmfBpfs9acMZ85RH9kTH4AFK6fwg==</latexit><latexit sha1_base64="FfWFQStiZ2QCtB++K1RORD2Ob1U=">AAACGHicbZDLSsNAFIYn9VbrrerSzWARWpCaiKAboejGZQV7gSaUyXTSDp1cmDkRaprHcOOruHGhiNvufBsnbRfa+sPAx3/OYc753UhwBab5beRWVtfWN/Kbha3tnd294v5BU4WxpKxBQxHKtksUEzxgDeAgWDuSjPiuYC13eJvVW49MKh4GDzCKmOOTfsA9Tgloq1s8s4GLHkv6adn2CQxcL3lKK/ga254kNOmXh6dQSZPxDMZpt1gyq+ZUeBmsOZTQXPVucWL3Qhr7LAAqiFIdy4zASYgETgVLC3asWETokPRZR2NAfKacZHpYik+008NeKPULAE/d3xMJ8ZUa+a7uzJZXi7XM/K/WicG7chIeRDGwgM4+8mKBIcRZSrjHJaMgRhoIlVzviumA6ERAZ1nQIViLJy9D87xqmVXr/qJUu5nHkUdH6BiVkYUuUQ3doTpqIIqe0St6Rx/Gi/FmfBpfs9acMZ85RH9kTH4AFK6fwg==</latexit>
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Dynamical topological quantum phase transitions 

(a)

(b)
Rate function of the
Loschmidt amplitude:

Topological invariant of the
time-ordered correlator:

In the absence of interactions:

⌫(t) = n+(t)� n�(t)
<latexit sha1_base64="KsCD/KW0P0Y37dUdWMT+ocq9rrE=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYhIq0JCLoRii6cVnBXqANYTKdtkMnkzBzIpRSN76KGxeKuPUt3Pk2TtostPWHgY//nMOZ8wex4Boc59vKLS2vrK7l1wsbm1vbO/buXkNHiaKsTiMRqVZANBNcsjpwEKwVK0bCQLBmMLxJ680HpjSP5D2MYuaFpC95j1MCxvLtg45MSnCCr7D0T1MoGygb8O2iU3GmwovgZlBEmWq+/dXpRjQJmQQqiNZt14nBGxMFnAo2KXQSzWJCh6TP2gYlCZn2xtMLJvjYOF3ci5R5EvDU/T0xJqHWozAwnSGBgZ6vpeZ/tXYCvUtvzGWcAJN0tqiXCAwRTuPAXa4YBTEyQKji5q+YDogiFExoBROCO3/yIjTOKq5Tce/Oi9XrLI48OkRHqIRcdIGq6BbVUB1R9Iie0St6s56sF+vd+pi15qxsZh/9kfX5AwNIlAU=</latexit><latexit sha1_base64="KsCD/KW0P0Y37dUdWMT+ocq9rrE=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYhIq0JCLoRii6cVnBXqANYTKdtkMnkzBzIpRSN76KGxeKuPUt3Pk2TtostPWHgY//nMOZ8wex4Boc59vKLS2vrK7l1wsbm1vbO/buXkNHiaKsTiMRqVZANBNcsjpwEKwVK0bCQLBmMLxJ680HpjSP5D2MYuaFpC95j1MCxvLtg45MSnCCr7D0T1MoGygb8O2iU3GmwovgZlBEmWq+/dXpRjQJmQQqiNZt14nBGxMFnAo2KXQSzWJCh6TP2gYlCZn2xtMLJvjYOF3ci5R5EvDU/T0xJqHWozAwnSGBgZ6vpeZ/tXYCvUtvzGWcAJN0tqiXCAwRTuPAXa4YBTEyQKji5q+YDogiFExoBROCO3/yIjTOKq5Tce/Oi9XrLI48OkRHqIRcdIGq6BbVUB1R9Iie0St6s56sF+vd+pi15qxsZh/9kfX5AwNIlAU=</latexit><latexit sha1_base64="KsCD/KW0P0Y37dUdWMT+ocq9rrE=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYhIq0JCLoRii6cVnBXqANYTKdtkMnkzBzIpRSN76KGxeKuPUt3Pk2TtostPWHgY//nMOZ8wex4Boc59vKLS2vrK7l1wsbm1vbO/buXkNHiaKsTiMRqVZANBNcsjpwEKwVK0bCQLBmMLxJ680HpjSP5D2MYuaFpC95j1MCxvLtg45MSnCCr7D0T1MoGygb8O2iU3GmwovgZlBEmWq+/dXpRjQJmQQqiNZt14nBGxMFnAo2KXQSzWJCh6TP2gYlCZn2xtMLJvjYOF3ci5R5EvDU/T0xJqHWozAwnSGBgZ6vpeZ/tXYCvUtvzGWcAJN0tqiXCAwRTuPAXa4YBTEyQKji5q+YDogiFExoBROCO3/yIjTOKq5Tce/Oi9XrLI48OkRHqIRcdIGq6BbVUB1R9Iie0St6s56sF+vd+pi15qxsZh/9kfX5AwNIlAU=</latexit><latexit sha1_base64="KsCD/KW0P0Y37dUdWMT+ocq9rrE=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYhIq0JCLoRii6cVnBXqANYTKdtkMnkzBzIpRSN76KGxeKuPUt3Pk2TtostPWHgY//nMOZ8wex4Boc59vKLS2vrK7l1wsbm1vbO/buXkNHiaKsTiMRqVZANBNcsjpwEKwVK0bCQLBmMLxJ680HpjSP5D2MYuaFpC95j1MCxvLtg45MSnCCr7D0T1MoGygb8O2iU3GmwovgZlBEmWq+/dXpRjQJmQQqiNZt14nBGxMFnAo2KXQSzWJCh6TP2gYlCZn2xtMLJvjYOF3ci5R5EvDU/T0xJqHWozAwnSGBgZ6vpeZ/tXYCvUtvzGWcAJN0tqiXCAwRTuPAXa4YBTEyQKji5q+YDogiFExoBROCO3/yIjTOKq5Tce/Oi9XrLI48OkRHqIRcdIGq6BbVUB1R9Iie0St6s56sF+vd+pi15qxsZh/9kfX5AwNIlAU=</latexit>

