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Outline:

1. Quantum Hall effect and topological insulators


2. Anomalous transport induced by axial anomaly in WSMs


3. Fermion sector of the SME in Weyls


4. Anomalous transport induced by parity anomaly in NLSM


5. Gravity + LV + TSCs




God made the bulk; surfaces were invented by the devil

1945



          Quantum Hall effect and topological insulators 

Scattering 
time

Ji = �ij Ej
<latexit sha1_base64="6zY65xGoJCD1tnjOYLFs6ROREzo=">AAACEnicbVDLSsNAFJ34rPUVdelmsAgupCYi6EYoiiCuKtgHtCVMpjfttDNJmJkIJeQv9Gd0JequP+DfOKldaOtZnXPPmeHe48ecKe04X9bC4tLyymphrbi+sbm1be/s1lWUSAo1GvFINn2igLMQapppDs1YAhE+h4Y/vM79xiNIxaLwQY9i6AjSC1nAKNFm5Nknd9hLWYYvcdqe/JZK6Ga4rVhPkNwaZNjIY3xjxCArenbJKTsT4HniTkkJTVH17HG7G9FEQKgpJ0q1XCfWnZRIzSiHrNhOFMSEDkkPWoaGRIDqpJNVMnwYRBLrPuCJ/p1NiVBqJHyTEUT31ayXD//zWokOLjopC+NEQ0hNxHhBwrGOcN4P7jIJVPORIYRKZrbEtE8kodq0mJ/vzh47T+qnZdcpu/dnpcrVtIgC2kcH6Ai56BxV0C2qohqi6Bm9og/0aT1ZL9ab9f4TXbCmb/bQH1jjbwbFnFI=</latexit><latexit sha1_base64="6zY65xGoJCD1tnjOYLFs6ROREzo=">AAACEnicbVDLSsNAFJ34rPUVdelmsAgupCYi6EYoiiCuKtgHtCVMpjfttDNJmJkIJeQv9Gd0JequP+DfOKldaOtZnXPPmeHe48ecKe04X9bC4tLyymphrbi+sbm1be/s1lWUSAo1GvFINn2igLMQapppDs1YAhE+h4Y/vM79xiNIxaLwQY9i6AjSC1nAKNFm5Nknd9hLWYYvcdqe/JZK6Ga4rVhPkNwaZNjIY3xjxCArenbJKTsT4HniTkkJTVH17HG7G9FEQKgpJ0q1XCfWnZRIzSiHrNhOFMSEDkkPWoaGRIDqpJNVMnwYRBLrPuCJ/p1NiVBqJHyTEUT31ayXD//zWokOLjopC+NEQ0hNxHhBwrGOcN4P7jIJVPORIYRKZrbEtE8kodq0mJ/vzh47T+qnZdcpu/dnpcrVtIgC2kcH6Ai56BxV0C2qohqi6Bm9og/0aT1ZL9ab9f4TXbCmb/bQH1jjbwbFnFI=</latexit><latexit sha1_base64="6zY65xGoJCD1tnjOYLFs6ROREzo=">AAACEnicbVDLSsNAFJ34rPUVdelmsAgupCYi6EYoiiCuKtgHtCVMpjfttDNJmJkIJeQv9Gd0JequP+DfOKldaOtZnXPPmeHe48ecKe04X9bC4tLyymphrbi+sbm1be/s1lWUSAo1GvFINn2igLMQapppDs1YAhE+h4Y/vM79xiNIxaLwQY9i6AjSC1nAKNFm5Nknd9hLWYYvcdqe/JZK6Ga4rVhPkNwaZNjIY3xjxCArenbJKTsT4HniTkkJTVH17HG7G9FEQKgpJ0q1XCfWnZRIzSiHrNhOFMSEDkkPWoaGRIDqpJNVMnwYRBLrPuCJ/p1NiVBqJHyTEUT31ayXD//zWokOLjopC+NEQ0hNxHhBwrGOcN4P7jIJVPORIYRKZrbEtE8kodq0mJ/vzh47T+qnZdcpu/dnpcrVtIgC2kcH6Ai56BxV0C2qohqi6Bm9og/0aT1ZL9ab9f4TXbCmb/bQH1jjbwbFnFI=</latexit><latexit sha1_base64="6zY65xGoJCD1tnjOYLFs6ROREzo=">AAACEnicbVDLSsNAFJ34rPUVdelmsAgupCYi6EYoiiCuKtgHtCVMpjfttDNJmJkIJeQv9Gd0JequP+DfOKldaOtZnXPPmeHe48ecKe04X9bC4tLyymphrbi+sbm1be/s1lWUSAo1GvFINn2igLMQapppDs1YAhE+h4Y/vM79xiNIxaLwQY9i6AjSC1nAKNFm5Nknd9hLWYYvcdqe/JZK6Ga4rVhPkNwaZNjIY3xjxCArenbJKTsT4HniTkkJTVH17HG7G9FEQKgpJ0q1XCfWnZRIzSiHrNhOFMSEDkkPWoaGRIDqpJNVMnwYRBLrPuCJ/p1NiVBqJHyTEUT31ayXD//zWokOLjopC+NEQ0hNxHhBwrGOcN4P7jIJVPORIYRKZrbEtE8kodq0mJ/vzh47T+qnZdcpu/dnpcrVtIgC2kcH6Ai56BxV0C2qohqi6Bm9og/0aT1ZL9ab9f4TXbCmb/bQH1jjbwbFnFI=</latexit>

Conductivity

<latexit sha1_base64="vzWgdpLgn2L/9kE/yihwrgAaMlw="></latexit>

m
dv

dt
= qE+ qv ⇥B� mv

⌧

⇢xx =
m

ne2⌧
<latexit sha1_base64="Ply4lZwta961IgVK6SDJomYpAMc=">AAACFnicbVDLSgNBEJyNrxhfUY9eBoPgKexGQS9C0IvHCOYB2RhmJ73JkNkHM7OSMOx/6M/oSVTw4NW/cTbuQRPrVN1VTXeXF3MmlW1/WYWl5ZXVteJ6aWNza3unvLvXklEiKDRpxCPR8YgEzkJoKqY4dGIBJPA4tL3xVaa370FIFoW3ahpDLyDDkPmMEmVa/fKJK0YR7uvJJMUX2PUFoTpIdYgB3+lairU726EFDFLsKpKkaalfrthVewa8SJycVFCORr/84Q4imgQQKsqJlF3HjlVPE6EY5ZCW3ERCTOiYDKFraEgCkD09W5ziIz8SWI0Az+rfXk0CKaeBZzwBUSM5r2XN/7RuovzznmZhnCgIqbEYzU84VhHOMsIDJoAqPjWEUMHMlZiOiIlGmSSz9535ZxdJq1Z17Kpzc1qpX+ZBFNEBOkTHyEFnqI6uUQM1EUWP6Bm9oXfrwXqyXqzXH2vBymf20R9Yn98r6Z9N</latexit><latexit sha1_base64="Ply4lZwta961IgVK6SDJomYpAMc=">AAACFnicbVDLSgNBEJyNrxhfUY9eBoPgKexGQS9C0IvHCOYB2RhmJ73JkNkHM7OSMOx/6M/oSVTw4NW/cTbuQRPrVN1VTXeXF3MmlW1/WYWl5ZXVteJ6aWNza3unvLvXklEiKDRpxCPR8YgEzkJoKqY4dGIBJPA4tL3xVaa370FIFoW3ahpDLyDDkPmMEmVa/fKJK0YR7uvJJMUX2PUFoTpIdYgB3+lairU726EFDFLsKpKkaalfrthVewa8SJycVFCORr/84Q4imgQQKsqJlF3HjlVPE6EY5ZCW3ERCTOiYDKFraEgCkD09W5ziIz8SWI0Az+rfXk0CKaeBZzwBUSM5r2XN/7RuovzznmZhnCgIqbEYzU84VhHOMsIDJoAqPjWEUMHMlZiOiIlGmSSz9535ZxdJq1Z17Kpzc1qpX+ZBFNEBOkTHyEFnqI6uUQM1EUWP6Bm9oXfrwXqyXqzXH2vBymf20R9Yn98r6Z9N</latexit><latexit sha1_base64="Ply4lZwta961IgVK6SDJomYpAMc=">AAACFnicbVDLSgNBEJyNrxhfUY9eBoPgKexGQS9C0IvHCOYB2RhmJ73JkNkHM7OSMOx/6M/oSVTw4NW/cTbuQRPrVN1VTXeXF3MmlW1/WYWl5ZXVteJ6aWNza3unvLvXklEiKDRpxCPR8YgEzkJoKqY4dGIBJPA4tL3xVaa370FIFoW3ahpDLyDDkPmMEmVa/fKJK0YR7uvJJMUX2PUFoTpIdYgB3+lairU726EFDFLsKpKkaalfrthVewa8SJycVFCORr/84Q4imgQQKsqJlF3HjlVPE6EY5ZCW3ERCTOiYDKFraEgCkD09W5ziIz8SWI0Az+rfXk0CKaeBZzwBUSM5r2XN/7RuovzznmZhnCgIqbEYzU84VhHOMsIDJoAqPjWEUMHMlZiOiIlGmSSz9535ZxdJq1Z17Kpzc1qpX+ZBFNEBOkTHyEFnqI6uUQM1EUWP6Bm9oXfrwXqyXqzXH2vBymf20R9Yn98r6Z9N</latexit><latexit sha1_base64="Ply4lZwta961IgVK6SDJomYpAMc=">AAACFnicbVDLSgNBEJyNrxhfUY9eBoPgKexGQS9C0IvHCOYB2RhmJ73JkNkHM7OSMOx/6M/oSVTw4NW/cTbuQRPrVN1VTXeXF3MmlW1/WYWl5ZXVteJ6aWNza3unvLvXklEiKDRpxCPR8YgEzkJoKqY4dGIBJPA4tL3xVaa370FIFoW3ahpDLyDDkPmMEmVa/fKJK0YR7uvJJMUX2PUFoTpIdYgB3+lairU726EFDFLsKpKkaalfrthVewa8SJycVFCORr/84Q4imgQQKsqJlF3HjlVPE6EY5ZCW3ERCTOiYDKFraEgCkD09W5ziIz8SWI0Az+rfXk0CKaeBZzwBUSM5r2XN/7RuovzznmZhnCgIqbEYzU84VhHOMsIDJoAqPjWEUMHMlZiOiIlGmSSz9535ZxdJq1Z17Kpzc1qpX+ZBFNEBOkTHyEFnqI6uUQM1EUWP6Bm9oXfrwXqyXqzXH2vBymf20R9Yn98r6Z9N</latexit>

⌧ � independent
<latexit sha1_base64="46uZiyj90nUCXfic/FyfENJMpYo=">AAACCXicbVDLTsMwEHR4lvIKcORiUYG4UCUICY4VXDgWiT6kJqocZ9tadeLIdhBVlC+An4ETAm5c+QH+BjfkAC1zsMY7s6udDRLOlHacL2thcWl5ZbWyVl3f2Nzatnd220qkkkKLCi5kNyAKOIuhpZnm0E0kkCjg0AnGV1O9cwdSMRHf6kkCfkSGMRswSrQp9e2jzCuGZBLC3NMkzU8yLwrEfcbiEBIwT6zzvG/XnLpTAM8TtyQ1VKLZtz+9UNA0Mt2UE6V6rpNoPyNSM8ohr3qpgoTQMRlCz9CYRKD8rFglx4cDIbEeAS7+v70ZiZSaRIHxRESP1Kw2Lf6n9VI9uPBNpiTVEFNjMdog5VgLPD0LDpkEqvnEEEIlM1tiOiKSUG2OVzXx3dmw86R9WneduntzVmtcloeooH10gI6Ri85RA12jJmohih7RM3pD79aD9WS9WK8/1gWr7NlDf2B9fAMRgZvF</latexit><latexit sha1_base64="46uZiyj90nUCXfic/FyfENJMpYo=">AAACCXicbVDLTsMwEHR4lvIKcORiUYG4UCUICY4VXDgWiT6kJqocZ9tadeLIdhBVlC+An4ETAm5c+QH+BjfkAC1zsMY7s6udDRLOlHacL2thcWl5ZbWyVl3f2Nzatnd220qkkkKLCi5kNyAKOIuhpZnm0E0kkCjg0AnGV1O9cwdSMRHf6kkCfkSGMRswSrQp9e2jzCuGZBLC3NMkzU8yLwrEfcbiEBIwT6zzvG/XnLpTAM8TtyQ1VKLZtz+9UNA0Mt2UE6V6rpNoPyNSM8ohr3qpgoTQMRlCz9CYRKD8rFglx4cDIbEeAS7+v70ZiZSaRIHxRESP1Kw2Lf6n9VI9uPBNpiTVEFNjMdog5VgLPD0LDpkEqvnEEEIlM1tiOiKSUG2OVzXx3dmw86R9WneduntzVmtcloeooH10gI6Ri85RA12jJmohih7RM3pD79aD9WS9WK8/1gWr7NlDf2B9fAMRgZvF</latexit><latexit sha1_base64="46uZiyj90nUCXfic/FyfENJMpYo=">AAACCXicbVDLTsMwEHR4lvIKcORiUYG4UCUICY4VXDgWiT6kJqocZ9tadeLIdhBVlC+An4ETAm5c+QH+BjfkAC1zsMY7s6udDRLOlHacL2thcWl5ZbWyVl3f2Nzatnd220qkkkKLCi5kNyAKOIuhpZnm0E0kkCjg0AnGV1O9cwdSMRHf6kkCfkSGMRswSrQp9e2jzCuGZBLC3NMkzU8yLwrEfcbiEBIwT6zzvG/XnLpTAM8TtyQ1VKLZtz+9UNA0Mt2UE6V6rpNoPyNSM8ohr3qpgoTQMRlCz9CYRKD8rFglx4cDIbEeAS7+v70ZiZSaRIHxRESP1Kw2Lf6n9VI9uPBNpiTVEFNjMdog5VgLPD0LDpkEqvnEEEIlM1tiOiKSUG2OVzXx3dmw86R9WneduntzVmtcloeooH10gI6Ri85RA12jJmohih7RM3pD79aD9WS9WK8/1gWr7NlDf2B9fAMRgZvF</latexit><latexit sha1_base64="46uZiyj90nUCXfic/FyfENJMpYo=">AAACCXicbVDLTsMwEHR4lvIKcORiUYG4UCUICY4VXDgWiT6kJqocZ9tadeLIdhBVlC+An4ETAm5c+QH+BjfkAC1zsMY7s6udDRLOlHacL2thcWl5ZbWyVl3f2Nzatnd220qkkkKLCi5kNyAKOIuhpZnm0E0kkCjg0AnGV1O9cwdSMRHf6kkCfkSGMRswSrQp9e2jzCuGZBLC3NMkzU8yLwrEfcbiEBIwT6zzvG/XnLpTAM8TtyQ1VKLZtz+9UNA0Mt2UE6V6rpNoPyNSM8ohr3qpgoTQMRlCz9CYRKD8rFglx4cDIbEeAS7+v70ZiZSaRIHxRESP1Kw2Lf6n9VI9uPBNpiTVEFNjMdog5VgLPD0LDpkEqvnEEEIlM1tiOiKSUG2OVzXx3dmw86R9WneduntzVmtcloeooH10gI6Ri85RA12jJmohih7RM3pD79aD9WS9WK8/1gWr7NlDf2B9fAMRgZvF</latexit>

¡Protection against disorder!

⇢xy =
B

ne
<latexit sha1_base64="SRCXFfa3GkgHO3f/9X1iGRiOdCI=">AAAB/HicbVDLSsNAFJ3UV62vqCtxM1gEVyURQTdCqRuXFewDmhAm05tm6OTBzEQsIfozuhJ151f4A/6N05qFtp7VufecC/ccP+VMKsv6MipLyyura9X12sbm1vaOubvXlUkmKHRowhPR94kEzmLoKKY49FMBJPI59Pzx1VTv3YGQLIlv1SQFNyKjmAWMEqVXnnngiDDBXn4/KfAldgJBaN4q8hgKz6xbDWsGvEjsktRRibZnfjrDhGYRxIpyIuXAtlLl5kQoRjkUNSeTkBI6JiMYaBqTCKSbzyIU+DhIBFYh4Nn825uTSMpJ5GtPRFQo57Xp8j9tkKngws1ZnGYKYqotWgsyjlWCp03gIRNAFZ9oQqhg+ktMQ6ILULqvmo5vz4ddJN3Thm017JuzerNVFlFFh+gInSAbnaMmukZt1EEUPaJn9IbejQfjyXgxXn+sFaO82Ud/YHx8A76jlME=</latexit><latexit sha1_base64="SRCXFfa3GkgHO3f/9X1iGRiOdCI=">AAAB/HicbVDLSsNAFJ3UV62vqCtxM1gEVyURQTdCqRuXFewDmhAm05tm6OTBzEQsIfozuhJ151f4A/6N05qFtp7VufecC/ccP+VMKsv6MipLyyura9X12sbm1vaOubvXlUkmKHRowhPR94kEzmLoKKY49FMBJPI59Pzx1VTv3YGQLIlv1SQFNyKjmAWMEqVXnnngiDDBXn4/KfAldgJBaN4q8hgKz6xbDWsGvEjsktRRibZnfjrDhGYRxIpyIuXAtlLl5kQoRjkUNSeTkBI6JiMYaBqTCKSbzyIU+DhIBFYh4Nn825uTSMpJ5GtPRFQo57Xp8j9tkKngws1ZnGYKYqotWgsyjlWCp03gIRNAFZ9oQqhg+ktMQ6ILULqvmo5vz4ddJN3Thm017JuzerNVFlFFh+gInSAbnaMmukZt1EEUPaJn9IbejQfjyXgxXn+sFaO82Ud/YHx8A76jlME=</latexit><latexit sha1_base64="SRCXFfa3GkgHO3f/9X1iGRiOdCI=">AAAB/HicbVDLSsNAFJ3UV62vqCtxM1gEVyURQTdCqRuXFewDmhAm05tm6OTBzEQsIfozuhJ151f4A/6N05qFtp7VufecC/ccP+VMKsv6MipLyyura9X12sbm1vaOubvXlUkmKHRowhPR94kEzmLoKKY49FMBJPI59Pzx1VTv3YGQLIlv1SQFNyKjmAWMEqVXnnngiDDBXn4/KfAldgJBaN4q8hgKz6xbDWsGvEjsktRRibZnfjrDhGYRxIpyIuXAtlLl5kQoRjkUNSeTkBI6JiMYaBqTCKSbzyIU+DhIBFYh4Nn825uTSMpJ5GtPRFQo57Xp8j9tkKngws1ZnGYKYqotWgsyjlWCp03gIRNAFZ9oQqhg+ktMQ6ILULqvmo5vz4ddJN3Thm017JuzerNVFlFFh+gInSAbnaMmukZt1EEUPaJn9IbejQfjyXgxXn+sFaO82Ud/YHx8A76jlME=</latexit><latexit sha1_base64="SRCXFfa3GkgHO3f/9X1iGRiOdCI=">AAAB/HicbVDLSsNAFJ3UV62vqCtxM1gEVyURQTdCqRuXFewDmhAm05tm6OTBzEQsIfozuhJ151f4A/6N05qFtp7VufecC/ccP+VMKsv6MipLyyura9X12sbm1vaOubvXlUkmKHRowhPR94kEzmLoKKY49FMBJPI59Pzx1VTv3YGQLIlv1SQFNyKjmAWMEqVXnnngiDDBXn4/KfAldgJBaN4q8hgKz6xbDWsGvEjsktRRibZnfjrDhGYRxIpyIuXAtlLl5kQoRjkUNSeTkBI6JiMYaBqTCKSbzyIU+DhIBFYh4Nn825uTSMpJ5GtPRFQo57Xp8j9tkKngws1ZnGYKYqotWgsyjlWCp03gIRNAFZ9oQqhg+ktMQ6ILULqvmo5vz4ddJN3Thm017JuzerNVFlFFh+gInSAbnaMmukZt1EEUPaJn9IbejQfjyXgxXn+sFaO82Ud/YHx8A76jlME=</latexit>

-independent

E. H. Hall, Am. J. Math. 2, 287 (1879)
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Landau levels

⌫ = number of filled LLs
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⇢xy =
h

e2
1

⌫
<latexit sha1_base64="TPnmav5mdSkrqmC4wv8Ih/c8YwE=">AAACDnicbVBLSwMxGMz6rPW16tFLsAiCUHaLoBeh6MVjBfuAbi3Z9NtuaPZBkhVL2P+gf0ZPot48+Af8N6Z1D9o6p8nMBL4ZP+VMKsf5shYWl5ZXVktr5fWNza1te2e3JZNMUGjShCei4xMJnMXQVExx6KQCSORzaPujy4nfvgMhWRLfqHEKvYgMYxYwSpSR+vaxJ8IE9/X9OMfn2AsEoTrMNeBbXcvzQnBz7cVZ3rcrTtWZAs8TtyAVVKDRtz+9QUKzCGJFOZGy6zqp6mkiFKMc8rKXSUgJHZEhdA2NSQSyp6elcnwYJAKrEPD0/TurSSTlOPJNJiIqlLPeRPzP62YqOOtpFqeZgpiaiPGCjGOV4Mk2eMAEUMXHhhAqmLkS05CYBZRZsGzqu7Nl50mrVnWdqnt9UqlfFEOU0D46QEfIRaeojq5QAzURRY/oGb2hd+vBerJerNef6IJV/NlDf2B9fAN1CJxN</latexit><latexit sha1_base64="TPnmav5mdSkrqmC4wv8Ih/c8YwE=">AAACDnicbVBLSwMxGMz6rPW16tFLsAiCUHaLoBeh6MVjBfuAbi3Z9NtuaPZBkhVL2P+gf0ZPot48+Af8N6Z1D9o6p8nMBL4ZP+VMKsf5shYWl5ZXVktr5fWNza1te2e3JZNMUGjShCei4xMJnMXQVExx6KQCSORzaPujy4nfvgMhWRLfqHEKvYgMYxYwSpSR+vaxJ8IE9/X9OMfn2AsEoTrMNeBbXcvzQnBz7cVZ3rcrTtWZAs8TtyAVVKDRtz+9QUKzCGJFOZGy6zqp6mkiFKMc8rKXSUgJHZEhdA2NSQSyp6elcnwYJAKrEPD0/TurSSTlOPJNJiIqlLPeRPzP62YqOOtpFqeZgpiaiPGCjGOV4Mk2eMAEUMXHhhAqmLkS05CYBZRZsGzqu7Nl50mrVnWdqnt9UqlfFEOU0D46QEfIRaeojq5QAzURRY/oGb2hd+vBerJerNef6IJV/NlDf2B9fAN1CJxN</latexit><latexit sha1_base64="TPnmav5mdSkrqmC4wv8Ih/c8YwE=">AAACDnicbVBLSwMxGMz6rPW16tFLsAiCUHaLoBeh6MVjBfuAbi3Z9NtuaPZBkhVL2P+gf0ZPot48+Af8N6Z1D9o6p8nMBL4ZP+VMKsf5shYWl5ZXVktr5fWNza1te2e3JZNMUGjShCei4xMJnMXQVExx6KQCSORzaPujy4nfvgMhWRLfqHEKvYgMYxYwSpSR+vaxJ8IE9/X9OMfn2AsEoTrMNeBbXcvzQnBz7cVZ3rcrTtWZAs8TtyAVVKDRtz+9QUKzCGJFOZGy6zqp6mkiFKMc8rKXSUgJHZEhdA2NSQSyp6elcnwYJAKrEPD0/TurSSTlOPJNJiIqlLPeRPzP62YqOOtpFqeZgpiaiPGCjGOV4Mk2eMAEUMXHhhAqmLkS05CYBZRZsGzqu7Nl50mrVnWdqnt9UqlfFEOU0D46QEfIRaeojq5QAzURRY/oGb2hd+vBerJerNef6IJV/NlDf2B9fAN1CJxN</latexit><latexit sha1_base64="TPnmav5mdSkrqmC4wv8Ih/c8YwE=">AAACDnicbVBLSwMxGMz6rPW16tFLsAiCUHaLoBeh6MVjBfuAbi3Z9NtuaPZBkhVL2P+gf0ZPot48+Af8N6Z1D9o6p8nMBL4ZP+VMKsf5shYWl5ZXVktr5fWNza1te2e3JZNMUGjShCei4xMJnMXQVExx6KQCSORzaPujy4nfvgMhWRLfqHEKvYgMYxYwSpSR+vaxJ8IE9/X9OMfn2AsEoTrMNeBbXcvzQnBz7cVZ3rcrTtWZAs8TtyAVVKDRtz+9QUKzCGJFOZGy6zqp6mkiFKMc8rKXSUgJHZEhdA2NSQSyp6elcnwYJAKrEPD0/TurSSTlOPJNJiIqlLPeRPzP62YqOOtpFqeZgpiaiPGCjGOV4Mk2eMAEUMXHhhAqmLkS05CYBZRZsGzqu7Nl50mrVnWdqnt9UqlfFEOU0D46QEfIRaeojq5QAzURRY/oGb2hd+vBerJerNef6IJV/NlDf2B9fAN1CJxN</latexit>