L✓!✓0(t) =
Y

k

g✓!✓0(k, t)
<latexit sha1_base64="yeq/ybnCckqO/Wpp7n6/1AnV0js=">AAACNnicfVDLSgMxFM34rPVVdekmWMQWpMyIoBuh6MaFQgX7gE4ZMmnahslMhuSOUoZ+lRu/w103LhRx6yeYPhbaigcCh3PO5eYePxZcg20PrYXFpeWV1cxadn1jc2s7t7Nb0zJRlFWpFFI1fKKZ4BGrAgfBGrFiJPQFq/vB1civPzCluYzuoR+zVki6Ee9wSsBIXu72xktd6DEgruLdHhCl5COeKEeDAhTxBXZjJdtegLv/RoNjKHq5vF2yx8DzxJmSPJqi4uVe3LakScgioIJo3XTsGFopUcCpYIOsm2gWExqQLmsaGpGQ6VY6PnuAD43Sxh2pzIsAj9WfEykJte6HvkmGBHp61huJf3nNBDrnrZRHcQIsopNFnURgkHjUIW5zxSiIviGEKm7+immPKELBNJ01JTizJ8+T2knJsUvO3Wm+fDmtI4P20QEqIAedoTK6RhVURRQ9oSF6Q+/Ws/VqfVifk+iCNZ3ZQ79gfX0DaResRw==</latexit><latexit sha1_base64="yeq/ybnCckqO/Wpp7n6/1AnV0js=">AAACNnicfVDLSgMxFM34rPVVdekmWMQWpMyIoBuh6MaFQgX7gE4ZMmnahslMhuSOUoZ+lRu/w103LhRx6yeYPhbaigcCh3PO5eYePxZcg20PrYXFpeWV1cxadn1jc2s7t7Nb0zJRlFWpFFI1fKKZ4BGrAgfBGrFiJPQFq/vB1civPzCluYzuoR+zVki6Ee9wSsBIXu72xktd6DEgruLdHhCl5COeKEeDAhTxBXZjJdtegLv/RoNjKHq5vF2yx8DzxJmSPJqi4uVe3LakScgioIJo3XTsGFopUcCpYIOsm2gWExqQLmsaGpGQ6VY6PnuAD43Sxh2pzIsAj9WfEykJte6HvkmGBHp61huJf3nNBDrnrZRHcQIsopNFnURgkHjUIW5zxSiIviGEKm7+immPKELBNJ01JTizJ8+T2knJsUvO3Wm+fDmtI4P20QEqIAedoTK6RhVURRQ9oSF6Q+/Ws/VqfVifk+iCNZ3ZQ79gfX0DaResRw==</latexit><latexit sha1_base64="yeq/ybnCckqO/Wpp7n6/1AnV0js=">AAACNnicfVDLSgMxFM34rPVVdekmWMQWpMyIoBuh6MaFQgX7gE4ZMmnahslMhuSOUoZ+lRu/w103LhRx6yeYPhbaigcCh3PO5eYePxZcg20PrYXFpeWV1cxadn1jc2s7t7Nb0zJRlFWpFFI1fKKZ4BGrAgfBGrFiJPQFq/vB1civPzCluYzuoR+zVki6Ee9wSsBIXu72xktd6DEgruLdHhCl5COeKEeDAhTxBXZjJdtegLv/RoNjKHq5vF2yx8DzxJmSPJqi4uVe3LakScgioIJo3XTsGFopUcCpYIOsm2gWExqQLmsaGpGQ6VY6PnuAD43Sxh2pzIsAj9WfEykJte6HvkmGBHp61huJf3nNBDrnrZRHcQIsopNFnURgkHjUIW5zxSiIviGEKm7+immPKELBNJ01JTizJ8+T2knJsUvO3Wm+fDmtI4P20QEqIAedoTK6RhVURRQ9oSF6Q+/Ws/VqfVifk+iCNZ3ZQ79gfX0DaResRw==</latexit><latexit sha1_base64="yeq/ybnCckqO/Wpp7n6/1AnV0js=">AAACNnicfVDLSgMxFM34rPVVdekmWMQWpMyIoBuh6MaFQgX7gE4ZMmnahslMhuSOUoZ+lRu/w103LhRx6yeYPhbaigcCh3PO5eYePxZcg20PrYXFpeWV1cxadn1jc2s7t7Nb0zJRlFWpFFI1fKKZ4BGrAgfBGrFiJPQFq/vB1civPzCluYzuoR+zVki6Ee9wSsBIXu72xktd6DEgruLdHhCl5COeKEeDAhTxBXZjJdtegLv/RoNjKHq5vF2yx8DzxJmSPJqi4uVe3LakScgioIJo3XTsGFopUcCpYIOsm2gWExqQLmsaGpGQ6VY6PnuAD43Sxh2pzIsAj9WfEykJte6HvkmGBHp61huJf3nNBDrnrZRHcQIsopNFnURgkHjUIW5zxSiIviGEKm7+immPKELBNJ01JTizJ8+T2knJsUvO3Wm+fDmtI4P20QEqIAedoTK6RhVURRQ9oSF6Q+/Ws/VqfVifk+iCNZ3ZQ79gfX0DaResRw==</latexit>