Bulk dispersion
Edge dispersion

Edge states

<latexit sha1_base64="/kc2pa+LmVjdNJeQjATlrcEki+w="></latexit>

Jy =
Iy
A

= ⌫
e2

h
Ex

          Quantum Hall effect and topological insulators 



3 routes towards the IQHE

(1) TKNN invariant
2016

TKNN, Phys. Rev. Lett. 49, 405 (1982)

Filled bands
�xy =

e2

h

X

↵

C↵

<latexit sha1_base64="kUZEw1bXg5u4BFgxjApkJKGEgcY=">AAACHXicbZBLS8NAFIUnvq2vqEs3g0VwVRIRFEEounFZwWqhqeVmetMMziRhZiKWkN+if0ZXRd2J/8ZpLfi8q2/uOQP3nDATXBvPe3empmdm5+YXFitLyyura+76xqVOc8WwyVKRqlYIGgVPsGm4EdjKFIIMBV6FN6cj/eoWleZpcmEGGXYk9BMecQbGrrruUaB5XwLtFneDkh7TIFLACqTXxV5ZFnFJA51LqwYgshhKevrFXbfq1bzx0L/gT6BKJtPousOgl7JcYmKYAK3bvpeZTgHKcCawrAS5xgzYDfSxbTEBibpTjDOWdCdKFTUx0vH7u7cAqfVAhtYjwcT6tzZa/qe1cxMddgqeZLnBhFmL1aJcUJPSUVW0xxUyIwYWgClur6QsBtuPsYVWbHz/d9i/cLlX872af75frZ9MilggW2Sb7BKfHJA6OSMN0iSMPJAn8kJenXvn0Rk6z5/WKWfyZ5P8GOftA4DTohk=</latexit><latexit sha1_base64="kUZEw1bXg5u4BFgxjApkJKGEgcY=">AAACHXicbZBLS8NAFIUnvq2vqEs3g0VwVRIRFEEounFZwWqhqeVmetMMziRhZiKWkN+if0ZXRd2J/8ZpLfi8q2/uOQP3nDATXBvPe3empmdm5+YXFitLyyura+76xqVOc8WwyVKRqlYIGgVPsGm4EdjKFIIMBV6FN6cj/eoWleZpcmEGGXYk9BMecQbGrrruUaB5XwLtFneDkh7TIFLACqTXxV5ZFnFJA51LqwYgshhKevrFXbfq1bzx0L/gT6BKJtPousOgl7JcYmKYAK3bvpeZTgHKcCawrAS5xgzYDfSxbTEBibpTjDOWdCdKFTUx0vH7u7cAqfVAhtYjwcT6tzZa/qe1cxMddgqeZLnBhFmL1aJcUJPSUVW0xxUyIwYWgClur6QsBtuPsYVWbHz/d9i/cLlX872af75frZ9MilggW2Sb7BKfHJA6OSMN0iSMPJAn8kJenXvn0Rk6z5/WKWfyZ5P8GOftA4DTohk=</latexit><latexit sha1_base64="kUZEw1bXg5u4BFgxjApkJKGEgcY=">AAACHXicbZBLS8NAFIUnvq2vqEs3g0VwVRIRFEEounFZwWqhqeVmetMMziRhZiKWkN+if0ZXRd2J/8ZpLfi8q2/uOQP3nDATXBvPe3empmdm5+YXFitLyyura+76xqVOc8WwyVKRqlYIGgVPsGm4EdjKFIIMBV6FN6cj/eoWleZpcmEGGXYk9BMecQbGrrruUaB5XwLtFneDkh7TIFLACqTXxV5ZFnFJA51LqwYgshhKevrFXbfq1bzx0L/gT6BKJtPousOgl7JcYmKYAK3bvpeZTgHKcCawrAS5xgzYDfSxbTEBibpTjDOWdCdKFTUx0vH7u7cAqfVAhtYjwcT6tzZa/qe1cxMddgqeZLnBhFmL1aJcUJPSUVW0xxUyIwYWgClur6QsBtuPsYVWbHz/d9i/cLlX872af75frZ9MilggW2Sb7BKfHJA6OSMN0iSMPJAn8kJenXvn0Rk6z5/WKWfyZ5P8GOftA4DTohk=</latexit><latexit sha1_base64="kUZEw1bXg5u4BFgxjApkJKGEgcY=">AAACHXicbZBLS8NAFIUnvq2vqEs3g0VwVRIRFEEounFZwWqhqeVmetMMziRhZiKWkN+if0ZXRd2J/8ZpLfi8q2/uOQP3nDATXBvPe3empmdm5+YXFitLyyura+76xqVOc8WwyVKRqlYIGgVPsGm4EdjKFIIMBV6FN6cj/eoWleZpcmEGGXYk9BMecQbGrrruUaB5XwLtFneDkh7TIFLACqTXxV5ZFnFJA51LqwYgshhKevrFXbfq1bzx0L/gT6BKJtPousOgl7JcYmKYAK3bvpeZTgHKcCawrAS5xgzYDfSxbTEBibpTjDOWdCdKFTUx0vH7u7cAqfVAhtYjwcT6tzZa/qe1cxMddgqeZLnBhFmL1aJcUJPSUVW0xxUyIwYWgClur6QsBtuPsYVWbHz/d9i/cLlX872af75frZ9MilggW2Sb7BKfHJA6OSMN0iSMPJAn8kJenXvn0Rk6z5/WKWfyZ5P8GOftA4DTohk=</latexit>

<latexit sha1_base64="ZYwKH915TVCvEaR9H/kS92qWYxY="></latexit>

C↵ =
1

2⇡

Z

B.Z.
⌦↵(k) · dSk

<latexit sha1_base64="98YXthsg/bD4J/+RP8GSAUlrPhg="></latexit>

⌦↵(k) = rk ⇥ hu↵(k)|irk|u↵(k)i
Berry 

curvature⌫ =
X

↵

C↵

<latexit sha1_base64="HfBAxzHCLV7JYHKDxBQR5TO0bmM=">AAACA3icbZDLSsNAGIUn9VbrLerSzWARXJVEBN0IxW5cVrCt0IQwmU6aoTOTMBehhC71ZXQl6s438AV8G6c1oLb+q2/+cwb+c+KcUaU979OpLC2vrK5V12sbm1vbO+7uXldlRmLSwRnL5G2MFGFUkI6mmpHbXBLEY0Z68ag11Xt3RCqaiRs9zknI0VDQhGKk7SpyYSAMvICBMhxGRYBYnqIJbP1w5Na9hjcbuAh+CXVQTjtyP4JBhg0nQmOGlOr7Xq7DAklNMSOTWmAUyREeoSHpWxSIExUWsyQTeJRkEuqUwNn7t7dAXKkxj62HI52qeW26/E/rG52chwUVudFEYGuxWmIY1BmcFgIHVBKs2dgCwpLaKyFOkURY29pqNr4/H3YRuicN32v416f15mVZRBUcgENwDHxwBprgCrRBB2DwAJ7AK3hz7p1H59l5+bZWnPLPPvgzzvsX9KqXAg==</latexit><latexit sha1_base64="HfBAxzHCLV7JYHKDxBQR5TO0bmM=">AAACA3icbZDLSsNAGIUn9VbrLerSzWARXJVEBN0IxW5cVrCt0IQwmU6aoTOTMBehhC71ZXQl6s438AV8G6c1oLb+q2/+cwb+c+KcUaU979OpLC2vrK5V12sbm1vbO+7uXldlRmLSwRnL5G2MFGFUkI6mmpHbXBLEY0Z68ag11Xt3RCqaiRs9zknI0VDQhGKk7SpyYSAMvICBMhxGRYBYnqIJbP1w5Na9hjcbuAh+CXVQTjtyP4JBhg0nQmOGlOr7Xq7DAklNMSOTWmAUyREeoSHpWxSIExUWsyQTeJRkEuqUwNn7t7dAXKkxj62HI52qeW26/E/rG52chwUVudFEYGuxWmIY1BmcFgIHVBKs2dgCwpLaKyFOkURY29pqNr4/H3YRuicN32v416f15mVZRBUcgENwDHxwBprgCrRBB2DwAJ7AK3hz7p1H59l5+bZWnPLPPvgzzvsX9KqXAg==</latexit><latexit sha1_base64="HfBAxzHCLV7JYHKDxBQR5TO0bmM=">AAACA3icbZDLSsNAGIUn9VbrLerSzWARXJVEBN0IxW5cVrCt0IQwmU6aoTOTMBehhC71ZXQl6s438AV8G6c1oLb+q2/+cwb+c+KcUaU979OpLC2vrK5V12sbm1vbO+7uXldlRmLSwRnL5G2MFGFUkI6mmpHbXBLEY0Z68ag11Xt3RCqaiRs9zknI0VDQhGKk7SpyYSAMvICBMhxGRYBYnqIJbP1w5Na9hjcbuAh+CXVQTjtyP4JBhg0nQmOGlOr7Xq7DAklNMSOTWmAUyREeoSHpWxSIExUWsyQTeJRkEuqUwNn7t7dAXKkxj62HI52qeW26/E/rG52chwUVudFEYGuxWmIY1BmcFgIHVBKs2dgCwpLaKyFOkURY29pqNr4/H3YRuicN32v416f15mVZRBUcgENwDHxwBprgCrRBB2DwAJ7AK3hz7p1H59l5+bZWnPLPPvgzzvsX9KqXAg==</latexit><latexit sha1_base64="HfBAxzHCLV7JYHKDxBQR5TO0bmM=">AAACA3icbZDLSsNAGIUn9VbrLerSzWARXJVEBN0IxW5cVrCt0IQwmU6aoTOTMBehhC71ZXQl6s438AV8G6c1oLb+q2/+cwb+c+KcUaU979OpLC2vrK5V12sbm1vbO+7uXldlRmLSwRnL5G2MFGFUkI6mmpHbXBLEY0Z68ag11Xt3RCqaiRs9zknI0VDQhGKk7SpyYSAMvICBMhxGRYBYnqIJbP1w5Na9hjcbuAh+CXVQTjtyP4JBhg0nQmOGlOr7Xq7DAklNMSOTWmAUyREeoSHpWxSIExUWsyQTeJRkEuqUwNn7t7dAXKkxj62HI52qeW26/E/rG52chwUVudFEYGuxWmIY1BmcFgIHVBKs2dgCwpLaKyFOkURY29pqNr4/H3YRuicN32v416f15mVZRBUcgENwDHxwBprgCrRBB2DwAJ7AK3hz7p1H59l5+bZWnPLPPvgzzvsX9KqXAg==</latexit>

# filled LLs
TKNN-invariant

⌫ = 0
<latexit sha1_base64="71CHUhLuUxJfuxtKT/QoU1+MGiY=">AAAB+XicbVDLSsNAFJ34rPUVFdy4GSyCq5KIoBuh6MZlBfuAJpTJ9LYdOpmEeQgl5mN0JerO3/AH/BunMQttPatz7zn3ztwTpZwp7XlfztLyyuraemWjurm1vbPr7u23VWIkhRZNeCK7EVHAmYCWZppDN5VA4ohDJ5rczPTOA0jFEnGvpymEMRkJNmSUaNvqu4dZUCzJIm4gx4Ew+Ap7ed+teXWvAF4kfklqqESz734Gg4SaGISmnCjV871UhxmRmlEOeTUwClJCJ2QEPUsFiUGFWfF0jk+GicR6DLiof3szEis1jSPriYkeq3lt1vxP6xk9vAwzJlKjQVBrsdrQcKwTPIsBD5gEqvnUEkIls7/EdEwkodqGVbXn+/PHLpL2Wd336v7dea1xXQZRQUfoGJ0iH12gBrpFTdRCFD2iZ/SG3p3MeXJenNcf65JTzhygP3A+vgEka5M7</latexit><latexit sha1_base64="71CHUhLuUxJfuxtKT/QoU1+MGiY=">AAAB+XicbVDLSsNAFJ34rPUVFdy4GSyCq5KIoBuh6MZlBfuAJpTJ9LYdOpmEeQgl5mN0JerO3/AH/BunMQttPatz7zn3ztwTpZwp7XlfztLyyuraemWjurm1vbPr7u23VWIkhRZNeCK7EVHAmYCWZppDN5VA4ohDJ5rczPTOA0jFEnGvpymEMRkJNmSUaNvqu4dZUCzJIm4gx4Ew+Ap7ed+teXWvAF4kfklqqESz734Gg4SaGISmnCjV871UhxmRmlEOeTUwClJCJ2QEPUsFiUGFWfF0jk+GicR6DLiof3szEis1jSPriYkeq3lt1vxP6xk9vAwzJlKjQVBrsdrQcKwTPIsBD5gEqvnUEkIls7/EdEwkodqGVbXn+/PHLpL2Wd336v7dea1xXQZRQUfoGJ0iH12gBrpFTdRCFD2iZ/SG3p3MeXJenNcf65JTzhygP3A+vgEka5M7</latexit><latexit sha1_base64="71CHUhLuUxJfuxtKT/QoU1+MGiY=">AAAB+XicbVDLSsNAFJ34rPUVFdy4GSyCq5KIoBuh6MZlBfuAJpTJ9LYdOpmEeQgl5mN0JerO3/AH/BunMQttPatz7zn3ztwTpZwp7XlfztLyyuraemWjurm1vbPr7u23VWIkhRZNeCK7EVHAmYCWZppDN5VA4ohDJ5rczPTOA0jFEnGvpymEMRkJNmSUaNvqu4dZUCzJIm4gx4Ew+Ap7ed+teXWvAF4kfklqqESz734Gg4SaGISmnCjV871UhxmRmlEOeTUwClJCJ2QEPUsFiUGFWfF0jk+GicR6DLiof3szEis1jSPriYkeq3lt1vxP6xk9vAwzJlKjQVBrsdrQcKwTPIsBD5gEqvnUEkIls7/EdEwkodqGVbXn+/PHLpL2Wd336v7dea1xXQZRQUfoGJ0iH12gBrpFTdRCFD2iZ/SG3p3MeXJenNcf65JTzhygP3A+vgEka5M7</latexit><latexit sha1_base64="71CHUhLuUxJfuxtKT/QoU1+MGiY=">AAAB+XicbVDLSsNAFJ34rPUVFdy4GSyCq5KIoBuh6MZlBfuAJpTJ9LYdOpmEeQgl5mN0JerO3/AH/BunMQttPatz7zn3ztwTpZwp7XlfztLyyuraemWjurm1vbPr7u23VWIkhRZNeCK7EVHAmYCWZppDN5VA4ohDJ5rczPTOA0jFEnGvpymEMRkJNmSUaNvqu4dZUCzJIm4gx4Ew+Ap7ed+teXWvAF4kfklqqESz734Gg4SaGISmnCjV871UhxmRmlEOeTUwClJCJ2QEPUsFiUGFWfF0jk+GicR6DLiof3szEis1jSPriYkeq3lt1vxP6xk9vAwzJlKjQVBrsdrQcKwTPIsBD5gEqvnUEkIls7/EdEwkodqGVbXn+/PHLpL2Wd336v7dea1xXQZRQUfoGJ0iH12gBrpFTdRCFD2iZ/SG3p3MeXJenNcf65JTzhygP3A+vgEka5M7</latexit>

⌫ = 1
<latexit sha1_base64="aGxhqwVKtrvt0MxDkDACEMxXsCw=">AAAB+XicbVDLSsNAFJ34rPUVFdy4GSyCq5KIoBuh6MZlBfuAJpTJ9LYdOpmEeQgl5mN0JerO3/AH/BunMQttPatz7zn3ztwTpZwp7XlfztLyyuraemWjurm1vbPr7u23VWIkhRZNeCK7EVHAmYCWZppDN5VA4ohDJ5rczPTOA0jFEnGvpymEMRkJNmSUaNvqu4dZUCzJIm4gx4Ew+Ar7ed+teXWvAF4kfklqqESz734Gg4SaGISmnCjV871UhxmRmlEOeTUwClJCJ2QEPUsFiUGFWfF0jk+GicR6DLiof3szEis1jSPriYkeq3lt1vxP6xk9vAwzJlKjQVBrsdrQcKwTPIsBD5gEqvnUEkIls7/EdEwkodqGVbXn+/PHLpL2Wd336v7dea1xXQZRQUfoGJ0iH12gBrpFTdRCFD2iZ/SG3p3MeXJenNcf65JTzhygP3A+vgEl6pM8</latexit><latexit sha1_base64="aGxhqwVKtrvt0MxDkDACEMxXsCw=">AAAB+XicbVDLSsNAFJ34rPUVFdy4GSyCq5KIoBuh6MZlBfuAJpTJ9LYdOpmEeQgl5mN0JerO3/AH/BunMQttPatz7zn3ztwTpZwp7XlfztLyyuraemWjurm1vbPr7u23VWIkhRZNeCK7EVHAmYCWZppDN5VA4ohDJ5rczPTOA0jFEnGvpymEMRkJNmSUaNvqu4dZUCzJIm4gx4Ew+Ar7ed+teXWvAF4kfklqqESz734Gg4SaGISmnCjV871UhxmRmlEOeTUwClJCJ2QEPUsFiUGFWfF0jk+GicR6DLiof3szEis1jSPriYkeq3lt1vxP6xk9vAwzJlKjQVBrsdrQcKwTPIsBD5gEqvnUEkIls7/EdEwkodqGVbXn+/PHLpL2Wd336v7dea1xXQZRQUfoGJ0iH12gBrpFTdRCFD2iZ/SG3p3MeXJenNcf65JTzhygP3A+vgEl6pM8</latexit><latexit sha1_base64="aGxhqwVKtrvt0MxDkDACEMxXsCw=">AAAB+XicbVDLSsNAFJ34rPUVFdy4GSyCq5KIoBuh6MZlBfuAJpTJ9LYdOpmEeQgl5mN0JerO3/AH/BunMQttPatz7zn3ztwTpZwp7XlfztLyyuraemWjurm1vbPr7u23VWIkhRZNeCK7EVHAmYCWZppDN5VA4ohDJ5rczPTOA0jFEnGvpymEMRkJNmSUaNvqu4dZUCzJIm4gx4Ew+Ar7ed+teXWvAF4kfklqqESz734Gg4SaGISmnCjV871UhxmRmlEOeTUwClJCJ2QEPUsFiUGFWfF0jk+GicR6DLiof3szEis1jSPriYkeq3lt1vxP6xk9vAwzJlKjQVBrsdrQcKwTPIsBD5gEqvnUEkIls7/EdEwkodqGVbXn+/PHLpL2Wd336v7dea1xXQZRQUfoGJ0iH12gBrpFTdRCFD2iZ/SG3p3MeXJenNcf65JTzhygP3A+vgEl6pM8</latexit><latexit sha1_base64="aGxhqwVKtrvt0MxDkDACEMxXsCw=">AAAB+XicbVDLSsNAFJ34rPUVFdy4GSyCq5KIoBuh6MZlBfuAJpTJ9LYdOpmEeQgl5mN0JerO3/AH/BunMQttPatz7zn3ztwTpZwp7XlfztLyyuraemWjurm1vbPr7u23VWIkhRZNeCK7EVHAmYCWZppDN5VA4ohDJ5rczPTOA0jFEnGvpymEMRkJNmSUaNvqu4dZUCzJIm4gx4Ew+Ar7ed+teXWvAF4kfklqqESz734Gg4SaGISmnCjV871UhxmRmlEOeTUwClJCJ2QEPUsFiUGFWfF0jk+GicR6DLiof3szEis1jSPriYkeq3lt1vxP6xk9vAwzJlKjQVBrsdrQcKwTPIsBD5gEqvnUEkIls7/EdEwkodqGVbXn+/PHLpL2Wd336v7dea1xXQZRQUfoGJ0iH12gBrpFTdRCFD2iZ/SG3p3MeXJenNcf65JTzhygP3A+vgEl6pM8</latexit>

6=
<latexit sha1_base64="7EWXBOrJiWVkdQBpXAD8KgfhccA=">AAAB5XicbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3bisYH+gDWUyvWmGTiZxZiKU0EfQlag7X8gX8G2c1Cy09ay+uecM3HODVHBtXPfLWVldW9/YrGxVt3d29/ZrB4cdnWSKYZslIlG9gGoUXGLbcCOwlyqkcSCwG0xuCr/7iErzRN6baYp+TMeSh5xRU4wGEh+GtbrbcOciy+CVUIdSrWHtczBKWBajNExQrfuemxo/p8pwJnBWHWQaU8omdIx9i5LGqP18vuuMnIaJIiZCMn//zuY01noaBzYTUxPpRa8Y/uf1MxNe+TmXaWZQMhuxXpgJYhJSVCYjrpAZMbVAmeJ2S8Iiqigz9jBVW99bLLsMnfOG5za8u4t687o8RAWO4QTOwINLaMIttKANDCJ4hjd4d8bOk/PivP5EV5zyzxH8kfPxDQYLi9c=</latexit><latexit sha1_base64="7EWXBOrJiWVkdQBpXAD8KgfhccA=">AAAB5XicbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3bisYH+gDWUyvWmGTiZxZiKU0EfQlag7X8gX8G2c1Cy09ay+uecM3HODVHBtXPfLWVldW9/YrGxVt3d29/ZrB4cdnWSKYZslIlG9gGoUXGLbcCOwlyqkcSCwG0xuCr/7iErzRN6baYp+TMeSh5xRU4wGEh+GtbrbcOciy+CVUIdSrWHtczBKWBajNExQrfuemxo/p8pwJnBWHWQaU8omdIx9i5LGqP18vuuMnIaJIiZCMn//zuY01noaBzYTUxPpRa8Y/uf1MxNe+TmXaWZQMhuxXpgJYhJSVCYjrpAZMbVAmeJ2S8Iiqigz9jBVW99bLLsMnfOG5za8u4t687o8RAWO4QTOwINLaMIttKANDCJ4hjd4d8bOk/PivP5EV5zyzxH8kfPxDQYLi9c=</latexit><latexit sha1_base64="7EWXBOrJiWVkdQBpXAD8KgfhccA=">AAAB5XicbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3bisYH+gDWUyvWmGTiZxZiKU0EfQlag7X8gX8G2c1Cy09ay+uecM3HODVHBtXPfLWVldW9/YrGxVt3d29/ZrB4cdnWSKYZslIlG9gGoUXGLbcCOwlyqkcSCwG0xuCr/7iErzRN6baYp+TMeSh5xRU4wGEh+GtbrbcOciy+CVUIdSrWHtczBKWBajNExQrfuemxo/p8pwJnBWHWQaU8omdIx9i5LGqP18vuuMnIaJIiZCMn//zuY01noaBzYTUxPpRa8Y/uf1MxNe+TmXaWZQMhuxXpgJYhJSVCYjrpAZMbVAmeJ2S8Iiqigz9jBVW99bLLsMnfOG5za8u4t687o8RAWO4QTOwINLaMIttKANDCJ4hjd4d8bOk/PivP5EV5zyzxH8kfPxDQYLi9c=</latexit><latexit sha1_base64="7EWXBOrJiWVkdQBpXAD8KgfhccA=">AAAB5XicbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3bisYH+gDWUyvWmGTiZxZiKU0EfQlag7X8gX8G2c1Cy09ay+uecM3HODVHBtXPfLWVldW9/YrGxVt3d29/ZrB4cdnWSKYZslIlG9gGoUXGLbcCOwlyqkcSCwG0xuCr/7iErzRN6baYp+TMeSh5xRU4wGEh+GtbrbcOciy+CVUIdSrWHtczBKWBajNExQrfuemxo/p8pwJnBWHWQaU8omdIx9i5LGqP18vuuMnIaJIiZCMn//zuY01noaBzYTUxPpRa8Y/uf1MxNe+TmXaWZQMhuxXpgJYhJSVCYjrpAZMbVAmeJ2S8Iiqigz9jBVW99bLLsMnfOG5za8u4t687o8RAWO4QTOwINLaMIttKANDCJ4hjd4d8bOk/PivP5EV5zyzxH8kfPxDQYLi9c=</latexit>

E(k)
<latexit sha1_base64="b+ig6DXRJ/HXsVIz8mtHZK5uhGg=">AAAB5XicbZDLSsNAFIZP6q3WW9Wlm8Ei1E1JpKDLogguK9gLtKFMpifN0MmFmYlQQh9BV6LufCFfwLdxUrPQ1n/1zfn/gfMfLxFcadv+skpr6xubW+Xtys7u3v5B9fCoq+JUMuywWMSy71GFgkfY0VwL7CcSaegJ7HnTm9zvPaJUPI4e9CxBN6STiPucUZ2PbuvT81G1ZjfshcgqOAXUoFB7VP0cjmOWhhhpJqhSA8dOtJtRqTkTOK8MU4UJZVM6wYHBiIao3Gyx65yc+bEkOkCyeP/OZjRUahZ6JhNSHahlLx/+5w1S7V+5GY+SVGPETMR4fiqIjklemYy5RKbFzABlkpstCQuopEybw1RMfWe57Cp0LxqO3XDum7XWdXGIMpzAKdTBgUtowR20oQMMAniGN3i3JtaT9WK9/kRLVvHnGP7I+vgGF++LOA==</latexit><latexit sha1_base64="b+ig6DXRJ/HXsVIz8mtHZK5uhGg=">AAAB5XicbZDLSsNAFIZP6q3WW9Wlm8Ei1E1JpKDLogguK9gLtKFMpifN0MmFmYlQQh9BV6LufCFfwLdxUrPQ1n/1zfn/gfMfLxFcadv+skpr6xubW+Xtys7u3v5B9fCoq+JUMuywWMSy71GFgkfY0VwL7CcSaegJ7HnTm9zvPaJUPI4e9CxBN6STiPucUZ2PbuvT81G1ZjfshcgqOAXUoFB7VP0cjmOWhhhpJqhSA8dOtJtRqTkTOK8MU4UJZVM6wYHBiIao3Gyx65yc+bEkOkCyeP/OZjRUahZ6JhNSHahlLx/+5w1S7V+5GY+SVGPETMR4fiqIjklemYy5RKbFzABlkpstCQuopEybw1RMfWe57Cp0LxqO3XDum7XWdXGIMpzAKdTBgUtowR20oQMMAniGN3i3JtaT9WK9/kRLVvHnGP7I+vgGF++LOA==</latexit><latexit sha1_base64="b+ig6DXRJ/HXsVIz8mtHZK5uhGg=">AAAB5XicbZDLSsNAFIZP6q3WW9Wlm8Ei1E1JpKDLogguK9gLtKFMpifN0MmFmYlQQh9BV6LufCFfwLdxUrPQ1n/1zfn/gfMfLxFcadv+skpr6xubW+Xtys7u3v5B9fCoq+JUMuywWMSy71GFgkfY0VwL7CcSaegJ7HnTm9zvPaJUPI4e9CxBN6STiPucUZ2PbuvT81G1ZjfshcgqOAXUoFB7VP0cjmOWhhhpJqhSA8dOtJtRqTkTOK8MU4UJZVM6wYHBiIao3Gyx65yc+bEkOkCyeP/OZjRUahZ6JhNSHahlLx/+5w1S7V+5GY+SVGPETMR4fiqIjklemYy5RKbFzABlkpstCQuopEybw1RMfWe57Cp0LxqO3XDum7XWdXGIMpzAKdTBgUtowR20oQMMAniGN3i3JtaT9WK9/kRLVvHnGP7I+vgGF++LOA==</latexit><latexit sha1_base64="b+ig6DXRJ/HXsVIz8mtHZK5uhGg=">AAAB5XicbZDLSsNAFIZP6q3WW9Wlm8Ei1E1JpKDLogguK9gLtKFMpifN0MmFmYlQQh9BV6LufCFfwLdxUrPQ1n/1zfn/gfMfLxFcadv+skpr6xubW+Xtys7u3v5B9fCoq+JUMuywWMSy71GFgkfY0VwL7CcSaegJ7HnTm9zvPaJUPI4e9CxBN6STiPucUZ2PbuvT81G1ZjfshcgqOAXUoFB7VP0cjmOWhhhpJqhSA8dOtJtRqTkTOK8MU4UJZVM6wYHBiIao3Gyx65yc+bEkOkCyeP/OZjRUahZ6JhNSHahlLx/+5w1S7V+5GY+SVGPETMR4fiqIjklemYy5RKbFzABlkpstCQuopEybw1RMfWe57Cp0LxqO3XDum7XWdXGIMpzAKdTBgUtowR20oQMMAniGN3i3JtaT9WK9/kRLVvHnGP7I+vgGF++LOA==</latexit>

k
<latexit sha1_base64="5cqeJBPSR8ec3p3M8i0agi2ZIXg=">AAAB4nicbZDLTgJBEEVr8IX4Ql266UhMXJEZY6JLohuXkAiSwIT0NDXQoeeR7hoTMuEHdGXUnZ/kD/g3NjgLBe/qdN3bSd0KUiUNue6XU1pb39jcKm9Xdnb39g+qh0cdk2RaYFskKtHdgBtUMsY2SVLYTTXyKFD4EExu5/7DI2ojk/iepin6ER/FMpSCkx21JoNqza27C7FV8AqoQaHmoPrZHyYiizAmobgxPc9Nyc+5JikUzir9zGDKxYSPsGcx5hEaP18sOmNnYaIZjZEt3r+zOY+MmUaBzUScxmbZmw//83oZhdd+LuM0I4yFjVgvzBSjhM37sqHUKEhNLXChpd2SiTHXXJC9SsXW95bLrkLnou65da91WWvcFIcowwmcwjl4cAUNuIMmtEEAwjO8wbszdJ6cF+f1J1pyij/H8EfOxzfH04qE</latexit><latexit sha1_base64="5cqeJBPSR8ec3p3M8i0agi2ZIXg=">AAAB4nicbZDLTgJBEEVr8IX4Ql266UhMXJEZY6JLohuXkAiSwIT0NDXQoeeR7hoTMuEHdGXUnZ/kD/g3NjgLBe/qdN3bSd0KUiUNue6XU1pb39jcKm9Xdnb39g+qh0cdk2RaYFskKtHdgBtUMsY2SVLYTTXyKFD4EExu5/7DI2ojk/iepin6ER/FMpSCkx21JoNqza27C7FV8AqoQaHmoPrZHyYiizAmobgxPc9Nyc+5JikUzir9zGDKxYSPsGcx5hEaP18sOmNnYaIZjZEt3r+zOY+MmUaBzUScxmbZmw//83oZhdd+LuM0I4yFjVgvzBSjhM37sqHUKEhNLXChpd2SiTHXXJC9SsXW95bLrkLnou65da91WWvcFIcowwmcwjl4cAUNuIMmtEEAwjO8wbszdJ6cF+f1J1pyij/H8EfOxzfH04qE</latexit><latexit sha1_base64="5cqeJBPSR8ec3p3M8i0agi2ZIXg=">AAAB4nicbZDLTgJBEEVr8IX4Ql266UhMXJEZY6JLohuXkAiSwIT0NDXQoeeR7hoTMuEHdGXUnZ/kD/g3NjgLBe/qdN3bSd0KUiUNue6XU1pb39jcKm9Xdnb39g+qh0cdk2RaYFskKtHdgBtUMsY2SVLYTTXyKFD4EExu5/7DI2ojk/iepin6ER/FMpSCkx21JoNqza27C7FV8AqoQaHmoPrZHyYiizAmobgxPc9Nyc+5JikUzir9zGDKxYSPsGcx5hEaP18sOmNnYaIZjZEt3r+zOY+MmUaBzUScxmbZmw//83oZhdd+LuM0I4yFjVgvzBSjhM37sqHUKEhNLXChpd2SiTHXXJC9SsXW95bLrkLnou65da91WWvcFIcowwmcwjl4cAUNuIMmtEEAwjO8wbszdJ6cF+f1J1pyij/H8EfOxzfH04qE</latexit><latexit sha1_base64="5cqeJBPSR8ec3p3M8i0agi2ZIXg=">AAAB4nicbZDLTgJBEEVr8IX4Ql266UhMXJEZY6JLohuXkAiSwIT0NDXQoeeR7hoTMuEHdGXUnZ/kD/g3NjgLBe/qdN3bSd0KUiUNue6XU1pb39jcKm9Xdnb39g+qh0cdk2RaYFskKtHdgBtUMsY2SVLYTTXyKFD4EExu5/7DI2ojk/iepin6ER/FMpSCkx21JoNqza27C7FV8AqoQaHmoPrZHyYiizAmobgxPc9Nyc+5JikUzir9zGDKxYSPsGcx5hEaP18sOmNnYaIZjZEt3r+zOY+MmUaBzUScxmbZmw//83oZhdd+LuM0I4yFjVgvzBSjhM37sqHUKEhNLXChpd2SiTHXXJC9SsXW95bLrkLnou65da91WWvcFIcowwmcwjl4cAUNuIMmtEEAwjO8wbszdJ6cF+f1J1pyij/H8EfOxzfH04qE</latexit>

Topological 
invariant

          Quantum Hall effect and topological insulators 



(2) Kinetic theory

quasiparticle 
electric current

Fermi-Dirac 
distribution

<latexit sha1_base64="NSX3HDvva0V+wBAMGRGrFmGZ8PU="></latexit>

J = �e
X

↵

Z

B.Z.
ṙ↵(k) f↵(k)

d3k

(2⇡)3

<latexit sha1_base64="yEMQN5fqtbHVdihjLbSXsF7d3Wo="></latexit>

ṙ↵(k) =
1

~rkEk +
e

~E⇥⌦↵(k)

Anomalous velocity

Sundaram, Niu, PR 53, 7010 (1996) D Xiao et al, Rev. Mod. Phys. 53, 1959 (2010) 

<latexit sha1_base64="JwEDfJq96W8kbJpnjUYv/F+Jm9w="></latexit>

f↵(k) =
h
1 + e

E↵(k)�µ
kBT

i�1

<latexit sha1_base64="gg+Bkn7RnYX4BoCQllMUcLQ+tYg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btbhJ2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4bua3n1BpHkcPZpKgL+kw4iFn1FipIfvlilt15yCrxMtJBXLU++Wv3iBmqcTIMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtjahE7WfzQ6fkzCoDEsbKVmTIXP09kVGp9UQGtlNSM9LL3kz8z+umJrzxMx4lqcGILRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB14WM9w==</latexit>m

<latexit sha1_base64="OLKJ0Qs28jpAweOlr6WmwBdeIkE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJoYxnRmEByhL3NXrJkd+/YnRNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvSqWw6PvfXmFldW19o7hZ2tre2d0r7x882iQzjDdYIhPTiqjlUmjeQIGSt1LDqYokb0bDm6nffOLGikQ/4CjloaJ9LWLBKDrpvqOybrniV/0ZyDIJclKBHPVu+avTS1imuEYmqbXtwE8xHFODgkk+KXUyy1PKhrTP245qqrgNx7NTJ+TEKT0SJ8aVRjJTf0+MqbJ2pCLXqSgO7KI3Ff/z2hnGV+FY6DRDrtl8UZxJggmZ/k16wnCGcuQIZUa4WwkbUEMZunRKLoRg8eVl8nhWDS6qwd15pXadx1GEIziGUwjgEmpwC3VoAIM+PMMrvHnSe/HevY95a8HLZw7hD7zPH19Wjdw=</latexit>µ

<latexit sha1_base64="qgSOZdWGEvqQY7K+3uq+xPkTCNU=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RTAwkS5idzCZD5rHM9IrLks/w4kERr36NN//GSbIHTSxoKKq66e6KEsEt+P63V1pZXVvfKG9WtrZ3dveq+wdtq1NDWYtqoU0nIpYJrlgLOAjWSQwjMhLsIRrfTP2HR2Ys1+oesoSFkgwVjzkl4KRuz/KhJP38KZv0qzW/7s+Al0lQkBoq0OxXv3oDTVPJFFBBrO0GfgJhTgxwKtik0kstSwgdkyHrOqqIZDbMZydP8IlTBjjWxpUCPFN/T+REWpvJyHVKAiO76E3F/7xuCvFVmHOVpMAUnS+KU4FB4+n/eMANoyAyRwg13N2K6YgYQsGlVHEhBIsvL5P2WT24qAd357XGdRFHGR2hY3SKAnSJGugWNVELUaTRM3pFbx54L9679zFvLXnFzCH6A+/zB9zkkaM=</latexit>�xy

<latexit sha1_base64="Q8vDNV07Ke5iUBWb5nZaL5y7OJ0=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxhLvEqEeiF4+YyCOBlcwODUyYnV1nZk3Ihp/w4kFjvPo73vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8HoZuo3n1BpHsl7M47RD+lA8j5n1FiphQ9pZXJWGXaLJbfszkCWiZeREmSodYtfnV7EkhClYYJq3fbc2PgpVYYzgZNCJ9EYUzaiA2xbKmmI2k9n907IiVV6pB8pW9KQmfp7IqWh1uMwsJ0hNUO96E3F/7x2YvpXfsplnBiUbL6onwhiIjJ9nvS4QmbE2BLKFLe3EjakijJjIyrYELzFl5dJo1L2Lsre3Xmpep3FkYcjOIZT8OASqnALNagDAwHP8ApvzqPz4rw7H/PWnJPNHMIfOJ8/WwePhg==</latexit>

e2/2h

<latexit sha1_base64="gg+Bkn7RnYX4BoCQllMUcLQ+tYg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btbhJ2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4bua3n1BpHkcPZpKgL+kw4iFn1FipIfvlilt15yCrxMtJBXLU++Wv3iBmqcTIMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtjahE7WfzQ6fkzCoDEsbKVmTIXP09kVGp9UQGtlNSM9LL3kz8z+umJrzxMx4lqcGILRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB14WM9w==</latexit>m<latexit sha1_base64="weZk7jwOObAHttrDi13zaconRRc=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgxbAroh6DXjxGMQ9IljA7mU2GzGOZmRXCkj/w4kERr/6RN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0O/VbT1QbpuSjHSc0FHggWcwItk56OBO9csWv+jOgZRLkpAI56r3yV7evSCqotIRjYzqBn9gww9oywumk1E0NTTAZ4QHtOCqxoCbMZpdO0IlT+ihW2pW0aKb+nsiwMGYsItcpsB2aRW8q/ud1UhtfhxmTSWqpJPNFccqRVWj6NuozTYnlY0cw0czdisgQa0ysC6fkQggWX14mzfNqcFkN7i8qtZs8jiIcwTGcQgBXUIM7qEMDCMTwDK/w5o28F+/d+5i3Frx85hD+wPv8AUDZjS4=</latexit>�m
<latexit sha1_base64="OLKJ0Qs28jpAweOlr6WmwBdeIkE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJoYxnRmEByhL3NXrJkd+/YnRNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvSqWw6PvfXmFldW19o7hZ2tre2d0r7x882iQzjDdYIhPTiqjlUmjeQIGSt1LDqYokb0bDm6nffOLGikQ/4CjloaJ9LWLBKDrpvqOybrniV/0ZyDIJclKBHPVu+avTS1imuEYmqbXtwE8xHFODgkk+KXUyy1PKhrTP245qqrgNx7NTJ+TEKT0SJ8aVRjJTf0+MqbJ2pCLXqSgO7KI3Ff/z2hnGV+FY6DRDrtl8UZxJggmZ/k16wnCGcuQIZUa4WwkbUEMZunRKLoRg8eVl8nhWDS6qwd15pXadx1GEIziGUwjgEmpwC3VoAIM+PMMrvHnSe/HevY95a8HLZw7hD7zPH19Wjdw=</latexit>µ

rc
<latexit sha1_base64="lMEGiZZ9l18jTjO0iNL972eqzZM=">AAAB53icbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3biMYB6QDKGnU5O06XnQXSOEId+gK1F3/o8/4N/YibPQxLs6Xfc21K0gVdKQ6345K6tr6xubpa3y9s7u3n7l4LBlkkwLbIpEJboTcINKxtgkSQo7qUYeBQrbwfhm5rcfURuZxPc0SdGP+DCWoRSc7KilWT8X036l6tbcudgyeAVUoVCjX/nsDRKRRRiTUNyYruem5OdckxQKp+VeZjDlYsyH2LUY8wiNn8+3nbLTMNGMRsjm79/ZnEfGTKLAZiJOI7PozYb/ed2Mwis/l3GaEcbCRqwXZopRwmal2UBqFKQmFrjQ0m7JxIhrLsiepmzre4tll6F1XvPcmnd3Ua1fF4cowTGcwBl4cAl1uIUGNEHAAzzDG7w70nlyXpzXn+iKU/w5gj9yPr4BU2eMlw==</latexit><latexit sha1_base64="lMEGiZZ9l18jTjO0iNL972eqzZM=">AAAB53icbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3biMYB6QDKGnU5O06XnQXSOEId+gK1F3/o8/4N/YibPQxLs6Xfc21K0gVdKQ6345K6tr6xubpa3y9s7u3n7l4LBlkkwLbIpEJboTcINKxtgkSQo7qUYeBQrbwfhm5rcfURuZxPc0SdGP+DCWoRSc7KilWT8X036l6tbcudgyeAVUoVCjX/nsDRKRRRiTUNyYruem5OdckxQKp+VeZjDlYsyH2LUY8wiNn8+3nbLTMNGMRsjm79/ZnEfGTKLAZiJOI7PozYb/ed2Mwis/l3GaEcbCRqwXZopRwmal2UBqFKQmFrjQ0m7JxIhrLsiepmzre4tll6F1XvPcmnd3Ua1fF4cowTGcwBl4cAl1uIUGNEHAAzzDG7w70nlyXpzXn+iKU/w5gj9yPr4BU2eMlw==</latexit><latexit sha1_base64="lMEGiZZ9l18jTjO0iNL972eqzZM=">AAAB53icbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3biMYB6QDKGnU5O06XnQXSOEId+gK1F3/o8/4N/YibPQxLs6Xfc21K0gVdKQ6345K6tr6xubpa3y9s7u3n7l4LBlkkwLbIpEJboTcINKxtgkSQo7qUYeBQrbwfhm5rcfURuZxPc0SdGP+DCWoRSc7KilWT8X036l6tbcudgyeAVUoVCjX/nsDRKRRRiTUNyYruem5OdckxQKp+VeZjDlYsyH2LUY8wiNn8+3nbLTMNGMRsjm79/ZnEfGTKLAZiJOI7PozYb/ed2Mwis/l3GaEcbCRqwXZopRwmal2UBqFKQmFrjQ0m7JxIhrLsiepmzre4tll6F1XvPcmnd3Ua1fF4cowTGcwBl4cAl1uIUGNEHAAzzDG7w70nlyXpzXn+iKU/w5gj9yPr4BU2eMlw==</latexit><latexit sha1_base64="lMEGiZZ9l18jTjO0iNL972eqzZM=">AAAB53icbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3biMYB6QDKGnU5O06XnQXSOEId+gK1F3/o8/4N/YibPQxLs6Xfc21K0gVdKQ6345K6tr6xubpa3y9s7u3n7l4LBlkkwLbIpEJboTcINKxtgkSQo7qUYeBQrbwfhm5rcfURuZxPc0SdGP+DCWoRSc7KilWT8X036l6tbcudgyeAVUoVCjX/nsDRKRRRiTUNyYruem5OdckxQKp+VeZjDlYsyH2LUY8wiNn8+3nbLTMNGMRsjm79/ZnEfGTKLAZiJOI7PozYb/ed2Mwis/l3GaEcbCRqwXZopRwmal2UBqFKQmFrjQ0m7JxIhrLsiepmzre4tll6F1XvPcmnd3Ua1fF4cowTGcwBl4cAl1uIUGNEHAAzzDG7w70nlyXpzXn+iKU/w5gj9yPr4BU2eMlw==</latexit>