Related work: Budich and Heyl, Phys. Rev. B 93, 085416 (2016) 

|L✓!✓0(t)| = |h (0)| (t)i|
= e�V �✓!✓0 (t)

<latexit sha1_base64="7byQ7ysDUdWalnR5/QxU/khvAhg="></latexit><latexit sha1_base64="7byQ7ysDUdWalnR5/QxU/khvAhg="></latexit><latexit sha1_base64="7byQ7ysDUdWalnR5/QxU/khvAhg="></latexit><latexit sha1_base64="7byQ7ysDUdWalnR5/QxU/khvAhg="></latexit>
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Interpretation with equal-time correlations

• Loschmidt amplitude & two-time correlators are difficult to measure!

• gaussian state:

• spin vector :

• Loschmidt echo: 

F = (Fs, F1, F5)
<latexit sha1_base64="bmba4U6PcKXgVqdKwAZa5rXe/Gc=">AAACBXicbVDLSsNAFL2pr1pfUZe6GCxCBSmJKLoRikJxWcE+oA1hMp20QycPZiZCCd248VfcuFDErf/gzr9x0mah1QMzHM65l3vv8WLOpLKsL6OwsLi0vFJcLa2tb2xumds7LRklgtAmiXgkOh6WlLOQNhVTnHZiQXHgcdr2RteZ376nQrIovFPjmDoBHoTMZwQrLbnmfi/Aauj5aX2CLlGl7spjVHft7Ds7cs2yVbWmQH+JnZMy5Gi45mevH5EkoKEiHEvZta1YOSkWihFOJ6VeImmMyQgPaFfTEAdUOun0igk61Eof+ZHQL1Roqv7sSHEg5TjwdGW2s5z3MvE/r5so/8JJWRgnioZkNshPOFIRyiJBfSYoUXysCSaC6V0RGWKBidLBlXQI9vzJf0nrpGpbVfv2tFy7yuMowh4cQAVsOIca3EADmkDgAZ7gBV6NR+PZeDPeZ6UFI+/ZhV8wPr4BhwaV/Q==</latexit><latexit sha1_base64="bmba4U6PcKXgVqdKwAZa5rXe/Gc=">AAACBXicbVDLSsNAFL2pr1pfUZe6GCxCBSmJKLoRikJxWcE+oA1hMp20QycPZiZCCd248VfcuFDErf/gzr9x0mah1QMzHM65l3vv8WLOpLKsL6OwsLi0vFJcLa2tb2xumds7LRklgtAmiXgkOh6WlLOQNhVTnHZiQXHgcdr2RteZ376nQrIovFPjmDoBHoTMZwQrLbnmfi/Aauj5aX2CLlGl7spjVHft7Ds7cs2yVbWmQH+JnZMy5Gi45mevH5EkoKEiHEvZta1YOSkWihFOJ6VeImmMyQgPaFfTEAdUOun0igk61Eof+ZHQL1Roqv7sSHEg5TjwdGW2s5z3MvE/r5so/8JJWRgnioZkNshPOFIRyiJBfSYoUXysCSaC6V0RGWKBidLBlXQI9vzJf0nrpGpbVfv2tFy7yuMowh4cQAVsOIca3EADmkDgAZ7gBV6NR+PZeDPeZ6UFI+/ZhV8wPr4BhwaV/Q==</latexit><latexit sha1_base64="bmba4U6PcKXgVqdKwAZa5rXe/Gc=">AAACBXicbVDLSsNAFL2pr1pfUZe6GCxCBSmJKLoRikJxWcE+oA1hMp20QycPZiZCCd248VfcuFDErf/gzr9x0mah1QMzHM65l3vv8WLOpLKsL6OwsLi0vFJcLa2tb2xumds7LRklgtAmiXgkOh6WlLOQNhVTnHZiQXHgcdr2RteZ376nQrIovFPjmDoBHoTMZwQrLbnmfi/Aauj5aX2CLlGl7spjVHft7Ds7cs2yVbWmQH+JnZMy5Gi45mevH5EkoKEiHEvZta1YOSkWihFOJ6VeImmMyQgPaFfTEAdUOun0igk61Eof+ZHQL1Roqv7sSHEg5TjwdGW2s5z3MvE/r5so/8JJWRgnioZkNshPOFIRyiJBfSYoUXysCSaC6V0RGWKBidLBlXQI9vzJf0nrpGpbVfv2tFy7yuMowh4cQAVsOIca3EADmkDgAZ7gBV6NR+PZeDPeZ6UFI+/ZhV8wPr4BhwaV/Q==</latexit><latexit sha1_base64="bmba4U6PcKXgVqdKwAZa5rXe/Gc=">AAACBXicbVDLSsNAFL2pr1pfUZe6GCxCBSmJKLoRikJxWcE+oA1hMp20QycPZiZCCd248VfcuFDErf/gzr9x0mah1QMzHM65l3vv8WLOpLKsL6OwsLi0vFJcLa2tb2xumds7LRklgtAmiXgkOh6WlLOQNhVTnHZiQXHgcdr2RteZ376nQrIovFPjmDoBHoTMZwQrLbnmfi/Aauj5aX2CLlGl7spjVHft7Ds7cs2yVbWmQH+JnZMy5Gi45mevH5EkoKEiHEvZta1YOSkWihFOJ6VeImmMyQgPaFfTEAdUOun0igk61Eof+ZHQL1Roqv7sSHEg5TjwdGW2s5z3MvE/r5so/8JJWRgnioZkNshPOFIRyiJBfSYoUXysCSaC6V0RGWKBidLBlXQI9vzJf0nrpGpbVfv2tFy7yuMowh4cQAVsOIca3EADmkDgAZ7gBV6NR+PZeDPeZ6UFI+/ZhV8wPr4BhwaV/Q==</latexit>