          Quantum Hall effect and topological insulators 



(3) Quantum anomalies

          Quantum Hall effect and topological insulators 

S✓[Aµ]
<latexit sha1_base64="Ezw543Rd30DOzocbgNj5IS4HFZI=">AAAB+nicbVDLTsMwEHTKq5RXgAMHLhYVEqcqQUhwLHDhWAR9SGkUOa7bWrWTyN4gVSE/AycE3PgMfoC/wSk5QMucZndmpZ0JE8E1OM6XVVlaXlldq67XNja3tnfs3b2OjlNFWZvGIla9kGgmeMTawEGwXqIYkaFg3XByXejdB6Y0j6N7mCbMl2QU8SGnBMwqsA/ucJD1YcyA5Ni7LAaZ5tgP7LrTcGbAi8QtSR2VaAX2Z38Q01SyCKggWnuuk4CfEQWcCpbX+qlmCaETMmKeoRGRTPvZLECOj4exwuYJPJt/ezMitZ7K0HgkgbGe14rlf5qXwvDCz3iUpMAiaixGG6YCQ4yLHvCAK0ZBTA0hVHHzJaZjoggF01bNxHfnwy6SzmnDdRru7Vm9eVUWUUWH6AidIBedoya6QS3URhTl6Bm9oXfr0XqyXqzXH2vFKm/20R9YH99WTJNQ</latexit><latexit sha1_base64="Ezw543Rd30DOzocbgNj5IS4HFZI=">AAAB+nicbVDLTsMwEHTKq5RXgAMHLhYVEqcqQUhwLHDhWAR9SGkUOa7bWrWTyN4gVSE/AycE3PgMfoC/wSk5QMucZndmpZ0JE8E1OM6XVVlaXlldq67XNja3tnfs3b2OjlNFWZvGIla9kGgmeMTawEGwXqIYkaFg3XByXejdB6Y0j6N7mCbMl2QU8SGnBMwqsA/ucJD1YcyA5Ni7LAaZ5tgP7LrTcGbAi8QtSR2VaAX2Z38Q01SyCKggWnuuk4CfEQWcCpbX+qlmCaETMmKeoRGRTPvZLECOj4exwuYJPJt/ezMitZ7K0HgkgbGe14rlf5qXwvDCz3iUpMAiaixGG6YCQ4yLHvCAK0ZBTA0hVHHzJaZjoggF01bNxHfnwy6SzmnDdRru7Vm9eVUWUUWH6AidIBedoya6QS3URhTl6Bm9oXfr0XqyXqzXH2vFKm/20R9YH99WTJNQ</latexit><latexit sha1_base64="Ezw543Rd30DOzocbgNj5IS4HFZI=">AAAB+nicbVDLTsMwEHTKq5RXgAMHLhYVEqcqQUhwLHDhWAR9SGkUOa7bWrWTyN4gVSE/AycE3PgMfoC/wSk5QMucZndmpZ0JE8E1OM6XVVlaXlldq67XNja3tnfs3b2OjlNFWZvGIla9kGgmeMTawEGwXqIYkaFg3XByXejdB6Y0j6N7mCbMl2QU8SGnBMwqsA/ucJD1YcyA5Ni7LAaZ5tgP7LrTcGbAi8QtSR2VaAX2Z38Q01SyCKggWnuuk4CfEQWcCpbX+qlmCaETMmKeoRGRTPvZLECOj4exwuYJPJt/ezMitZ7K0HgkgbGe14rlf5qXwvDCz3iUpMAiaixGG6YCQ4yLHvCAK0ZBTA0hVHHzJaZjoggF01bNxHfnwy6SzmnDdRru7Vm9eVUWUUWH6AidIBedoya6QS3URhTl6Bm9oXfr0XqyXqzXH2vFKm/20R9YH99WTJNQ</latexit><latexit sha1_base64="Ezw543Rd30DOzocbgNj5IS4HFZI=">AAAB+nicbVDLTsMwEHTKq5RXgAMHLhYVEqcqQUhwLHDhWAR9SGkUOa7bWrWTyN4gVSE/AycE3PgMfoC/wSk5QMucZndmpZ0JE8E1OM6XVVlaXlldq67XNja3tnfs3b2OjlNFWZvGIla9kGgmeMTawEGwXqIYkaFg3XByXejdB6Y0j6N7mCbMl2QU8SGnBMwqsA/ucJD1YcyA5Ni7LAaZ5tgP7LrTcGbAi8QtSR2VaAX2Z38Q01SyCKggWnuuk4CfEQWcCpbX+qlmCaETMmKeoRGRTPvZLECOj4exwuYJPJt/ezMitZ7K0HgkgbGe14rlf5qXwvDCz3iUpMAiaixGG6YCQ4yLHvCAK0ZBTA0hVHHzJaZjoggF01bNxHfnwy6SzmnDdRru7Vm9eVUWUUWH6AidIBedoya6QS3URhTl6Bm9oXfr0XqyXqzXH2vFKm/20R9YH99WTJNQ</latexit>

eiS✓[Aµ] =

Z
D ̄D eiS[ ̄, ,Aµ]

<latexit sha1_base64="f7ye3gwfUMDGaPPJ4c3m04FTJGQ="></latexit><latexit sha1_base64="f7ye3gwfUMDGaPPJ4c3m04FTJGQ="></latexit><latexit sha1_base64="f7ye3gwfUMDGaPPJ4c3m04FTJGQ="></latexit><latexit sha1_base64="f7ye3gwfUMDGaPPJ4c3m04FTJGQ="></latexit>

S[Aµ] =

Z
 ̄(i�µ@µ � eAµ�

µ �m) d4x
<latexit sha1_base64="qBUVH5MZ2CtKYW1bBtON99FqYSo="></latexit><latexit sha1_base64="qBUVH5MZ2CtKYW1bBtON99FqYSo="></latexit><latexit sha1_base64="qBUVH5MZ2CtKYW1bBtON99FqYSo="></latexit><latexit sha1_base64="qBUVH5MZ2CtKYW1bBtON99FqYSo="></latexit>

S✓[Aµ] = � lnJ =
✓e2

32⇡2

Z
✏µ⌫↵�Fµ⌫F↵� d4x

<latexit sha1_base64="V5FxsrDKpj/UJUHMgbaNWH6pwHE="></latexit><latexit sha1_base64="V5FxsrDKpj/UJUHMgbaNWH6pwHE="></latexit><latexit sha1_base64="V5FxsrDKpj/UJUHMgbaNWH6pwHE="></latexit><latexit sha1_base64="V5FxsrDKpj/UJUHMgbaNWH6pwHE="></latexit>

Fermions in a background 
U(1) gauge field

Integrating out fermions we get the effective action 

Fujikawa method

K. Fujikawa, Phys. Rev. D 29, 285 (1984)

S✓[Aµ] = � lnJ =
✓e2

32⇡2

Z
✏µ⌫↵�Fµ⌫F↵� d4x

<latexit sha1_base64="V5FxsrDKpj/UJUHMgbaNWH6pwHE="></latexit><latexit sha1_base64="V5FxsrDKpj/UJUHMgbaNWH6pwHE="></latexit><latexit sha1_base64="V5FxsrDKpj/UJUHMgbaNWH6pwHE="></latexit><latexit sha1_base64="V5FxsrDKpj/UJUHMgbaNWH6pwHE="></latexit>

total derivative

( <latexit sha1_base64="/gkC22PX6SZsWMtCHYFXGvTJaJM=">AAAB6XicbZDNSgMxFIVv6l+tf1WXboJFcFVmRNBlqRuXFWwtdIaSSe9MQzM/JBmhDH0IXYm683V8Ad/GtM5CW8/qyz0ncM8NMim0cZwvUllb39jcqm7Xdnb39g/qh0c9neaKY5enMlX9gGmUIsGuEUZiP1PI4kDiQzC5mfsPj6i0SJN7M83Qj1mUiFBwZuyo77VFFHmFN6w3nKazEF0Ft4QGlOoM65/eKOV5jInhkmk9cJ3M+AVTRnCJs5qXa8wYn7AIBxYTFqP2i8W+M3oWpoqaMdLF+3e2YLHW0ziwmZiZsV725sP/vEFuwmu/EEmWG0y4jVgvzCU1KZ3XpiOhkBs5tcC4EnZLysdMMW7scWq2vrtcdhV6F03Xabp3l41WuzxEFU7gFM7BhStowS10oAscJDzDG7yTCXkiL+T1J1oh5Z9j+CPy8Q26wY1n</latexit><latexit sha1_base64="/gkC22PX6SZsWMtCHYFXGvTJaJM=">AAAB6XicbZDNSgMxFIVv6l+tf1WXboJFcFVmRNBlqRuXFWwtdIaSSe9MQzM/JBmhDH0IXYm683V8Ad/GtM5CW8/qyz0ncM8NMim0cZwvUllb39jcqm7Xdnb39g/qh0c9neaKY5enMlX9gGmUIsGuEUZiP1PI4kDiQzC5mfsPj6i0SJN7M83Qj1mUiFBwZuyo77VFFHmFN6w3nKazEF0Ft4QGlOoM65/eKOV5jInhkmk9cJ3M+AVTRnCJs5qXa8wYn7AIBxYTFqP2i8W+M3oWpoqaMdLF+3e2YLHW0ziwmZiZsV725sP/vEFuwmu/EEmWG0y4jVgvzCU1KZ3XpiOhkBs5tcC4EnZLysdMMW7scWq2vrtcdhV6F03Xabp3l41WuzxEFU7gFM7BhStowS10oAscJDzDG7yTCXkiL+T1J1oh5Z9j+CPy8Q26wY1n</latexit><latexit sha1_base64="/gkC22PX6SZsWMtCHYFXGvTJaJM=">AAAB6XicbZDNSgMxFIVv6l+tf1WXboJFcFVmRNBlqRuXFWwtdIaSSe9MQzM/JBmhDH0IXYm683V8Ad/GtM5CW8/qyz0ncM8NMim0cZwvUllb39jcqm7Xdnb39g/qh0c9neaKY5enMlX9gGmUIsGuEUZiP1PI4kDiQzC5mfsPj6i0SJN7M83Qj1mUiFBwZuyo77VFFHmFN6w3nKazEF0Ft4QGlOoM65/eKOV5jInhkmk9cJ3M+AVTRnCJs5qXa8wYn7AIBxYTFqP2i8W+M3oWpoqaMdLF+3e2YLHW0ziwmZiZsV725sP/vEFuwmu/EEmWG0y4jVgvzCU1KZ3XpiOhkBs5tcC4EnZLysdMMW7scWq2vrtcdhV6F03Xabp3l41WuzxEFU7gFM7BhStowS10oAscJDzDG7yTCXkiL+T1J1oh5Z9j+CPy8Q26wY1n</latexit><latexit sha1_base64="/gkC22PX6SZsWMtCHYFXGvTJaJM=">AAAB6XicbZDNSgMxFIVv6l+tf1WXboJFcFVmRNBlqRuXFWwtdIaSSe9MQzM/JBmhDH0IXYm683V8Ad/GtM5CW8/qyz0ncM8NMim0cZwvUllb39jcqm7Xdnb39g/qh0c9neaKY5enMlX9gGmUIsGuEUZiP1PI4kDiQzC5mfsPj6i0SJN7M83Qj1mUiFBwZuyo77VFFHmFN6w3nKazEF0Ft4QGlOoM65/eKOV5jInhkmk9cJ3M+AVTRnCJs5qXa8wYn7AIBxYTFqP2i8W+M3oWpoqaMdLF+3e2YLHW0ziwmZiZsV725sP/vEFuwmu/EEmWG0y4jVgvzCU1KZ3XpiOhkBs5tcC4EnZLysdMMW7scWq2vrtcdhV6F03Xabp3l41WuzxEFU7gFM7BhStowS10oAscJDzDG7yTCXkiL+T1J1oh5Z9j+CPy8Q26wY1n</latexit>

QM: Contribution to partition function eiS✓ = ei✓C2
<latexit sha1_base64="+bSfUa2AZyeOjAeOyEmo7YvC9BU=">AAACDHicbVBLSwMxGMz6rPVV9eglWAS9lN0i6EUo9uKxon1Auy7Z9Gsbmn2QfCuUZf+C/hk9iXrz5B/w35g+Dto6p8nMhGTGj6XQaNvf1tLyyuraem4jv7m1vbNb2Ntv6ChRHOo8kpFq+UyDFCHUUaCEVqyABb6Epj+sjv3mAygtovAORzG4AeuHoic4QyN5hVOg96mgt9RLOzgAZFlGL+lUnAq0arxylnmFol2yJ6CLxJmRIpmh5hW+Ot2IJwGEyCXTuu3YMbopUyi4hCzfSTTEjA9ZH9qGhiwA7aaTShk97kWKmvfp5Pw7m7JA61Hgm0zAcKDnvbH4n9dOsHfhpiKME4SQm4jxeomkGNHxMrQrFHCUI0MYV8L8kvIBU4yj2S9v6jvzZRdJo1xy7JJzc1asXM2GyJFDckROiEPOSYVckxqpE06eyAt5Jx/Wo/VsvVpv0+iSNbtzQP7A+vwBZSiZ2Q==</latexit><latexit sha1_base64="+bSfUa2AZyeOjAeOyEmo7YvC9BU=">AAACDHicbVBLSwMxGMz6rPVV9eglWAS9lN0i6EUo9uKxon1Auy7Z9Gsbmn2QfCuUZf+C/hk9iXrz5B/w35g+Dto6p8nMhGTGj6XQaNvf1tLyyuraem4jv7m1vbNb2Ntv6ChRHOo8kpFq+UyDFCHUUaCEVqyABb6Epj+sjv3mAygtovAORzG4AeuHoic4QyN5hVOg96mgt9RLOzgAZFlGL+lUnAq0arxylnmFol2yJ6CLxJmRIpmh5hW+Ot2IJwGEyCXTuu3YMbopUyi4hCzfSTTEjA9ZH9qGhiwA7aaTShk97kWKmvfp5Pw7m7JA61Hgm0zAcKDnvbH4n9dOsHfhpiKME4SQm4jxeomkGNHxMrQrFHCUI0MYV8L8kvIBU4yj2S9v6jvzZRdJo1xy7JJzc1asXM2GyJFDckROiEPOSYVckxqpE06eyAt5Jx/Wo/VsvVpv0+iSNbtzQP7A+vwBZSiZ2Q==</latexit><latexit sha1_base64="+bSfUa2AZyeOjAeOyEmo7YvC9BU=">AAACDHicbVBLSwMxGMz6rPVV9eglWAS9lN0i6EUo9uKxon1Auy7Z9Gsbmn2QfCuUZf+C/hk9iXrz5B/w35g+Dto6p8nMhGTGj6XQaNvf1tLyyuraem4jv7m1vbNb2Ntv6ChRHOo8kpFq+UyDFCHUUaCEVqyABb6Epj+sjv3mAygtovAORzG4AeuHoic4QyN5hVOg96mgt9RLOzgAZFlGL+lUnAq0arxylnmFol2yJ6CLxJmRIpmh5hW+Ot2IJwGEyCXTuu3YMbopUyi4hCzfSTTEjA9ZH9qGhiwA7aaTShk97kWKmvfp5Pw7m7JA61Hgm0zAcKDnvbH4n9dOsHfhpiKME4SQm4jxeomkGNHxMrQrFHCUI0MYV8L8kvIBU4yj2S9v6jvzZRdJo1xy7JJzc1asXM2GyJFDckROiEPOSYVckxqpE06eyAt5Jx/Wo/VsvVpv0+iSNbtzQP7A+vwBZSiZ2Q==</latexit><latexit sha1_base64="+bSfUa2AZyeOjAeOyEmo7YvC9BU=">AAACDHicbVBLSwMxGMz6rPVV9eglWAS9lN0i6EUo9uKxon1Auy7Z9Gsbmn2QfCuUZf+C/hk9iXrz5B/w35g+Dto6p8nMhGTGj6XQaNvf1tLyyuraem4jv7m1vbNb2Ntv6ChRHOo8kpFq+UyDFCHUUaCEVqyABb6Epj+sjv3mAygtovAORzG4AeuHoic4QyN5hVOg96mgt9RLOzgAZFlGL+lUnAq0arxylnmFol2yJ6CLxJmRIpmh5hW+Ot2IJwGEyCXTuu3YMbopUyi4hCzfSTTEjA9ZH9qGhiwA7aaTShk97kWKmvfp5Pw7m7JA61Hgm0zAcKDnvbH4n9dOsHfhpiKME4SQm4jxeomkGNHxMrQrFHCUI0MYV8L8kvIBU4yj2S9v6jvzZRdJo1xy7JJzc1asXM2GyJFDckROiEPOSYVckxqpE06eyAt5Jx/Wo/VsvVpv0+iSNbtzQP7A+vwBZSiZ2Q==</latexit>

second Chern-number
quantized!!! (open manifold)

Classical ✓ = 0
<latexit sha1_base64="wBeG8fptURovPa9N5RtpZ/y9DUs=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBch6MVjBPPAZAmzk0kyZGZ2mekVwpKv0JOoN//GH/BvnMQ9aGKdqruq6a6OEiks+v6XV1hZXVvfKG6WtrZ3dvfK+wdNG6eG8QaLZWzaEbVcCs0bKFDydmI4VZHkrWh8M9Nbj9xYEet7nCQ8VHSoxUAwiq710MURR0quiN8rV/yqPwdZJkFOKpCj3it/dvsxSxXXyCS1thP4CYYZNSiY5NNSN7U8oWxMh7zjqKaK2zCbXzwlJ4PYELebzOvf3owqaycqch5FcWQXtVnzP62T4uAyzIROUuSaOYvTBqkkGJNZcNIXhjOUE0coM8JdSdiIGsrQvafk4geLYZdJ86wa+NXg7rxSu84fUYQjOIZTCOACanALdWgAAw3P8AbvnvKevBfv9cda8PKZQ/gD7+MbLa+Nkg==</latexit><latexit sha1_base64="wBeG8fptURovPa9N5RtpZ/y9DUs=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBch6MVjBPPAZAmzk0kyZGZ2mekVwpKv0JOoN//GH/BvnMQ9aGKdqruq6a6OEiks+v6XV1hZXVvfKG6WtrZ3dvfK+wdNG6eG8QaLZWzaEbVcCs0bKFDydmI4VZHkrWh8M9Nbj9xYEet7nCQ8VHSoxUAwiq710MURR0quiN8rV/yqPwdZJkFOKpCj3it/dvsxSxXXyCS1thP4CYYZNSiY5NNSN7U8oWxMh7zjqKaK2zCbXzwlJ4PYELebzOvf3owqaycqch5FcWQXtVnzP62T4uAyzIROUuSaOYvTBqkkGJNZcNIXhjOUE0coM8JdSdiIGsrQvafk4geLYZdJ86wa+NXg7rxSu84fUYQjOIZTCOACanALdWgAAw3P8AbvnvKevBfv9cda8PKZQ/gD7+MbLa+Nkg==</latexit><latexit sha1_base64="wBeG8fptURovPa9N5RtpZ/y9DUs=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBch6MVjBPPAZAmzk0kyZGZ2mekVwpKv0JOoN//GH/BvnMQ9aGKdqruq6a6OEiks+v6XV1hZXVvfKG6WtrZ3dvfK+wdNG6eG8QaLZWzaEbVcCs0bKFDydmI4VZHkrWh8M9Nbj9xYEet7nCQ8VHSoxUAwiq710MURR0quiN8rV/yqPwdZJkFOKpCj3it/dvsxSxXXyCS1thP4CYYZNSiY5NNSN7U8oWxMh7zjqKaK2zCbXzwlJ4PYELebzOvf3owqaycqch5FcWQXtVnzP62T4uAyzIROUuSaOYvTBqkkGJNZcNIXhjOUE0coM8JdSdiIGsrQvafk4geLYZdJ86wa+NXg7rxSu84fUYQjOIZTCOACanALdWgAAw3P8AbvnvKevBfv9cda8PKZQ/gD7+MbLa+Nkg==</latexit><latexit sha1_base64="wBeG8fptURovPa9N5RtpZ/y9DUs=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBch6MVjBPPAZAmzk0kyZGZ2mekVwpKv0JOoN//GH/BvnMQ9aGKdqruq6a6OEiks+v6XV1hZXVvfKG6WtrZ3dvfK+wdNG6eG8QaLZWzaEbVcCs0bKFDydmI4VZHkrWh8M9Nbj9xYEet7nCQ8VHSoxUAwiq710MURR0quiN8rV/yqPwdZJkFOKpCj3it/dvsxSxXXyCS1thP4CYYZNSiY5NNSN7U8oWxMh7zjqKaK2zCbXzwlJ4PYELebzOvf3owqaycqch5FcWQXtVnzP62T4uAyzIROUuSaOYvTBqkkGJNZcNIXhjOUE0coM8JdSdiIGsrQvafk4geLYZdJ86wa+NXg7rxSu84fUYQjOIZTCOACanALdWgAAw3P8AbvnvKevBfv9cda8PKZQ/gD7+MbLa+Nkg==</latexit>

T ( ~E · ~B) = � ~E · ~B
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<latexit sha1_base64="/ASKnvcH2ArwJKGSlrmvsIcGVCs=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUmKqMtqEVxWsA9oQ5hMJu3QSSbMTMQSsnHjr7hxoYhb/8Gdf+M0zUJbDwyce8693LnHixmVyrK+jdLS8srqWnm9srG5tb1j7u51JE8EJm3MGRc9D0nCaETaiipGerEgKPQY6Xrj5tTv3hMhKY/u1CQmToiGEQ0oRkpLrnk4CD3+kF4nTT9z03o2Ky9lXrhm1apZOeAisQtSBQVarvk18DlOQhIpzJCUfduKlZMioShmJKsMEklihMdoSPqaRigk0knzKzJ4rBUfBlzoFymYq78nUhRKOQk93RkiNZLz3lT8z+snKrhwUhrFiSIRni0KEgYVh9NIoE8FwYpNNEFYUP1XiEdIIKx0cBUdgj1/8iLp1Gv2Wc2+Pa02roo4yuAAHIETYINz0AA3oAXaAINH8AxewZvxZLwY78bHrLVkFDP74A+Mzx8wXZkE</latexit>

EuCd2As2

<latexit sha1_base64="PN8cY/tCEjqrE+1oOuGPgrktR/s=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj14jFCXpAsYXYymwyZxzIzK4Yln+HFgyJe/Rpv/o2TZA+aWNBQVHXT3RUlnBnr+9/eyura+sZmYau4vbO7t186OGwalWpCG0RxpdsRNpQzSRuWWU7biaZYRJy2otHd1G89Um2YknU7Tmgo8ECymBFsndTpikg9ZXV8Yya9Utmv+DOgZRLkpAw5ar3SV7evSCqotIRjYzqBn9 gww9oywumk2E0NTTAZ4QHtOCqxoCbMZidP0KlT+ihW2pW0aKb+nsiwMGYsItcpsB2aRW8q/ud1UhtfhxmTSWqpJPNFccqRVWj6P+ozTYnlY0cw0czdisgQa0ysS6noQggWX14mzfNKcFkJHi7K1ds8jgIcwwmcQQBXUIV7qEEDCCh4hld486z34r17H/PWFS+fOYI/8D5/AHh8kWE=</latexit>

TaAs

<latexit sha1_base64="h7bT0oldfdVhHA6czOFwS+yDbZ8="></latexit>

H = �~vF � · (k� �b)

<latexit sha1_base64="7xgRDOAHoCN9/WjmCGhWOapLcE4=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9kVUS9C0YvHCtYWukvJptk2NMmGJCuUpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMixVnxvr+t1daWV1b3yhvVra2d3b3qvsHjybNNKEtkvJUd2JsKGeStiyznHaUpljEnLbj0e3Ubz9RbVgqH+xY0UjggWQJI9g6KQzJkKFrFCqBgl615tf9GdAyCQpSgwLNXvUr7KckE1RawrEx3cBXNsqxtoxwOqmEmaEKkxEe0K6jEgtqonx28wSdOKWPklS7khbN1N8TORbGjEXsOgW2Q7PoTcX/vG5mk6soZ1JllkoyX5RkHNkUTQNAfaYpsXzsCCaauVsRGWKNiXUxVVwIweLLy+TxrB5c1IP781rjpoijDEdwDKcQwCU04A6a0AICCp7hFd68zHvx3r2PeWvJK2YO4Q+8zx9POpCP</latexit>

� = ±1
Chirality

broken TR
Nielsen-Ninomiya

<latexit sha1_base64="d9+xSCqk2C1x/sk3kwhK6x+yiiA=">AAACC3icbVDLSsNAFL2pr1pfUZduhhbBVUlE1I1QdNNlBfuAJoTJdNIOnTyYmQgldO/GX3HjQhG3/oA7/8ZJm4VtPXC5h3PuZeYeP+FMKsv6MUpr6xubW+Xtys7u3v6BeXjUkXEqCG2TmMei52NJOYtoWzHFaS8RFIc+p11/fJf73UcqJIujBzVJqBviYcQCRrDSkmdWm8hJJENe5pARm6IblPcFzTNrVt2aAa0SuyA1KNDyzG9nEJM0pJEiHEvZt61EuRkWihFOpxUnlTTBZIyHtK9phEMq3Wx2yxSdamWAgljoihSaqX83MhxKOQl9PRliNZLLXi7+5/VTFVy7GYuSVNGIzB8KUo5UjPJg0IAJShSfaIKJYPqviIywwETp+Co6BHv55FXSOa/bl3X7/qLWuC3iKMMJVOEMbLiCBjShBW0g8AQv8AbvxrPxanwYn/PRklHsHMMCjK9fTU+Z+A==</latexit>

H � = � �

Weyl fermions



       Anomalous transport induced by axial anomaly in WSMs

Weyl fermions coupled to U(1) gauge fields Lorentz-violating

constant 4-vector

S =

Z
 †

h
@⌧ + ieA0 + b0⌧

z + ⌧z~� · (�i~r+ e ~A+~b⌧z)
i
 d3x d⌧

<latexit sha1_base64="m8BZr4fkIjMstgi3UqYPu/4eSHk="></latexit><latexit sha1_base64="m8BZr4fkIjMstgi3UqYPu/4eSHk="></latexit><latexit sha1_base64="m8BZr4fkIjMstgi3UqYPu/4eSHk="></latexit><latexit sha1_base64="m8BZr4fkIjMstgi3UqYPu/4eSHk="></latexit> chirality

)

<latexit sha1_base64="DYU9ZPdvEwK0j9brvPS3EaL5OqA=">AAAB6XicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy1I3LCrYWmlAm05t06EwSZiZCCX0IXYm683V8Ad/Gac1CW8/qm3vOwD03zATXxnW/nMra+sbmVnW7trO7t39QPzzq6TRXDLssFanqh1Sj4Al2DTcC+5lCKkOBD+HkZu4/PKLSPE3uzTTDQNI44RFn1NhR32/zOPZn/rDecJvuQmQVvBIaUKozrH/6o5TlEhPDBNV64LmZCQqqDGcCZzU/15hRNqExDiwmVKIOisW+M3IWpYqYMZLF+3e2oFLrqQxtRlIz1svefPifN8hNdB0UPMlygwmzEetFuSAmJfPaZMQVMiOmFihT3G5J2Jgqyow9Ts3W95bLrkLvoum5Te/ustFql4eowgmcwjl4cAUtuIUOdIGBgGd4g3dn4jw5L87rT7TilH+O4Y+cj2+9v41p</latexit><latexit sha1_base64="DYU9ZPdvEwK0j9brvPS3EaL5OqA=">AAAB6XicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy1I3LCrYWmlAm05t06EwSZiZCCX0IXYm683V8Ad/Gac1CW8/qm3vOwD03zATXxnW/nMra+sbmVnW7trO7t39QPzzq6TRXDLssFanqh1Sj4Al2DTcC+5lCKkOBD+HkZu4/PKLSPE3uzTTDQNI44RFn1NhR32/zOPZn/rDecJvuQmQVvBIaUKozrH/6o5TlEhPDBNV64LmZCQqqDGcCZzU/15hRNqExDiwmVKIOisW+M3IWpYqYMZLF+3e2oFLrqQxtRlIz1svefPifN8hNdB0UPMlygwmzEetFuSAmJfPaZMQVMiOmFihT3G5J2Jgqyow9Ts3W95bLrkLvoum5Te/ustFql4eowgmcwjl4cAUtuIUOdIGBgGd4g3dn4jw5L87rT7TilH+O4Y+cj2+9v41p</latexit><latexit sha1_base64="DYU9ZPdvEwK0j9brvPS3EaL5OqA=">AAAB6XicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy1I3LCrYWmlAm05t06EwSZiZCCX0IXYm683V8Ad/Gac1CW8/qm3vOwD03zATXxnW/nMra+sbmVnW7trO7t39QPzzq6TRXDLssFanqh1Sj4Al2DTcC+5lCKkOBD+HkZu4/PKLSPE3uzTTDQNI44RFn1NhR32/zOPZn/rDecJvuQmQVvBIaUKozrH/6o5TlEhPDBNV64LmZCQqqDGcCZzU/15hRNqExDiwmVKIOisW+M3IWpYqYMZLF+3e2oFLrqQxtRlIz1svefPifN8hNdB0UPMlygwmzEetFuSAmJfPaZMQVMiOmFihT3G5J2Jgqyow9Ts3W95bLrkLvoum5Te/ustFql4eowgmcwjl4cAUtuIUOdIGBgGd4g3dn4jw5L87rT7TilH+O4Y+cj2+9v41p</latexit><latexit sha1_base64="DYU9ZPdvEwK0j9brvPS3EaL5OqA=">AAAB6XicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy1I3LCrYWmlAm05t06EwSZiZCCX0IXYm683V8Ad/Gac1CW8/qm3vOwD03zATXxnW/nMra+sbmVnW7trO7t39QPzzq6TRXDLssFanqh1Sj4Al2DTcC+5lCKkOBD+HkZu4/PKLSPE3uzTTDQNI44RFn1NhR32/zOPZn/rDecJvuQmQVvBIaUKozrH/6o5TlEhPDBNV64LmZCQqqDGcCZzU/15hRNqExDiwmVKIOisW+M3IWpYqYMZLF+3e2oFLrqQxtRlIz1svefPifN8hNdB0UPMlygwmzEetFuSAmJfPaZMQVMiOmFihT3G5J2Jgqyow9Ts3W95bLrkLvoum5Te/ustFql4eowgmcwjl4cAUtuIUOdIGBgGd4g3dn4jw5L87rT7TilH+O4Y+cj2+9v41p</latexit>

b0
<latexit sha1_base64="AtZFgA929LS/TTd4cod7L5Wj81E=">AAAB53icbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3biMYB6QDKGnU5O06XnQXSOEId+gK1F3/o8/4N/YibPQxLs6Xfc21K0gVdKQ6345K6tr6xubpa3y9s7u3n7l4LBlkkwLbIpEJboTcINKxtgkSQo7qUYeBQrbwfhm5rcfURuZxPc0SdGP+DCWoRSc7KgVsH7uTvuVqltz52LL4BVQhUKNfuWzN0hEFmFMQnFjup6bkp9zTVIonJZ7mcGUizEfYtdizCM0fj7fdspOw0QzGiGbv39ncx4ZM4kCm4k4jcyiNxv+53UzCq/8XMZpRhgLG7FemClGCZuVZgOpUZCaWOBCS7slEyOuuSB7mrKt7y2WXYbWec1za97dRbV+XRyiBMdwAmfgwSXU4RYa0AQBD/AMb/DuSOfJeXFef6IrTvHnCP7I+fgG7tuMVA==</latexit><latexit sha1_base64="AtZFgA929LS/TTd4cod7L5Wj81E=">AAAB53icbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3biMYB6QDKGnU5O06XnQXSOEId+gK1F3/o8/4N/YibPQxLs6Xfc21K0gVdKQ6345K6tr6xubpa3y9s7u3n7l4LBlkkwLbIpEJboTcINKxtgkSQo7qUYeBQrbwfhm5rcfURuZxPc0SdGP+DCWoRSc7KgVsH7uTvuVqltz52LL4BVQhUKNfuWzN0hEFmFMQnFjup6bkp9zTVIonJZ7mcGUizEfYtdizCM0fj7fdspOw0QzGiGbv39ncx4ZM4kCm4k4jcyiNxv+53UzCq/8XMZpRhgLG7FemClGCZuVZgOpUZCaWOBCS7slEyOuuSB7mrKt7y2WXYbWec1za97dRbV+XRyiBMdwAmfgwSXU4RYa0AQBD/AMb/DuSOfJeXFef6IrTvHnCP7I+fgG7tuMVA==</latexit><latexit sha1_base64="AtZFgA929LS/TTd4cod7L5Wj81E=">AAAB53icbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3biMYB6QDKGnU5O06XnQXSOEId+gK1F3/o8/4N/YibPQxLs6Xfc21K0gVdKQ6345K6tr6xubpa3y9s7u3n7l4LBlkkwLbIpEJboTcINKxtgkSQo7qUYeBQrbwfhm5rcfURuZxPc0SdGP+DCWoRSc7KgVsH7uTvuVqltz52LL4BVQhUKNfuWzN0hEFmFMQnFjup6bkp9zTVIonJZ7mcGUizEfYtdizCM0fj7fdspOw0QzGiGbv39ncx4ZM4kCm4k4jcyiNxv+53UzCq/8XMZpRhgLG7FemClGCZuVZgOpUZCaWOBCS7slEyOuuSB7mrKt7y2WXYbWec1za97dRbV+XRyiBMdwAmfgwSXU4RYa0AQBD/AMb/DuSOfJeXFef6IrTvHnCP7I+fgG7tuMVA==</latexit><latexit sha1_base64="AtZFgA929LS/TTd4cod7L5Wj81E=">AAAB53icbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3biMYB6QDKGnU5O06XnQXSOEId+gK1F3/o8/4N/YibPQxLs6Xfc21K0gVdKQ6345K6tr6xubpa3y9s7u3n7l4LBlkkwLbIpEJboTcINKxtgkSQo7qUYeBQrbwfhm5rcfURuZxPc0SdGP+DCWoRSc7KgVsH7uTvuVqltz52LL4BVQhUKNfuWzN0hEFmFMQnFjup6bkp9zTVIonJZ7mcGUizEfYtdizCM0fj7fdspOw0QzGiGbv39ncx4ZM4kCm4k4jcyiNxv+53UzCq/8XMZpRhgLG7FemClGCZuVZgOpUZCaWOBCS7slEyOuuSB7mrKt7y2WXYbWec1za97dRbV+XRyiBMdwAmfgwSXU4RYa0AQBD/AMb/DuSOfJeXFef6IrTvHnCP7I+fgG7tuMVA==</latexit>

~b
<latexit sha1_base64="qwsk5+tipPhPh9Nc3H2pswWRRJ4=">AAAB6HicbZDLTgJBEEVr8IX4Ql266UhMXJEZY6JLohuXmMgjgQnpaQpo6Xmku4aETPgHXRl15/f4A/6NDc5Cwbs6Xfd2UreCRElDrvvlFNbWNza3itulnd29/YPy4VHTxKkW2BCxinU74AaVjLBBkhS2E408DBS2gvHt3G9NUBsZRw80TdAP+TCSAyk42VGrO0GRBbNeueJW3YXYKng5VCBXvVf+7PZjkYYYkVDcmI7nJuRnXJMUCmelbmow4WLMh9ixGPEQjZ8t1p2xs0GsGY2QLd6/sxkPjZmGgc2EnEZm2ZsP//M6KQ2u/UxGSUoYCRux3iBVjGI2b836UqMgNbXAhZZ2SyZGXHNB9jYlW99bLrsKzYuq51a9+8tK7SY/RBFO4BTOwYMrqMEd1KEBAsbwDG/w7jw6T86L8/oTLTj5n2P4I+fjG3ZpjUk=</latexit><latexit sha1_base64="qwsk5+tipPhPh9Nc3H2pswWRRJ4=">AAAB6HicbZDLTgJBEEVr8IX4Ql266UhMXJEZY6JLohuXmMgjgQnpaQpo6Xmku4aETPgHXRl15/f4A/6NDc5Cwbs6Xfd2UreCRElDrvvlFNbWNza3itulnd29/YPy4VHTxKkW2BCxinU74AaVjLBBkhS2E408DBS2gvHt3G9NUBsZRw80TdAP+TCSAyk42VGrO0GRBbNeueJW3YXYKng5VCBXvVf+7PZjkYYYkVDcmI7nJuRnXJMUCmelbmow4WLMh9ixGPEQjZ8t1p2xs0GsGY2QLd6/sxkPjZmGgc2EnEZm2ZsP//M6KQ2u/UxGSUoYCRux3iBVjGI2b836UqMgNbXAhZZ2SyZGXHNB9jYlW99bLrsKzYuq51a9+8tK7SY/RBFO4BTOwYMrqMEd1KEBAsbwDG/w7jw6T86L8/oTLTj5n2P4I+fjG3ZpjUk=</latexit><latexit sha1_base64="qwsk5+tipPhPh9Nc3H2pswWRRJ4=">AAAB6HicbZDLTgJBEEVr8IX4Ql266UhMXJEZY6JLohuXmMgjgQnpaQpo6Xmku4aETPgHXRl15/f4A/6NDc5Cwbs6Xfd2UreCRElDrvvlFNbWNza3itulnd29/YPy4VHTxKkW2BCxinU74AaVjLBBkhS2E408DBS2gvHt3G9NUBsZRw80TdAP+TCSAyk42VGrO0GRBbNeueJW3YXYKng5VCBXvVf+7PZjkYYYkVDcmI7nJuRnXJMUCmelbmow4WLMh9ixGPEQjZ8t1p2xs0GsGY2QLd6/sxkPjZmGgc2EnEZm2ZsP//M6KQ2u/UxGSUoYCRux3iBVjGI2b836UqMgNbXAhZZ2SyZGXHNB9jYlW99bLrsKzYuq51a9+8tK7SY/RBFO4BTOwYMrqMEd1KEBAsbwDG/w7jw6T86L8/oTLTj5n2P4I+fjG3ZpjUk=</latexit><latexit sha1_base64="qwsk5+tipPhPh9Nc3H2pswWRRJ4=">AAAB6HicbZDLTgJBEEVr8IX4Ql266UhMXJEZY6JLohuXmMgjgQnpaQpo6Xmku4aETPgHXRl15/f4A/6NDc5Cwbs6Xfd2UreCRElDrvvlFNbWNza3itulnd29/YPy4VHTxKkW2BCxinU74AaVjLBBkhS2E408DBS2gvHt3G9NUBsZRw80TdAP+TCSAyk42VGrO0GRBbNeueJW3YXYKng5VCBXvVf+7PZjkYYYkVDcmI7nJuRnXJMUCmelbmow4WLMh9ixGPEQjZ8t1p2xs0GsGY2QLd6/sxkPjZmGgc2EnEZm2ZsP//M6KQ2u/UxGSUoYCRux3iBVjGI2b836UqMgNbXAhZZ2SyZGXHNB9jYlW99bLrsKzYuq51a9+8tK7SY/RBFO4BTOwYMrqMEd1KEBAsbwDG/w7jw6T86L8/oTLTj5n2P4I+fjG3ZpjUk=</latexit>

HEP

CMP

<latexit sha1_base64="rCfpMtlhKHgfirJOf7aEDO5KJGY=">AAACEXicbZDLSgMxFIYz9VbrbdSlm2ARKkiZEVE3QtGNywr2Ap1hSNJMG5q5kGSEEuYV3Pgqblwo4tadO9/GtJ2Fth4IfPz/OcnJj1POpHKcb6u0tLyyulZer2xsbm3v2Lt7bZlkgtAWSXgiuhhJyllMW4opTrupoCjCnHbw6Gbidx6okCyJ79U4pX6EBjELGUHKSIFd0970Eo15RnMcaC/KcngFawad/ER7ONQ4z4/zwK46dWdacBHcAqqgqGZgf3n9hGQRjRXhSMqe66TK10goRjjNK14maYrICA1oz2CMIip9PV0mh0dG6cMwEebECk7V3xMaRVKOI2w6I6SGct6biP95vUyFl75mcZopGpPZQ2HGoUrgJB7YZ4ISxccGEBHM7ArJEAlElAmxYkJw57+8CO3Tunted+/Oqo3rIo4yOACHoAZccAEa4BY0QQsQ8AiewSt4s56sF+vd+pi1lqxiZh/8KevzB9mnnaQ=</latexit>

bµ = (b0,b)

Apparent conservation of # 
fermions L&R chirality

eliminated by gauge transf

S[Aµ] =

Z
 ̄ i�µ(@µ + ieAµ + ibµ�

5) d4x
<latexit sha1_base64="0GtCr5GSIqKdvMi4GeZQI6qOovA="></latexit><latexit sha1_base64="0GtCr5GSIqKdvMi4GeZQI6qOovA="></latexit><latexit sha1_base64="0GtCr5GSIqKdvMi4GeZQI6qOovA="></latexit><latexit sha1_base64="0GtCr5GSIqKdvMi4GeZQI6qOovA="></latexit>

 ! e�i✓(x)�5/2 
<latexit sha1_base64="z2L8bHZCcu2TGR/PvOfwjZcKdu8=">AAACEnicbVDNTgIxGOz6i/iHevTSSEz0IOwajR6NXjxiIj8Ji+Tb8gEN7e6m7RrJhrfQl9GTUW+8gG9jFzkoOqfpzDT5ZoJYcG1c99OZm19YXFrOreRX19Y3Ngtb2zUdJYphlUUiUo0ANAoeYtVwI7ARKwQZCKwHg6vMr9+j0jwKb80wxpaEXsi7nIGxUrtQ9mPNqW8iivQuPcpoHw3Qg4dD6vdASrDy6YiWj0c0i7YLRbfkTkD/Em9KimSKSrsw9jsRSySGhgnQuum5sWmloAxnAkd5P9EYAxtAD5uWhiBRt9JJsRHd70aK2oPo5P0zm4LUeigDm5Fg+nrWy8T/vGZiuuetlIdxYjBkNmK9biKoXSDbh3a4QmbE0BJgitsrKeuDAmbsinlb35st+5fUjkueW/JuTooXl9MhcmSX7JED4pEzckGuSYVUCSNP5IW8kw/n0Xl2Xp237+icM/2zQ37BGX8B3s+bnA==</latexit><latexit sha1_base64="z2L8bHZCcu2TGR/PvOfwjZcKdu8=">AAACEnicbVDNTgIxGOz6i/iHevTSSEz0IOwajR6NXjxiIj8Ji+Tb8gEN7e6m7RrJhrfQl9GTUW+8gG9jFzkoOqfpzDT5ZoJYcG1c99OZm19YXFrOreRX19Y3Ngtb2zUdJYphlUUiUo0ANAoeYtVwI7ARKwQZCKwHg6vMr9+j0jwKb80wxpaEXsi7nIGxUrtQ9mPNqW8iivQuPcpoHw3Qg4dD6vdASrDy6YiWj0c0i7YLRbfkTkD/Em9KimSKSrsw9jsRSySGhgnQuum5sWmloAxnAkd5P9EYAxtAD5uWhiBRt9JJsRHd70aK2oPo5P0zm4LUeigDm5Fg+nrWy8T/vGZiuuetlIdxYjBkNmK9biKoXSDbh3a4QmbE0BJgitsrKeuDAmbsinlb35st+5fUjkueW/JuTooXl9MhcmSX7JED4pEzckGuSYVUCSNP5IW8kw/n0Xl2Xp237+icM/2zQ37BGX8B3s+bnA==</latexit><latexit sha1_base64="z2L8bHZCcu2TGR/PvOfwjZcKdu8=">AAACEnicbVDNTgIxGOz6i/iHevTSSEz0IOwajR6NXjxiIj8Ji+Tb8gEN7e6m7RrJhrfQl9GTUW+8gG9jFzkoOqfpzDT5ZoJYcG1c99OZm19YXFrOreRX19Y3Ngtb2zUdJYphlUUiUo0ANAoeYtVwI7ARKwQZCKwHg6vMr9+j0jwKb80wxpaEXsi7nIGxUrtQ9mPNqW8iivQuPcpoHw3Qg4dD6vdASrDy6YiWj0c0i7YLRbfkTkD/Em9KimSKSrsw9jsRSySGhgnQuum5sWmloAxnAkd5P9EYAxtAD5uWhiBRt9JJsRHd70aK2oPo5P0zm4LUeigDm5Fg+nrWy8T/vGZiuuetlIdxYjBkNmK9biKoXSDbh3a4QmbE0BJgitsrKeuDAmbsinlb35st+5fUjkueW/JuTooXl9MhcmSX7JED4pEzckGuSYVUCSNP5IW8kw/n0Xl2Xp237+icM/2zQ37BGX8B3s+bnA==</latexit><latexit sha1_base64="z2L8bHZCcu2TGR/PvOfwjZcKdu8=">AAACEnicbVDNTgIxGOz6i/iHevTSSEz0IOwajR6NXjxiIj8Ji+Tb8gEN7e6m7RrJhrfQl9GTUW+8gG9jFzkoOqfpzDT5ZoJYcG1c99OZm19YXFrOreRX19Y3Ngtb2zUdJYphlUUiUo0ANAoeYtVwI7ARKwQZCKwHg6vMr9+j0jwKb80wxpaEXsi7nIGxUrtQ9mPNqW8iivQuPcpoHw3Qg4dD6vdASrDy6YiWj0c0i7YLRbfkTkD/Em9KimSKSrsw9jsRSySGhgnQuum5sWmloAxnAkd5P9EYAxtAD5uWhiBRt9JJsRHd70aK2oPo5P0zm4LUeigDm5Fg+nrWy8T/vGZiuuetlIdxYjBkNmK9biKoXSDbh3a4QmbE0BJgitsrKeuDAmbsinlb35st+5fUjkueW/JuTooXl9MhcmSX7JED4pEzckGuSYVUCSNP5IW8kw/n0Xl2Xp237+icM/2zQ37BGX8B3s+bnA==</latexit>