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⇥
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⇤
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Y

k

[F(k, t) + F(k, 0)]2
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Results of a numerical simulation (exact diagonalization) on a lattice
with sites and lattice spacing

ü order parameter robustly predicts a shift of the topological transition

ü good agreement of the transition times from different rate functions

am = 0.8
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Numerics: Towards strong coupling

(a) (b) (c)

N = 8
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Numerics: Lattice size dependence
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• all rate functions indicate 
similar transition times

• rate functions exhibit 
fluctuating finite size errors

• order parameter robust due 
to topological origin

Torsten V. Zache, ITP Heidelberg 15



• Noninteracting case: correlation functions and DQPT
ü Rigorous connection between correlators and DQPT
ü Physical interpretation of dynamical transitions
ü Definition of a dynamical topological invariant

• Interacting case: dynamical topological order parameter
ü gauge invariant
ü integer-valued
ü accessible on small lattices

• To Do: 
Ø Experimental realization (cold atoms and/or trapped ions)
Ø Application to other models (condensed matter)
Ø Extension to more realistic scenarios (e.g. QCD with dynamical axions)

Summary & outlook
(a)

(b)

(a) (b) (c)

Torsten V. Zache, ITP Heidelberg 16
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Fermions in a gauge field background:

Chiral rotation and axial vector current:

(Non-)conservation law:

Fermion path integral:

The axial anomaly in QED

Torsten V. Zache, ITP Heidelberg

jµ5 =  ̄�µ�5 
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Adler, Physical Review, 177(5), 2426-2438 (1969)
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Yang-Mills Hamiltonian (in temporal-axial gauge):

(classical) zero-energy solutions are ‘pure gauge‘:

Topological classification:

‘Theta‘ vacua:

Topology of gauge fields

Torsten V. Zache, ITP Heidelberg
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Violates combined charge (C) 
and parity (P) symmetry!

Jackiw & Rebbi. in Instantons In Gauge Theories (25-28) (1994)
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