 ̄ !  ̄ e�i✓(x)�5/2
<latexit sha1_base64="jyHSoS3mn6UXEvedsb+YUT90O9Q=">AAACInicbVDLSgNBEJz1bXxFPXoZDEIEjbui6M2gF48RjBGyMfROOsmQmd1lZlYMy/6N/ox6EfUg+DFOYg7x0afqqmroqiAWXBvX/XAmJqemZ2bn5nMLi0vLK/nVtSsdJYphlUUiUtcBaBQ8xKrhRuB1rBBkILAW9M4Geu0WleZReGn6MTYkdELe5gyMpZr5Ez8Alfqx5hn1TUTH1x2K9Cbd5VboogFavNumfgekBEsfZnRvP6PNfMEtucOhf4E3AgUymkoz/+y3IpZIDA0ToHXdc2PTSEEZzgRmOT/RGAPrQQfrFoYgUTfSYdCMbrUjRe0zdLiPe1OQWvdlYD0STFf/1gbkf1o9Me3jRsrDODEYMmuxWjsR1HYx6Iu2uEJmRN8CYIrbLynrggJmbKs5G9/7HfYvuNoveW7JuzgolE9HRcyRDbJJisQjR6RMzkmFVAkjD+SJvJF35955dF6c12/rhDO6WSc/xvn8AkbbohY=</latexit><latexit sha1_base64="jyHSoS3mn6UXEvedsb+YUT90O9Q=">AAACInicbVDLSgNBEJz1bXxFPXoZDEIEjbui6M2gF48RjBGyMfROOsmQmd1lZlYMy/6N/ox6EfUg+DFOYg7x0afqqmroqiAWXBvX/XAmJqemZ2bn5nMLi0vLK/nVtSsdJYphlUUiUtcBaBQ8xKrhRuB1rBBkILAW9M4Geu0WleZReGn6MTYkdELe5gyMpZr5Ez8Alfqx5hn1TUTH1x2K9Cbd5VboogFavNumfgekBEsfZnRvP6PNfMEtucOhf4E3AgUymkoz/+y3IpZIDA0ToHXdc2PTSEEZzgRmOT/RGAPrQQfrFoYgUTfSYdCMbrUjRe0zdLiPe1OQWvdlYD0STFf/1gbkf1o9Me3jRsrDODEYMmuxWjsR1HYx6Iu2uEJmRN8CYIrbLynrggJmbKs5G9/7HfYvuNoveW7JuzgolE9HRcyRDbJJisQjR6RMzkmFVAkjD+SJvJF35955dF6c12/rhDO6WSc/xvn8AkbbohY=</latexit><latexit sha1_base64="jyHSoS3mn6UXEvedsb+YUT90O9Q=">AAACInicbVDLSgNBEJz1bXxFPXoZDEIEjbui6M2gF48RjBGyMfROOsmQmd1lZlYMy/6N/ox6EfUg+DFOYg7x0afqqmroqiAWXBvX/XAmJqemZ2bn5nMLi0vLK/nVtSsdJYphlUUiUtcBaBQ8xKrhRuB1rBBkILAW9M4Geu0WleZReGn6MTYkdELe5gyMpZr5Ez8Alfqx5hn1TUTH1x2K9Cbd5VboogFavNumfgekBEsfZnRvP6PNfMEtucOhf4E3AgUymkoz/+y3IpZIDA0ToHXdc2PTSEEZzgRmOT/RGAPrQQfrFoYgUTfSYdCMbrUjRe0zdLiPe1OQWvdlYD0STFf/1gbkf1o9Me3jRsrDODEYMmuxWjsR1HYx6Iu2uEJmRN8CYIrbLynrggJmbKs5G9/7HfYvuNoveW7JuzgolE9HRcyRDbJJisQjR6RMzkmFVAkjD+SJvJF35955dF6c12/rhDO6WSc/xvn8AkbbohY=</latexit><latexit sha1_base64="jyHSoS3mn6UXEvedsb+YUT90O9Q=">AAACInicbVDLSgNBEJz1bXxFPXoZDEIEjbui6M2gF48RjBGyMfROOsmQmd1lZlYMy/6N/ox6EfUg+DFOYg7x0afqqmroqiAWXBvX/XAmJqemZ2bn5nMLi0vLK/nVtSsdJYphlUUiUtcBaBQ8xKrhRuB1rBBkILAW9M4Geu0WleZReGn6MTYkdELe5gyMpZr5Ez8Alfqx5hn1TUTH1x2K9Cbd5VboogFavNumfgekBEsfZnRvP6PNfMEtucOhf4E3AgUymkoz/+y3IpZIDA0ToHXdc2PTSEEZzgRmOT/RGAPrQQfrFoYgUTfSYdCMbrUjRe0zdLiPe1OQWvdlYD0STFf/1gbkf1o9Me3jRsrDODEYMmuxWjsR1HYx6Iu2uEJmRN8CYIrbLynrggJmbKs5G9/7HfYvuNoveW7JuzgolE9HRcyRDbJJisQjR6RMzkmFVAkjD+SJvJF35955dF6c12/rhDO6WSc/xvn8AkbbohY=</latexit>

✓(x) = 2bµx
µ

<latexit sha1_base64="lOWqxKPCBPJG7+6PlhcS3Jn7PN8=">AAACA3icbZDLSsNAFIYnXmu9RV26OViEuilJEXQjFN24rGAv0MQwmU7aoZMLMxNpCV3qy+hK1J1v4Av4Nk5jFtp6Vt+c/x84/+8nnEllWV/G0vLK6tp6aaO8ubW9s2vu7bdlnApCWyTmsej6WFLOItpSTHHaTQTFoc9pxx9dzfTOPRWSxdGtmiTUDfEgYgEjWOmVZ4KjhlRhqI5P4ALq4IOXOWE6hTHc5eCZFatm5QOLYBdQQcU0PfPT6cckDWmkCMdS9mwrUW6GhWKE02nZSSVNMBnhAe1pjHBIpZvlSaZwHMQC9EWQv397MxxKOQl97QmxGsp5bbb8T+ulKjh3MxYlqaIR0RatBSkHFcOsEOgzQYniEw2YCKavBDLEAhOlayvr+PZ82EVo12u2VbNvTiuNy6KIEjpER6iKbHSGGugaNVELEfSIntEbejcejCfjxXj9sS4ZxZ8D9GeMj292KJYN</latexit><latexit sha1_base64="lOWqxKPCBPJG7+6PlhcS3Jn7PN8=">AAACA3icbZDLSsNAFIYnXmu9RV26OViEuilJEXQjFN24rGAv0MQwmU7aoZMLMxNpCV3qy+hK1J1v4Av4Nk5jFtp6Vt+c/x84/+8nnEllWV/G0vLK6tp6aaO8ubW9s2vu7bdlnApCWyTmsej6WFLOItpSTHHaTQTFoc9pxx9dzfTOPRWSxdGtmiTUDfEgYgEjWOmVZ4KjhlRhqI5P4ALq4IOXOWE6hTHc5eCZFatm5QOLYBdQQcU0PfPT6cckDWmkCMdS9mwrUW6GhWKE02nZSSVNMBnhAe1pjHBIpZvlSaZwHMQC9EWQv397MxxKOQl97QmxGsp5bbb8T+ulKjh3MxYlqaIR0RatBSkHFcOsEOgzQYniEw2YCKavBDLEAhOlayvr+PZ82EVo12u2VbNvTiuNy6KIEjpER6iKbHSGGugaNVELEfSIntEbejcejCfjxXj9sS4ZxZ8D9GeMj292KJYN</latexit><latexit sha1_base64="lOWqxKPCBPJG7+6PlhcS3Jn7PN8=">AAACA3icbZDLSsNAFIYnXmu9RV26OViEuilJEXQjFN24rGAv0MQwmU7aoZMLMxNpCV3qy+hK1J1v4Av4Nk5jFtp6Vt+c/x84/+8nnEllWV/G0vLK6tp6aaO8ubW9s2vu7bdlnApCWyTmsej6WFLOItpSTHHaTQTFoc9pxx9dzfTOPRWSxdGtmiTUDfEgYgEjWOmVZ4KjhlRhqI5P4ALq4IOXOWE6hTHc5eCZFatm5QOLYBdQQcU0PfPT6cckDWmkCMdS9mwrUW6GhWKE02nZSSVNMBnhAe1pjHBIpZvlSaZwHMQC9EWQv397MxxKOQl97QmxGsp5bbb8T+ulKjh3MxYlqaIR0RatBSkHFcOsEOgzQYniEw2YCKavBDLEAhOlayvr+PZ82EVo12u2VbNvTiuNy6KIEjpER6iKbHSGGugaNVELEfSIntEbejcejCfjxXj9sS4ZxZ8D9GeMj292KJYN</latexit><latexit sha1_base64="lOWqxKPCBPJG7+6PlhcS3Jn7PN8=">AAACA3icbZDLSsNAFIYnXmu9RV26OViEuilJEXQjFN24rGAv0MQwmU7aoZMLMxNpCV3qy+hK1J1v4Av4Nk5jFtp6Vt+c/x84/+8nnEllWV/G0vLK6tp6aaO8ubW9s2vu7bdlnApCWyTmsej6WFLOItpSTHHaTQTFoc9pxx9dzfTOPRWSxdGtmiTUDfEgYgEjWOmVZ4KjhlRhqI5P4ALq4IOXOWE6hTHc5eCZFatm5QOLYBdQQcU0PfPT6cckDWmkCMdS9mwrUW6GhWKE02nZSSVNMBnhAe1pjHBIpZvlSaZwHMQC9EWQv397MxxKOQl97QmxGsp5bbb8T+ulKjh3MxYlqaIR0RatBSkHFcOsEOgzQYniEw2YCKavBDLEAhOlayvr+PZ82EVo12u2VbNvTiuNy6KIEjpER6iKbHSGGugaNVELEfSIntEbejcejCfjxXj9sS4ZxZ8D9GeMj292KJYN</latexit>

2 Weyl nodes opposite chiralities

Dirac

Wrong!

S[Aµ] =

Z
 i�µ(@µ + ieAµ) d4x

<latexit sha1_base64="J7urXgE7whByX7bio9Hh6hGicuY="></latexit><latexit sha1_base64="J7urXgE7whByX7bio9Hh6hGicuY="></latexit><latexit sha1_base64="J7urXgE7whByX7bio9Hh6hGicuY="></latexit><latexit sha1_base64="J7urXgE7whByX7bio9Hh6hGicuY="></latexit>

)

<latexit sha1_base64="DYU9ZPdvEwK0j9brvPS3EaL5OqA=">AAAB6XicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy1I3LCrYWmlAm05t06EwSZiZCCX0IXYm683V8Ad/Gac1CW8/qm3vOwD03zATXxnW/nMra+sbmVnW7trO7t39QPzzq6TRXDLssFanqh1Sj4Al2DTcC+5lCKkOBD+HkZu4/PKLSPE3uzTTDQNI44RFn1NhR32/zOPZn/rDecJvuQmQVvBIaUKozrH/6o5TlEhPDBNV64LmZCQqqDGcCZzU/15hRNqExDiwmVKIOisW+M3IWpYqYMZLF+3e2oFLrqQxtRlIz1svefPifN8hNdB0UPMlygwmzEetFuSAmJfPaZMQVMiOmFihT3G5J2Jgqyow9Ts3W95bLrkLvoum5Te/ustFql4eowgmcwjl4cAUtuIUOdIGBgGd4g3dn4jw5L87rT7TilH+O4Y+cj2+9v41p</latexit><latexit sha1_base64="DYU9ZPdvEwK0j9brvPS3EaL5OqA=">AAAB6XicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy1I3LCrYWmlAm05t06EwSZiZCCX0IXYm683V8Ad/Gac1CW8/qm3vOwD03zATXxnW/nMra+sbmVnW7trO7t39QPzzq6TRXDLssFanqh1Sj4Al2DTcC+5lCKkOBD+HkZu4/PKLSPE3uzTTDQNI44RFn1NhR32/zOPZn/rDecJvuQmQVvBIaUKozrH/6o5TlEhPDBNV64LmZCQqqDGcCZzU/15hRNqExDiwmVKIOisW+M3IWpYqYMZLF+3e2oFLrqQxtRlIz1svefPifN8hNdB0UPMlygwmzEetFuSAmJfPaZMQVMiOmFihT3G5J2Jgqyow9Ts3W95bLrkLvoum5Te/ustFql4eowgmcwjl4cAUtuIUOdIGBgGd4g3dn4jw5L87rT7TilH+O4Y+cj2+9v41p</latexit><latexit sha1_base64="DYU9ZPdvEwK0j9brvPS3EaL5OqA=">AAAB6XicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy1I3LCrYWmlAm05t06EwSZiZCCX0IXYm683V8Ad/Gac1CW8/qm3vOwD03zATXxnW/nMra+sbmVnW7trO7t39QPzzq6TRXDLssFanqh1Sj4Al2DTcC+5lCKkOBD+HkZu4/PKLSPE3uzTTDQNI44RFn1NhR32/zOPZn/rDecJvuQmQVvBIaUKozrH/6o5TlEhPDBNV64LmZCQqqDGcCZzU/15hRNqExDiwmVKIOisW+M3IWpYqYMZLF+3e2oFLrqQxtRlIz1svefPifN8hNdB0UPMlygwmzEetFuSAmJfPaZMQVMiOmFihT3G5J2Jgqyow9Ts3W95bLrkLvoum5Te/ustFql4eowgmcwjl4cAUtuIUOdIGBgGd4g3dn4jw5L87rT7TilH+O4Y+cj2+9v41p</latexit><latexit sha1_base64="DYU9ZPdvEwK0j9brvPS3EaL5OqA=">AAAB6XicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy1I3LCrYWmlAm05t06EwSZiZCCX0IXYm683V8Ad/Gac1CW8/qm3vOwD03zATXxnW/nMra+sbmVnW7trO7t39QPzzq6TRXDLssFanqh1Sj4Al2DTcC+5lCKkOBD+HkZu4/PKLSPE3uzTTDQNI44RFn1NhR32/zOPZn/rDecJvuQmQVvBIaUKozrH/6o5TlEhPDBNV64LmZCQqqDGcCZzU/15hRNqExDiwmVKIOisW+M3IWpYqYMZLF+3e2oFLrqQxtRlIz1svefPifN8hNdB0UPMlygwmzEetFuSAmJfPaZMQVMiOmFihT3G5J2Jgqyow9Ts3W95bLrkLvoum5Te/ustFql4eowgmcwjl4cAUtuIUOdIGBgGd4g3dn4jw5L87rT7TilH+O4Y+cj2+9v41p</latexit>

b0
<latexit sha1_base64="AtZFgA929LS/TTd4cod7L5Wj81E=">AAAB53icbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3biMYB6QDKGnU5O06XnQXSOEId+gK1F3/o8/4N/YibPQxLs6Xfc21K0gVdKQ6345K6tr6xubpa3y9s7u3n7l4LBlkkwLbIpEJboTcINKxtgkSQo7qUYeBQrbwfhm5rcfURuZxPc0SdGP+DCWoRSc7KgVsH7uTvuVqltz52LL4BVQhUKNfuWzN0hEFmFMQnFjup6bkp9zTVIonJZ7mcGUizEfYtdizCM0fj7fdspOw0QzGiGbv39ncx4ZM4kCm4k4jcyiNxv+53UzCq/8XMZpRhgLG7FemClGCZuVZgOpUZCaWOBCS7slEyOuuSB7mrKt7y2WXYbWec1za97dRbV+XRyiBMdwAmfgwSXU4RYa0AQBD/AMb/DuSOfJeXFef6IrTvHnCP7I+fgG7tuMVA==</latexit><latexit sha1_base64="AtZFgA929LS/TTd4cod7L5Wj81E=">AAAB53icbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3biMYB6QDKGnU5O06XnQXSOEId+gK1F3/o8/4N/YibPQxLs6Xfc21K0gVdKQ6345K6tr6xubpa3y9s7u3n7l4LBlkkwLbIpEJboTcINKxtgkSQo7qUYeBQrbwfhm5rcfURuZxPc0SdGP+DCWoRSc7KgVsH7uTvuVqltz52LL4BVQhUKNfuWzN0hEFmFMQnFjup6bkp9zTVIonJZ7mcGUizEfYtdizCM0fj7fdspOw0QzGiGbv39ncx4ZM4kCm4k4jcyiNxv+53UzCq/8XMZpRhgLG7FemClGCZuVZgOpUZCaWOBCS7slEyOuuSB7mrKt7y2WXYbWec1za97dRbV+XRyiBMdwAmfgwSXU4RYa0AQBD/AMb/DuSOfJeXFef6IrTvHnCP7I+fgG7tuMVA==</latexit><latexit sha1_base64="AtZFgA929LS/TTd4cod7L5Wj81E=">AAAB53icbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3biMYB6QDKGnU5O06XnQXSOEId+gK1F3/o8/4N/YibPQxLs6Xfc21K0gVdKQ6345K6tr6xubpa3y9s7u3n7l4LBlkkwLbIpEJboTcINKxtgkSQo7qUYeBQrbwfhm5rcfURuZxPc0SdGP+DCWoRSc7KgVsH7uTvuVqltz52LL4BVQhUKNfuWzN0hEFmFMQnFjup6bkp9zTVIonJZ7mcGUizEfYtdizCM0fj7fdspOw0QzGiGbv39ncx4ZM4kCm4k4jcyiNxv+53UzCq/8XMZpRhgLG7FemClGCZuVZgOpUZCaWOBCS7slEyOuuSB7mrKt7y2WXYbWec1za97dRbV+XRyiBMdwAmfgwSXU4RYa0AQBD/AMb/DuSOfJeXFef6IrTvHnCP7I+fgG7tuMVA==</latexit><latexit sha1_base64="AtZFgA929LS/TTd4cod7L5Wj81E=">AAAB53icbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3biMYB6QDKGnU5O06XnQXSOEId+gK1F3/o8/4N/YibPQxLs6Xfc21K0gVdKQ6345K6tr6xubpa3y9s7u3n7l4LBlkkwLbIpEJboTcINKxtgkSQo7qUYeBQrbwfhm5rcfURuZxPc0SdGP+DCWoRSc7KgVsH7uTvuVqltz52LL4BVQhUKNfuWzN0hEFmFMQnFjup6bkp9zTVIonJZ7mcGUizEfYtdizCM0fj7fdspOw0QzGiGbv39ncx4ZM4kCm4k4jcyiNxv+53UzCq/8XMZpRhgLG7FemClGCZuVZgOpUZCaWOBCS7slEyOuuSB7mrKt7y2WXYbWec1za97dRbV+XRyiBMdwAmfgwSXU4RYa0AQBD/AMb/DuSOfJeXFef6IrTvHnCP7I+fgG7tuMVA==</latexit>

~b
<latexit sha1_base64="qwsk5+tipPhPh9Nc3H2pswWRRJ4=">AAAB6HicbZDLTgJBEEVr8IX4Ql266UhMXJEZY6JLohuXmMgjgQnpaQpo6Xmku4aETPgHXRl15/f4A/6NDc5Cwbs6Xfd2UreCRElDrvvlFNbWNza3itulnd29/YPy4VHTxKkW2BCxinU74AaVjLBBkhS2E408DBS2gvHt3G9NUBsZRw80TdAP+TCSAyk42VGrO0GRBbNeueJW3YXYKng5VCBXvVf+7PZjkYYYkVDcmI7nJuRnXJMUCmelbmow4WLMh9ixGPEQjZ8t1p2xs0GsGY2QLd6/sxkPjZmGgc2EnEZm2ZsP//M6KQ2u/UxGSUoYCRux3iBVjGI2b836UqMgNbXAhZZ2SyZGXHNB9jYlW99bLrsKzYuq51a9+8tK7SY/RBFO4BTOwYMrqMEd1KEBAsbwDG/w7jw6T86L8/oTLTj5n2P4I+fjG3ZpjUk=</latexit><latexit sha1_base64="qwsk5+tipPhPh9Nc3H2pswWRRJ4=">AAAB6HicbZDLTgJBEEVr8IX4Ql266UhMXJEZY6JLohuXmMgjgQnpaQpo6Xmku4aETPgHXRl15/f4A/6NDc5Cwbs6Xfd2UreCRElDrvvlFNbWNza3itulnd29/YPy4VHTxKkW2BCxinU74AaVjLBBkhS2E408DBS2gvHt3G9NUBsZRw80TdAP+TCSAyk42VGrO0GRBbNeueJW3YXYKng5VCBXvVf+7PZjkYYYkVDcmI7nJuRnXJMUCmelbmow4WLMh9ixGPEQjZ8t1p2xs0GsGY2QLd6/sxkPjZmGgc2EnEZm2ZsP//M6KQ2u/UxGSUoYCRux3iBVjGI2b836UqMgNbXAhZZ2SyZGXHNB9jYlW99bLrsKzYuq51a9+8tK7SY/RBFO4BTOwYMrqMEd1KEBAsbwDG/w7jw6T86L8/oTLTj5n2P4I+fjG3ZpjUk=</latexit><latexit sha1_base64="qwsk5+tipPhPh9Nc3H2pswWRRJ4=">AAAB6HicbZDLTgJBEEVr8IX4Ql266UhMXJEZY6JLohuXmMgjgQnpaQpo6Xmku4aETPgHXRl15/f4A/6NDc5Cwbs6Xfd2UreCRElDrvvlFNbWNza3itulnd29/YPy4VHTxKkW2BCxinU74AaVjLBBkhS2E408DBS2gvHt3G9NUBsZRw80TdAP+TCSAyk42VGrO0GRBbNeueJW3YXYKng5VCBXvVf+7PZjkYYYkVDcmI7nJuRnXJMUCmelbmow4WLMh9ixGPEQjZ8t1p2xs0GsGY2QLd6/sxkPjZmGgc2EnEZm2ZsP//M6KQ2u/UxGSUoYCRux3iBVjGI2b836UqMgNbXAhZZ2SyZGXHNB9jYlW99bLrsKzYuq51a9+8tK7SY/RBFO4BTOwYMrqMEd1KEBAsbwDG/w7jw6T86L8/oTLTj5n2P4I+fjG3ZpjUk=</latexit><latexit sha1_base64="qwsk5+tipPhPh9Nc3H2pswWRRJ4=">AAAB6HicbZDLTgJBEEVr8IX4Ql266UhMXJEZY6JLohuXmMgjgQnpaQpo6Xmku4aETPgHXRl15/f4A/6NDc5Cwbs6Xfd2UreCRElDrvvlFNbWNza3itulnd29/YPy4VHTxKkW2BCxinU74AaVjLBBkhS2E408DBS2gvHt3G9NUBsZRw80TdAP+TCSAyk42VGrO0GRBbNeueJW3YXYKng5VCBXvVf+7PZjkYYYkVDcmI7nJuRnXJMUCmelbmow4WLMh9ixGPEQjZ8t1p2xs0GsGY2QLd6/sxkPjZmGgc2EnEZm2ZsP//M6KQ2u/UxGSUoYCRux3iBVjGI2b836UqMgNbXAhZZ2SyZGXHNB9jYlW99bLrsKzYuq51a9+8tK7SY/RBFO4BTOwYMrqMEd1KEBAsbwDG/w7jw6T86L8/oTLTj5n2P4I+fjG3ZpjUk=</latexit>

?
Axial/Chiral anomaly!!!



       Anomalous transport induced by axial anomaly in WSMs
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5 =
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24⇡2
✏µ⌫↵�Fµ⌫F↵�

<latexit sha1_base64="GuWSoJhbQJ/lMYOF2uIP4UrVVyY="></latexit><latexit sha1_base64="GuWSoJhbQJ/lMYOF2uIP4UrVVyY="></latexit><latexit sha1_base64="GuWSoJhbQJ/lMYOF2uIP4UrVVyY="></latexit><latexit sha1_base64="GuWSoJhbQJ/lMYOF2uIP4UrVVyY="></latexit>

⇡0 ! � + �
<latexit sha1_base64="LnKsdxa+VnZrimFoyleeOhcO0sc=">AAAB/3icbZDNSgMxFIXv+Fvr36hLXQSLIAhlRgRdFt24rGB/oFNLJr1tQ5OZIckIZehCX0ZXou58B1/AtzGts9DWu/pyzwncc8JEcG0878tZWFxaXlktrBXXNza3tt2d3bqOU8WwxmIRq2ZINQoeYc1wI7CZKKQyFNgIh1cTvXGPSvM4ujWjBNuS9iPe44wau+q4B0HCyV3mjUlgYhL0qZSUnOTQcUte2ZsOmQc/hxLkU+24n0E3ZqnEyDBBtW75XmLaGVWGM4HjYpBqTCgb0j62LEZUom5n0xRjctSLFTEDJNP3b29GpdYjGVqPpGagZ7XJ8j+tlZreRTvjUZIajJi1WK2XCmKjTsogXa6QGTGyQJni9krCBlRRZmxlRRvfnw07D/XTsu+V/ZuzUuUyL6IA+3AIx+DDOVTgGqpQAwaP8Axv8O48OE/Oi/P6Y11w8j978Gecj285x5Tb</latexit><latexit sha1_base64="LnKsdxa+VnZrimFoyleeOhcO0sc=">AAAB/3icbZDNSgMxFIXv+Fvr36hLXQSLIAhlRgRdFt24rGB/oFNLJr1tQ5OZIckIZehCX0ZXou58B1/AtzGts9DWu/pyzwncc8JEcG0878tZWFxaXlktrBXXNza3tt2d3bqOU8WwxmIRq2ZINQoeYc1wI7CZKKQyFNgIh1cTvXGPSvM4ujWjBNuS9iPe44wau+q4B0HCyV3mjUlgYhL0qZSUnOTQcUte2ZsOmQc/hxLkU+24n0E3ZqnEyDBBtW75XmLaGVWGM4HjYpBqTCgb0j62LEZUom5n0xRjctSLFTEDJNP3b29GpdYjGVqPpGagZ7XJ8j+tlZreRTvjUZIajJi1WK2XCmKjTsogXa6QGTGyQJni9krCBlRRZmxlRRvfnw07D/XTsu+V/ZuzUuUyL6IA+3AIx+DDOVTgGqpQAwaP8Axv8O48OE/Oi/P6Y11w8j978Gecj285x5Tb</latexit><latexit sha1_base64="LnKsdxa+VnZrimFoyleeOhcO0sc=">AAAB/3icbZDNSgMxFIXv+Fvr36hLXQSLIAhlRgRdFt24rGB/oFNLJr1tQ5OZIckIZehCX0ZXou58B1/AtzGts9DWu/pyzwncc8JEcG0878tZWFxaXlktrBXXNza3tt2d3bqOU8WwxmIRq2ZINQoeYc1wI7CZKKQyFNgIh1cTvXGPSvM4ujWjBNuS9iPe44wau+q4B0HCyV3mjUlgYhL0qZSUnOTQcUte2ZsOmQc/hxLkU+24n0E3ZqnEyDBBtW75XmLaGVWGM4HjYpBqTCgb0j62LEZUom5n0xRjctSLFTEDJNP3b29GpdYjGVqPpGagZ7XJ8j+tlZreRTvjUZIajJi1WK2XCmKjTsogXa6QGTGyQJni9krCBlRRZmxlRRvfnw07D/XTsu+V/ZuzUuUyL6IA+3AIx+DDOVTgGqpQAwaP8Axv8O48OE/Oi/P6Y11w8j978Gecj285x5Tb</latexit><latexit sha1_base64="LnKsdxa+VnZrimFoyleeOhcO0sc=">AAAB/3icbZDNSgMxFIXv+Fvr36hLXQSLIAhlRgRdFt24rGB/oFNLJr1tQ5OZIckIZehCX0ZXou58B1/AtzGts9DWu/pyzwncc8JEcG0878tZWFxaXlktrBXXNza3tt2d3bqOU8WwxmIRq2ZINQoeYc1wI7CZKKQyFNgIh1cTvXGPSvM4ujWjBNuS9iPe44wau+q4B0HCyV3mjUlgYhL0qZSUnOTQcUte2ZsOmQc/hxLkU+24n0E3ZqnEyDBBtW75XmLaGVWGM4HjYpBqTCgb0j62LEZUom5n0xRjctSLFTEDJNP3b29GpdYjGVqPpGagZ7XJ8j+tlZreRTvjUZIajJi1WK2XCmKjTsogXa6QGTGyQJni9krCBlRRZmxlRRvfnw07D/XTsu+V/ZuzUuUyL6IA+3AIx+DDOVTgGqpQAwaP8Axv8O48OE/Oi/P6Y11w8j978Gecj285x5Tb</latexit>

Recall HEP

Jµ
5 =  ̄�5�

µ 
<latexit sha1_base64="MceDKLS23Y8StYv6mn59MsypNJA=">AAACG3icbZBLS8NAFIUn9VXrK+rSzWARXJVEFLsRim7EVQX7gCaGm+m0HTqThJmJUEJ+iv4ZXUl158J/47RmodW7OnO/M3DPCRPOlHacT6u0tLyyulZer2xsbm3v2Lt7bRWnktAWiXksuyEoyllEW5ppTruJpCBCTjvh+GrGOw9UKhZHd3qSUF/AMGIDRkCbVWDXb4LsLMf3mSfSHF9gLwSZeYliOfaGIATgOS90YZvxwK46NWc++K9wC1FFxTQDe+r1Y5IKGmnCQame6yTaz0BqRjjNK16qaAJkDEPaMzICQZWfzRPm+GgQS6xHFM/fP70ZCKUmIjQeAXqkFtls+R/rpXpQ9zMWJammETEWwwYpxzrGs6Jwn0lKNJ8YAUQycyUmI5BAtKmzYuK7i2H/ivZJzXVq7u1ptXFZFFFGB+gQHSMXnaMGukZN1EIEPaEX9IberUfr2Xq1pt/WklX82Ue/xvr4AipboM4=</latexit><latexit sha1_base64="MceDKLS23Y8StYv6mn59MsypNJA=">AAACG3icbZBLS8NAFIUn9VXrK+rSzWARXJVEFLsRim7EVQX7gCaGm+m0HTqThJmJUEJ+iv4ZXUl158J/47RmodW7OnO/M3DPCRPOlHacT6u0tLyyulZer2xsbm3v2Lt7bRWnktAWiXksuyEoyllEW5ppTruJpCBCTjvh+GrGOw9UKhZHd3qSUF/AMGIDRkCbVWDXb4LsLMf3mSfSHF9gLwSZeYliOfaGIATgOS90YZvxwK46NWc++K9wC1FFxTQDe+r1Y5IKGmnCQame6yTaz0BqRjjNK16qaAJkDEPaMzICQZWfzRPm+GgQS6xHFM/fP70ZCKUmIjQeAXqkFtls+R/rpXpQ9zMWJammETEWwwYpxzrGs6Jwn0lKNJ8YAUQycyUmI5BAtKmzYuK7i2H/ivZJzXVq7u1ptXFZFFFGB+gQHSMXnaMGukZN1EIEPaEX9IberUfr2Xq1pt/WklX82Ue/xvr4AipboM4=</latexit><latexit sha1_base64="MceDKLS23Y8StYv6mn59MsypNJA=">AAACG3icbZBLS8NAFIUn9VXrK+rSzWARXJVEFLsRim7EVQX7gCaGm+m0HTqThJmJUEJ+iv4ZXUl158J/47RmodW7OnO/M3DPCRPOlHacT6u0tLyyulZer2xsbm3v2Lt7bRWnktAWiXksuyEoyllEW5ppTruJpCBCTjvh+GrGOw9UKhZHd3qSUF/AMGIDRkCbVWDXb4LsLMf3mSfSHF9gLwSZeYliOfaGIATgOS90YZvxwK46NWc++K9wC1FFxTQDe+r1Y5IKGmnCQame6yTaz0BqRjjNK16qaAJkDEPaMzICQZWfzRPm+GgQS6xHFM/fP70ZCKUmIjQeAXqkFtls+R/rpXpQ9zMWJammETEWwwYpxzrGs6Jwn0lKNJ8YAUQycyUmI5BAtKmzYuK7i2H/ivZJzXVq7u1ptXFZFFFGB+gQHSMXnaMGukZN1EIEPaEX9IberUfr2Xq1pt/WklX82Ue/xvr4AipboM4=</latexit><latexit sha1_base64="MceDKLS23Y8StYv6mn59MsypNJA=">AAACG3icbZBLS8NAFIUn9VXrK+rSzWARXJVEFLsRim7EVQX7gCaGm+m0HTqThJmJUEJ+iv4ZXUl158J/47RmodW7OnO/M3DPCRPOlHacT6u0tLyyulZer2xsbm3v2Lt7bRWnktAWiXksuyEoyllEW5ppTruJpCBCTjvh+GrGOw9UKhZHd3qSUF/AMGIDRkCbVWDXb4LsLMf3mSfSHF9gLwSZeYliOfaGIATgOS90YZvxwK46NWc++K9wC1FFxTQDe+r1Y5IKGmnCQame6yTaz0BqRjjNK16qaAJkDEPaMzICQZWfzRPm+GgQS6xHFM/fP70ZCKUmIjQeAXqkFtls+R/rpXpQ9zMWJammETEWwwYpxzrGs6Jwn0lKNJ8YAUQycyUmI5BAtKmzYuK7i2H/ivZJzXVq7u1ptXFZFFFGB+gQHSMXnaMGukZN1EIEPaEX9IberUfr2Xq1pt/WklX82Ue/xvr4AipboM4=</latexit>

axial current

S. L. Adler, Phys. Rev. 177, 2426 (1969)
J. S. Bell and R. Jackiw, Nuovo Cim. A60, 47 (1969)

ABJ anomaly

Fujikawa method

eiS✓[Aµ] =

Z
D ̄D eiS[ ̄, ,Aµ]

<latexit sha1_base64="f7ye3gwfUMDGaPPJ4c3m04FTJGQ="></latexit><latexit sha1_base64="f7ye3gwfUMDGaPPJ4c3m04FTJGQ="></latexit><latexit sha1_base64="f7ye3gwfUMDGaPPJ4c3m04FTJGQ="></latexit><latexit sha1_base64="f7ye3gwfUMDGaPPJ4c3m04FTJGQ="></latexit>

space-time dependent 
axion field

S✓ =
↵

4⇡2

Z
✓(~r, t) ~E · ~B d3x

<latexit sha1_base64="ZzURP6OW0nGbBHHv+tP+cWanIVY="></latexit><latexit sha1_base64="ZzURP6OW0nGbBHHv+tP+cWanIVY="></latexit><latexit sha1_base64="ZzURP6OW0nGbBHHv+tP+cWanIVY="></latexit><latexit sha1_base64="ZzURP6OW0nGbBHHv+tP+cWanIVY="></latexit>

✓(~r, t) = 2(~b · ~r � b0t)
<latexit sha1_base64="r+dgJOhubUFwMwxSeQjSGwhZy8I=">AAACHHicbVDLSgNBEJz1bXxFPXppDEICGnZFUA+C6MWjgjGBbAizk44ZnH0w0yuEZX9Ff0ZPvm6Cf+Mk7sFXn6q7qqGqgkRJQ6774UxMTk3PzM7NlxYWl5ZXyqtrVyZOtcCGiFWsWwE3qGSEDZKksJVo5GGgsBncnI745i1qI+PokoYJdkJ+Hcm+FJzsqVs+9GmAxKHq36LIdL5NNTiC3WIPcvBFLyYoWNiBALqZmwPVuuWKW3fHA3+BV4AKK+a8W372e7FIQ4xIKG5M23MT6mRckxQK85KfGky4uOHX2LYw4iGaTjaOmMNWP9ZgrcJ4/67NeGjMMLRWt0JOA/ObGx3/49op9Q86mYySlDASVmK5fqqAYhg1BT2pUZAaWsCFltYliAHXXJDts2Tje7/D/gVXu3XPrXsXe5Xjk6KIObbBNlmVeWyfHbMzds4aTLB79she2Ztz5zw4T87Ll3TCKX7W2Y9x3j8BIQ6faQ==</latexit><latexit sha1_base64="r+dgJOhubUFwMwxSeQjSGwhZy8I=">AAACHHicbVDLSgNBEJz1bXxFPXppDEICGnZFUA+C6MWjgjGBbAizk44ZnH0w0yuEZX9Ff0ZPvm6Cf+Mk7sFXn6q7qqGqgkRJQ6774UxMTk3PzM7NlxYWl5ZXyqtrVyZOtcCGiFWsWwE3qGSEDZKksJVo5GGgsBncnI745i1qI+PokoYJdkJ+Hcm+FJzsqVs+9GmAxKHq36LIdL5NNTiC3WIPcvBFLyYoWNiBALqZmwPVuuWKW3fHA3+BV4AKK+a8W372e7FIQ4xIKG5M23MT6mRckxQK85KfGky4uOHX2LYw4iGaTjaOmMNWP9ZgrcJ4/67NeGjMMLRWt0JOA/ObGx3/49op9Q86mYySlDASVmK5fqqAYhg1BT2pUZAaWsCFltYliAHXXJDts2Tje7/D/gVXu3XPrXsXe5Xjk6KIObbBNlmVeWyfHbMzds4aTLB79she2Ztz5zw4T87Ll3TCKX7W2Y9x3j8BIQ6faQ==</latexit><latexit sha1_base64="r+dgJOhubUFwMwxSeQjSGwhZy8I=">AAACHHicbVDLSgNBEJz1bXxFPXppDEICGnZFUA+C6MWjgjGBbAizk44ZnH0w0yuEZX9Ff0ZPvm6Cf+Mk7sFXn6q7qqGqgkRJQ6774UxMTk3PzM7NlxYWl5ZXyqtrVyZOtcCGiFWsWwE3qGSEDZKksJVo5GGgsBncnI745i1qI+PokoYJdkJ+Hcm+FJzsqVs+9GmAxKHq36LIdL5NNTiC3WIPcvBFLyYoWNiBALqZmwPVuuWKW3fHA3+BV4AKK+a8W372e7FIQ4xIKG5M23MT6mRckxQK85KfGky4uOHX2LYw4iGaTjaOmMNWP9ZgrcJ4/67NeGjMMLRWt0JOA/ObGx3/49op9Q86mYySlDASVmK5fqqAYhg1BT2pUZAaWsCFltYliAHXXJDts2Tje7/D/gVXu3XPrXsXe5Xjk6KIObbBNlmVeWyfHbMzds4aTLB79she2Ztz5zw4T87Ll3TCKX7W2Y9x3j8BIQ6faQ==</latexit><latexit sha1_base64="r+dgJOhubUFwMwxSeQjSGwhZy8I=">AAACHHicbVDLSgNBEJz1bXxFPXppDEICGnZFUA+C6MWjgjGBbAizk44ZnH0w0yuEZX9Ff0ZPvm6Cf+Mk7sFXn6q7qqGqgkRJQ6774UxMTk3PzM7NlxYWl5ZXyqtrVyZOtcCGiFWsWwE3qGSEDZKksJVo5GGgsBncnI745i1qI+PokoYJdkJ+Hcm+FJzsqVs+9GmAxKHq36LIdL5NNTiC3WIPcvBFLyYoWNiBALqZmwPVuuWKW3fHA3+BV4AKK+a8W372e7FIQ4xIKG5M23MT6mRckxQK85KfGky4uOHX2LYw4iGaTjaOmMNWP9ZgrcJ4/67NeGjMMLRWt0JOA/ObGx3/49op9Q86mYySlDASVmK5fqqAYhg1BT2pUZAaWsCFltYliAHXXJDts2Tje7/D/gVXu3XPrXsXe5Xjk6KIObbBNlmVeWyfHbMzds4aTLB79she2Ztz5zw4T87Ll3TCKX7W2Y9x3j8BIQ6faQ==</latexit>

K. Fujikawa, Phys. Rev. D 29, 285 (1984)

Symmetry considerationsPhysical consequences?

TR-breaking 

anomalous Hall effect 
<latexit sha1_base64="gOxMmFxHm9SBXbQ36aHtqM1KeZo=">AAAB+HicbVDLSgNBEOz1GeMjqx69DAbBU9gVUY9BLx4jmAckS5id9CZDZmfXmVkhLvkSLx4U8eqnePNvnDwOmljQUFR1090VpoJr43nfzsrq2vrGZmGruL2zu1dy9w8aOskUwzpLRKJaIdUouMS64UZgK1VI41BgMxzeTPzmIyrNE3lvRikGMe1LHnFGjZW6binvhFEejsekI/GBeF237FW8Kcgy8eekDHPUuu5Xp5ewLEZpmKBat30vNUFOleFM4LjYyTSmlA1pH9uWShqjDvLp4WNyYpUeiRJlSxoyVX9P5DTWehSHtjOmZqAXvYn4n9fOTHQV5FymmUHJZouiTBCTkEkKpMcVMiNGllCmuL2VsAFVlBmbVdGG4C++vEwaZxX/ouLfnZer1/M4CnAEx3AKPlxCFW6hBnVgkMEzvMKb8+S8OO/Ox6x1xZnPHMIfOJ8/OVmSzQ==</latexit>

b 6= 0

<latexit sha1_base64="y0Fbd69QrrqQvdxYXSqcuM5AapM="></latexit>

J =
↵

2⇡2
b⇥E

parity-breaking 
b0 6= 0

<latexit sha1_base64="YokgmLqlKfbJIGJ7XcG6B3mdrzw=">AAAB7nicbZDNTgIxFIXv4B/iH+rSTSMxcUU6xkSXRDcuMZGfBCakUy7Q0OkMbceETHgNXRl158P4Ar6NBWeh4Fl9vec0ueeGiRTGUvrlFdbWNza3itulnd29/YPy4VHTxKnm2OCxjHU7ZAalUNiwwkpsJxpZFEpshePbud96RG1ErB7sNMEgYkMlBoIz60ZBSHoZnZGuwgmhvXKFVulCZBX8HCqQq94rf3b7MU8jVJZLZkzHp4kNMqat4BJnpW5qMGF8zIbYcahYhCbIFkvPyNkg1sSOkCzev7MZi4yZRqHLRMyOzLI3H/7ndVI7uA4yoZLUouIu4rxBKomNybw76QuN3MqpA8a1cFsSPmKacesuVHL1/eWyq9C8qPq06t9fVmo3+SGKcAKncA4+XEEN7qAODeAwgWd4g3cv8Z68F+/1J1rw8j/H8EfexzcaPI6q</latexit><latexit sha1_base64="YokgmLqlKfbJIGJ7XcG6B3mdrzw=">AAAB7nicbZDNTgIxFIXv4B/iH+rSTSMxcUU6xkSXRDcuMZGfBCakUy7Q0OkMbceETHgNXRl158P4Ar6NBWeh4Fl9vec0ueeGiRTGUvrlFdbWNza3itulnd29/YPy4VHTxKnm2OCxjHU7ZAalUNiwwkpsJxpZFEpshePbud96RG1ErB7sNMEgYkMlBoIz60ZBSHoZnZGuwgmhvXKFVulCZBX8HCqQq94rf3b7MU8jVJZLZkzHp4kNMqat4BJnpW5qMGF8zIbYcahYhCbIFkvPyNkg1sSOkCzev7MZi4yZRqHLRMyOzLI3H/7ndVI7uA4yoZLUouIu4rxBKomNybw76QuN3MqpA8a1cFsSPmKacesuVHL1/eWyq9C8qPq06t9fVmo3+SGKcAKncA4+XEEN7qAODeAwgWd4g3cv8Z68F+/1J1rw8j/H8EfexzcaPI6q</latexit><latexit sha1_base64="YokgmLqlKfbJIGJ7XcG6B3mdrzw=">AAAB7nicbZDNTgIxFIXv4B/iH+rSTSMxcUU6xkSXRDcuMZGfBCakUy7Q0OkMbceETHgNXRl158P4Ar6NBWeh4Fl9vec0ueeGiRTGUvrlFdbWNza3itulnd29/YPy4VHTxKnm2OCxjHU7ZAalUNiwwkpsJxpZFEpshePbud96RG1ErB7sNMEgYkMlBoIz60ZBSHoZnZGuwgmhvXKFVulCZBX8HCqQq94rf3b7MU8jVJZLZkzHp4kNMqat4BJnpW5qMGF8zIbYcahYhCbIFkvPyNkg1sSOkCzev7MZi4yZRqHLRMyOzLI3H/7ndVI7uA4yoZLUouIu4rxBKomNybw76QuN3MqpA8a1cFsSPmKacesuVHL1/eWyq9C8qPq06t9fVmo3+SGKcAKncA4+XEEN7qAODeAwgWd4g3cv8Z68F+/1J1rw8j/H8EfexzcaPI6q</latexit><latexit sha1_base64="YokgmLqlKfbJIGJ7XcG6B3mdrzw=">AAAB7nicbZDNTgIxFIXv4B/iH+rSTSMxcUU6xkSXRDcuMZGfBCakUy7Q0OkMbceETHgNXRl158P4Ar6NBWeh4Fl9vec0ueeGiRTGUvrlFdbWNza3itulnd29/YPy4VHTxKnm2OCxjHU7ZAalUNiwwkpsJxpZFEpshePbud96RG1ErB7sNMEgYkMlBoIz60ZBSHoZnZGuwgmhvXKFVulCZBX8HCqQq94rf3b7MU8jVJZLZkzHp4kNMqat4BJnpW5qMGF8zIbYcahYhCbIFkvPyNkg1sSOkCzev7MZi4yZRqHLRMyOzLI3H/7ndVI7uA4yoZLUouIu4rxBKomNybw76QuN3MqpA8a1cFsSPmKacesuVHL1/eWyq9C8qPq06t9fVmo3+SGKcAKncA4+XEEN7qAODeAwgWd4g3cv8Z68F+/1J1rw8j/H8EfexzcaPI6q</latexit>

)

<latexit sha1_base64="DYU9ZPdvEwK0j9brvPS3EaL5OqA=">AAAB6XicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy1I3LCrYWmlAm05t06EwSZiZCCX0IXYm683V8Ad/Gac1CW8/qm3vOwD03zATXxnW/nMra+sbmVnW7trO7t39QPzzq6TRXDLssFanqh1Sj4Al2DTcC+5lCKkOBD+HkZu4/PKLSPE3uzTTDQNI44RFn1NhR32/zOPZn/rDecJvuQmQVvBIaUKozrH/6o5TlEhPDBNV64LmZCQqqDGcCZzU/15hRNqExDiwmVKIOisW+M3IWpYqYMZLF+3e2oFLrqQxtRlIz1svefPifN8hNdB0UPMlygwmzEetFuSAmJfPaZMQVMiOmFihT3G5J2Jgqyow9Ts3W95bLrkLvoum5Te/ustFql4eowgmcwjl4cAUtuIUOdIGBgGd4g3dn4jw5L87rT7TilH+O4Y+cj2+9v41p</latexit><latexit sha1_base64="DYU9ZPdvEwK0j9brvPS3EaL5OqA=">AAAB6XicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy1I3LCrYWmlAm05t06EwSZiZCCX0IXYm683V8Ad/Gac1CW8/qm3vOwD03zATXxnW/nMra+sbmVnW7trO7t39QPzzq6TRXDLssFanqh1Sj4Al2DTcC+5lCKkOBD+HkZu4/PKLSPE3uzTTDQNI44RFn1NhR32/zOPZn/rDecJvuQmQVvBIaUKozrH/6o5TlEhPDBNV64LmZCQqqDGcCZzU/15hRNqExDiwmVKIOisW+M3IWpYqYMZLF+3e2oFLrqQxtRlIz1svefPifN8hNdB0UPMlygwmzEetFuSAmJfPaZMQVMiOmFihT3G5J2Jgqyow9Ts3W95bLrkLvoum5Te/ustFql4eowgmcwjl4cAUtuIUOdIGBgGd4g3dn4jw5L87rT7TilH+O4Y+cj2+9v41p</latexit><latexit sha1_base64="DYU9ZPdvEwK0j9brvPS3EaL5OqA=">AAAB6XicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy1I3LCrYWmlAm05t06EwSZiZCCX0IXYm683V8Ad/Gac1CW8/qm3vOwD03zATXxnW/nMra+sbmVnW7trO7t39QPzzq6TRXDLssFanqh1Sj4Al2DTcC+5lCKkOBD+HkZu4/PKLSPE3uzTTDQNI44RFn1NhR32/zOPZn/rDecJvuQmQVvBIaUKozrH/6o5TlEhPDBNV64LmZCQqqDGcCZzU/15hRNqExDiwmVKIOisW+M3IWpYqYMZLF+3e2oFLrqQxtRlIz1svefPifN8hNdB0UPMlygwmzEetFuSAmJfPaZMQVMiOmFihT3G5J2Jgqyow9Ts3W95bLrkLvoum5Te/ustFql4eowgmcwjl4cAUtuIUOdIGBgGd4g3dn4jw5L87rT7TilH+O4Y+cj2+9v41p</latexit><latexit sha1_base64="DYU9ZPdvEwK0j9brvPS3EaL5OqA=">AAAB6XicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy1I3LCrYWmlAm05t06EwSZiZCCX0IXYm683V8Ad/Gac1CW8/qm3vOwD03zATXxnW/nMra+sbmVnW7trO7t39QPzzq6TRXDLssFanqh1Sj4Al2DTcC+5lCKkOBD+HkZu4/PKLSPE3uzTTDQNI44RFn1NhR32/zOPZn/rDecJvuQmQVvBIaUKozrH/6o5TlEhPDBNV64LmZCQqqDGcCZzU/15hRNqExDiwmVKIOisW+M3IWpYqYMZLF+3e2oFLrqQxtRlIz1svefPifN8hNdB0UPMlygwmzEetFuSAmJfPaZMQVMiOmFihT3G5J2Jgqyow9Ts3W95bLrkLvoum5Te/ustFql4eowgmcwjl4cAUtuIUOdIGBgGd4g3dn4jw5L87rT7TilH+O4Y+cj2+9v41p</latexit>

b0
<latexit sha1_base64="AtZFgA929LS/TTd4cod7L5Wj81E=">AAAB53icbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3biMYB6QDKGnU5O06XnQXSOEId+gK1F3/o8/4N/YibPQxLs6Xfc21K0gVdKQ6345K6tr6xubpa3y9s7u3n7l4LBlkkwLbIpEJboTcINKxtgkSQo7qUYeBQrbwfhm5rcfURuZxPc0SdGP+DCWoRSc7KgVsH7uTvuVqltz52LL4BVQhUKNfuWzN0hEFmFMQnFjup6bkp9zTVIonJZ7mcGUizEfYtdizCM0fj7fdspOw0QzGiGbv39ncx4ZM4kCm4k4jcyiNxv+53UzCq/8XMZpRhgLG7FemClGCZuVZgOpUZCaWOBCS7slEyOuuSB7mrKt7y2WXYbWec1za97dRbV+XRyiBMdwAmfgwSXU4RYa0AQBD/AMb/DuSOfJeXFef6IrTvHnCP7I+fgG7tuMVA==</latexit><latexit sha1_base64="AtZFgA929LS/TTd4cod7L5Wj81E=">AAAB53icbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3biMYB6QDKGnU5O06XnQXSOEId+gK1F3/o8/4N/YibPQxLs6Xfc21K0gVdKQ6345K6tr6xubpa3y9s7u3n7l4LBlkkwLbIpEJboTcINKxtgkSQo7qUYeBQrbwfhm5rcfURuZxPc0SdGP+DCWoRSc7KgVsH7uTvuVqltz52LL4BVQhUKNfuWzN0hEFmFMQnFjup6bkp9zTVIonJZ7mcGUizEfYtdizCM0fj7fdspOw0QzGiGbv39ncx4ZM4kCm4k4jcyiNxv+53UzCq/8XMZpRhgLG7FemClGCZuVZgOpUZCaWOBCS7slEyOuuSB7mrKt7y2WXYbWec1za97dRbV+XRyiBMdwAmfgwSXU4RYa0AQBD/AMb/DuSOfJeXFef6IrTvHnCP7I+fgG7tuMVA==</latexit><latexit sha1_base64="AtZFgA929LS/TTd4cod7L5Wj81E=">AAAB53icbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3biMYB6QDKGnU5O06XnQXSOEId+gK1F3/o8/4N/YibPQxLs6Xfc21K0gVdKQ6345K6tr6xubpa3y9s7u3n7l4LBlkkwLbIpEJboTcINKxtgkSQo7qUYeBQrbwfhm5rcfURuZxPc0SdGP+DCWoRSc7KgVsH7uTvuVqltz52LL4BVQhUKNfuWzN0hEFmFMQnFjup6bkp9zTVIonJZ7mcGUizEfYtdizCM0fj7fdspOw0QzGiGbv39ncx4ZM4kCm4k4jcyiNxv+53UzCq/8XMZpRhgLG7FemClGCZuVZgOpUZCaWOBCS7slEyOuuSB7mrKt7y2WXYbWec1za97dRbV+XRyiBMdwAmfgwSXU4RYa0AQBD/AMb/DuSOfJeXFef6IrTvHnCP7I+fgG7tuMVA==</latexit><latexit sha1_base64="AtZFgA929LS/TTd4cod7L5Wj81E=">AAAB53icbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3biMYB6QDKGnU5O06XnQXSOEId+gK1F3/o8/4N/YibPQxLs6Xfc21K0gVdKQ6345K6tr6xubpa3y9s7u3n7l4LBlkkwLbIpEJboTcINKxtgkSQo7qUYeBQrbwfhm5rcfURuZxPc0SdGP+DCWoRSc7KgVsH7uTvuVqltz52LL4BVQhUKNfuWzN0hEFmFMQnFjup6bkp9zTVIonJZ7mcGUizEfYtdizCM0fj7fdspOw0QzGiGbv39ncx4ZM4kCm4k4jcyiNxv+53UzCq/8XMZpRhgLG7FemClGCZuVZgOpUZCaWOBCS7slEyOuuSB7mrKt7y2WXYbWec1za97dRbV+XRyiBMdwAmfgwSXU4RYa0AQBD/AMb/DuSOfJeXFef6IrTvHnCP7I+fgG7tuMVA==</latexit>

<latexit sha1_base64="vbjKkPxs2eDY8rCbMJfcR6OEthk=">AAACHnicbVDLSgMxFM34rPU16tJNsAhuLDPF10YodSOuKtgHdMYhk2ba0MyDJCOUMF/ixl9x40IRwZX+jel0Ftp6IHA451xu7vETRoW0rG9jYXFpeWW1tFZe39jc2jZ3dtsiTjkmLRyzmHd9JAijEWlJKhnpJpyg0Gek44+uJn7ngXBB4+hOjhPihmgQ0YBiJLXkmafK8QN1k2XwEh5DJ+AIKwexZIgyVYNOQuG9qmnX95SVwTzcyDLPrFhVKwecJ3ZBKqBA0zM/nX6M05BEEjMkRM+2EukqxCXFjGRlJxUkQXiEBqSnaYRCIlyVn5fBQ630YRBz/SIJc/X3hEKhEOPQ18kQyaGY9Sbif14vlcGFq2iUpJJEeLooSBmUMZx0BfuUEyzZWBOEOdV/hXiIdEVSN1rWJdizJ8+Tdq1qn1Xt25NKvVHUUQL74AAcARucgzq4Bk3QAhg8gmfwCt6MJ+PFeDc+ptEFo5jZA39gfP0AH+uh4w==</latexit>

J = � ↵

2⇡2
b0B



       Anomalous transport induced by axial anomaly in WSMs

Chiral kinetic theory

<latexit sha1_base64="jkXcVva+/CRZXtlZeYu9YAVWi/s="></latexit>

ṙ↵(k) = v↵(k)� k̇↵(k)⇥⌦↵(k)

<latexit sha1_base64="651SjC9PLAcYdqtLtQubDZcAczc="></latexit>

k̇↵(k) = �eE� eṙ↵(k)⇥B

<latexit sha1_base64="jAxiEFhN3FjvkwSsmAgzPM/ePA0="></latexit>

v↵(k) =
1

~rk [E↵(k)�m↵(k) ·B]

quasiparticle 
electric current

Nonequilibrium 
distribution

<latexit sha1_base64="r949FH6MH9nJ8oFVmEHW9Vk9jf4="></latexit>

J = �e
X

s

X

�=±1

Z
D↵(k) ṙ↵(k) f↵(k)

d3k

(2⇡)3

Zeeman splitting

eqs. of motion

<latexit sha1_base64="ClnZgllsdpr9f7t21We57AW+fg4="></latexit>

D↵(k) = 1 +
e

~B ·⌦↵(k)

modified density of states

Sundaram, Niu, PR 53, 7010 (1996) D Xiao et al, Rev. Mod. Phys. 53, 1959 (2010) 

<latexit sha1_base64="NzAqtASIbji1ZmRTQP0lkoz8Urc="></latexit>

m↵(k) = �i
e

2~ hrku↵(k)|⇥ [H(k)� E↵(k)]|rku↵(k)i

magnetic moment
Bloch

rc
<latexit sha1_base64="lMEGiZZ9l18jTjO0iNL972eqzZM=">AAAB53icbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3biMYB6QDKGnU5O06XnQXSOEId+gK1F3/o8/4N/YibPQxLs6Xfc21K0gVdKQ6345K6tr6xubpa3y9s7u3n7l4LBlkkwLbIpEJboTcINKxtgkSQo7qUYeBQrbwfhm5rcfURuZxPc0SdGP+DCWoRSc7KilWT8X036l6tbcudgyeAVUoVCjX/nsDRKRRRiTUNyYruem5OdckxQKp+VeZjDlYsyH2LUY8wiNn8+3nbLTMNGMRsjm79/ZnEfGTKLAZiJOI7PozYb/ed2Mwis/l3GaEcbCRqwXZopRwmal2UBqFKQmFrjQ0m7JxIhrLsiepmzre4tll6F1XvPcmnd3Ua1fF4cowTGcwBl4cAl1uIUGNEHAAzzDG7w70nlyXpzXn+iKU/w5gj9yPr4BU2eMlw==</latexit><latexit sha1_base64="lMEGiZZ9l18jTjO0iNL972eqzZM=">AAAB53icbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3biMYB6QDKGnU5O06XnQXSOEId+gK1F3/o8/4N/YibPQxLs6Xfc21K0gVdKQ6345K6tr6xubpa3y9s7u3n7l4LBlkkwLbIpEJboTcINKxtgkSQo7qUYeBQrbwfhm5rcfURuZxPc0SdGP+DCWoRSc7KilWT8X036l6tbcudgyeAVUoVCjX/nsDRKRRRiTUNyYruem5OdckxQKp+VeZjDlYsyH2LUY8wiNn8+3nbLTMNGMRsjm79/ZnEfGTKLAZiJOI7PozYb/ed2Mwis/l3GaEcbCRqwXZopRwmal2UBqFKQmFrjQ0m7JxIhrLsiepmzre4tll6F1XvPcmnd3Ua1fF4cowTGcwBl4cAl1uIUGNEHAAzzDG7w70nlyXpzXn+iKU/w5gj9yPr4BU2eMlw==</latexit><latexit sha1_base64="lMEGiZZ9l18jTjO0iNL972eqzZM=">AAAB53icbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3biMYB6QDKGnU5O06XnQXSOEId+gK1F3/o8/4N/YibPQxLs6Xfc21K0gVdKQ6345K6tr6xubpa3y9s7u3n7l4LBlkkwLbIpEJboTcINKxtgkSQo7qUYeBQrbwfhm5rcfURuZxPc0SdGP+DCWoRSc7KilWT8X036l6tbcudgyeAVUoVCjX/nsDRKRRRiTUNyYruem5OdckxQKp+VeZjDlYsyH2LUY8wiNn8+3nbLTMNGMRsjm79/ZnEfGTKLAZiJOI7PozYb/ed2Mwis/l3GaEcbCRqwXZopRwmal2UBqFKQmFrjQ0m7JxIhrLsiepmzre4tll6F1XvPcmnd3Ua1fF4cowTGcwBl4cAl1uIUGNEHAAzzDG7w70nlyXpzXn+iKU/w5gj9yPr4BU2eMlw==</latexit><latexit sha1_base64="lMEGiZZ9l18jTjO0iNL972eqzZM=">AAAB53icbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3biMYB6QDKGnU5O06XnQXSOEId+gK1F3/o8/4N/YibPQxLs6Xfc21K0gVdKQ6345K6tr6xubpa3y9s7u3n7l4LBlkkwLbIpEJboTcINKxtgkSQo7qUYeBQrbwfhm5rcfURuZxPc0SdGP+DCWoRSc7KilWT8X036l6tbcudgyeAVUoVCjX/nsDRKRRRiTUNyYruem5OdckxQKp+VeZjDlYsyH2LUY8wiNn8+3nbLTMNGMRsjm79/ZnEfGTKLAZiJOI7PozYb/ed2Mwis/l3GaEcbCRqwXZopRwmal2UBqFKQmFrjQ0m7JxIhrLsiepmzre4tll6F1XvPcmnd3Ua1fF4cowTGcwBl4cAl1uIUGNEHAAzzDG7w70nlyXpzXn+iKU/w5gj9yPr4BU2eMlw==</latexit>

<latexit sha1_base64="BSKGva4hHtrz+ZMa1V7pVPVfs5w=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUoiooKbohuXFewD2hAm00k7dPJgZiKUkD9w46+4caGIW7fu/BunbQRtPTBw7jn3cuceL+ZMKsv6MgoLi0vLK8XV0tr6xuaWub3TlFEiCG2QiEei7WFJOQtpQzHFaTsWFAcepy1veD32W/dUSBaFd2oUUyfA/ZD5jGClJdc8bFXSruenIssuf4ibkux4UgynBTpyzbJVtSZA88TOSRly1F3zs9uLSBLQUBGOpezYVqycFAvFCKdZqZtIGmMyxH3a0TTEAZVOOrknQwda6SE/EvqFCk3U3xMpDqQcBZ7uDLAayFlvLP7ndRLlXzgpC+NE0ZBMF/kJRypC43BQjwlKFB9pgolg+q+IDLDAROkISzoEe/bkedI8qdpnVfv2tFy7yuMowh7sQwVsOIca3EAdGkDgAZ7gBV6NR+PZeDPep60FI5/ZhT8wPr4BJbydWw==</latexit>

W (r; rc,kc)



Anomalous Hall effect, Ohm law…

sink

E-field

topological part

non-topological part

       Anomalous transport induced by axial anomaly in WSMs

source
<latexit sha1_base64="nYiantG5M0qcFdnwLV2neiShttI="></latexit>

⌦↵(k) = �s�
k

k3

µ
<latexit sha1_base64="kBNrpEyb8NIuOi5titr+wF7iLbs=">AAAB5HicbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXFe0PtEPJpHfa0CQzJBmhDH0DXYm684l8Ad/GtM5Cq2f15Z4TuOdGqeDG+v6nV1pZXVvfKG9WtrZ3dveq+wdtk2SaYYslItHdiBoUXGHLciuwm2qkMhLYiSbXc7/zgNrwRN3baYqhpCPFY86odaO7vswG1Zpf9xcifyEooAaFmoPqR3+YsEyiskxQY3qBn9owp9pyJnBW6WcGU8omdIQ9h4pKNGG+WHVGTuJEEztGsnj/zOZUGjOVkctIasdm2ZsP//N6mY0vw5yrNLOomIs4L84EsQmZNyZDrpFZMXVAmeZuS8LGVFNm3V0qrn6wXPYvtM/qgV8Pbs9rjaviEGU4gmM4hQAuoAE30IQWMBjBE7zCmxd7j96z9/IdLXnFn0P4Je/9C02ui2s=</latexit><latexit sha1_base64="kBNrpEyb8NIuOi5titr+wF7iLbs=">AAAB5HicbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXFe0PtEPJpHfa0CQzJBmhDH0DXYm684l8Ad/GtM5Cq2f15Z4TuOdGqeDG+v6nV1pZXVvfKG9WtrZ3dveq+wdtk2SaYYslItHdiBoUXGHLciuwm2qkMhLYiSbXc7/zgNrwRN3baYqhpCPFY86odaO7vswG1Zpf9xcifyEooAaFmoPqR3+YsEyiskxQY3qBn9owp9pyJnBW6WcGU8omdIQ9h4pKNGG+WHVGTuJEEztGsnj/zOZUGjOVkctIasdm2ZsP//N6mY0vw5yrNLOomIs4L84EsQmZNyZDrpFZMXVAmeZuS8LGVFNm3V0qrn6wXPYvtM/qgV8Pbs9rjaviEGU4gmM4hQAuoAE30IQWMBjBE7zCmxd7j96z9/IdLXnFn0P4Je/9C02ui2s=</latexit><latexit sha1_base64="kBNrpEyb8NIuOi5titr+wF7iLbs=">AAAB5HicbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXFe0PtEPJpHfa0CQzJBmhDH0DXYm684l8Ad/GtM5Cq2f15Z4TuOdGqeDG+v6nV1pZXVvfKG9WtrZ3dveq+wdtk2SaYYslItHdiBoUXGHLciuwm2qkMhLYiSbXc7/zgNrwRN3baYqhpCPFY86odaO7vswG1Zpf9xcifyEooAaFmoPqR3+YsEyiskxQY3qBn9owp9pyJnBW6WcGU8omdIQ9h4pKNGG+WHVGTuJEEztGsnj/zOZUGjOVkctIasdm2ZsP//N6mY0vw5yrNLOomIs4L84EsQmZNyZDrpFZMXVAmeZuS8LGVFNm3V0qrn6wXPYvtM/qgV8Pbs9rjaviEGU4gmM4hQAuoAE30IQWMBjBE7zCmxd7j96z9/IdLXnFn0P4Je/9C02ui2s=</latexit><latexit sha1_base64="kBNrpEyb8NIuOi5titr+wF7iLbs=">AAAB5HicbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXFe0PtEPJpHfa0CQzJBmhDH0DXYm684l8Ad/GtM5Cq2f15Z4TuOdGqeDG+v6nV1pZXVvfKG9WtrZ3dveq+wdtk2SaYYslItHdiBoUXGHLciuwm2qkMhLYiSbXc7/zgNrwRN3baYqhpCPFY86odaO7vswG1Zpf9xcifyEooAaFmoPqR3+YsEyiskxQY3qBn9owp9pyJnBW6WcGU8omdIQ9h4pKNGG+WHVGTuJEEztGsnj/zOZUGjOVkctIasdm2ZsP//N6mY0vw5yrNLOomIs4L84EsQmZNyZDrpFZMXVAmeZuS8LGVFNm3V0qrn6wXPYvtM/qgV8Pbs9rjaviEGU4gmM4hQAuoAE30IQWMBjBE7zCmxd7j96z9/IdLXnFn0P4Je/9C02ui2s=</latexit>

<latexit sha1_base64="1xsIJdWaomSLVC/5+tDOe8iolxE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBotQNyURUZdFEVxWsA9oSplMJ+3QeYSZiVJiPsWNC0Xc+iXu/BunbRbaeuDC4Zx7ufeeMGZUG8/7dgorq2vrG8XN0tb2zu6eW95vaZkoTJpYMqk6IdKEUUGahhpGOrEiiIeMtMPx9dRvPxClqRT3ZhKTHkdDQSOKkbFS3y2nQRilN1kGq4HkZIhO+m7Fq3kzwGXi56QCcjT67lcwkDjhRBjMkNZd34tNL0XKUMxIVgoSTWKEx2hIupYKxInupbPTM3hslQGMpLIlDJypvydSxLWe8NB2cmRGetGbiv953cREl72UijgxROD5oihh0Eg4zQEOqCLYsIklCCtqb4V4hBTCxqZVsiH4iy8vk9ZpzT+v+XdnlfpVHkcRHIIjUAU+uAB1cAsaoAkweATP4BW8OU/Oi/PufMxbC04+cwD+wPn8AY2Bk4o=</latexit>

E(!)

monopoles

<latexit sha1_base64="z7gas3KcQuevQ89COEsYFAQD74U="></latexit>

J =
e2

~ E⇥
Z

⌦s(k) fs(k, t)
d3k

(2⇡)3
=

↵

2⇡2
cb⇥E

anomalous Hall effect 

<latexit sha1_base64="OgQNKBPIgbT6rcsHfeZXxe8mYlM=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgQkoiom6E4gPEVQX7gCaEyXTSDp1MwsxEKCF7N/6KGxeKuPUH3Pk3TtMstPXAhcM593LvPX7MqFSW9W2UFhaXllfKq5W19Y3NLXN7py2jRGDSwhGLRNdHkjDKSUtRxUg3FgSFPiMdf3Q58TsPREga8Xs1jokbogGnAcVIackzq6njB+ltlsFz6Eg6CBH00qsMOocwd66zzDNrVt3KAeeJXZAaKND0zC+nH+EkJFxhhqTs2Vas3BQJRTEjWcVJJIkRHqEB6WnKUUikm+a/ZHBfK30YREIXVzBXf0+kKJRyHPq6M0RqKGe9ifif10tUcOamlMeJIhxPFwUJgyqCk2BgnwqCFRtrgrCg+laIh0ggrHR8FR2CPfvyPGkf1e2Tun13XGtcFHGUwR6oggNgg1PQADegCVoAg0fwDF7Bm/FkvBjvxse0tWQUM7vgD4zPH6KFmik=</latexit>

J = �D E

<latexit sha1_base64="JVfPZMcGVkY0n/RxM7x1DkmMIcI="></latexit>

�D =
⌧e2µ2

3⇡2~3vF

<latexit sha1_base64="x979FXffsZkvZsftBPcwre4HXZ4=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6kYodeOygn1AE8pkOmmHTiZhHkIJ+Q03LhRx68+482+ctllo64ELh3Pu5d57wpQzpV332ymtrW9sbpW3Kzu7e/sH1cOjjkqMJLRNEp7IXogV5UzQtmaa014qKY5DTrvh5G7md5+oVCwRj3qa0iDGI8EiRrC2kp/5YZQ18xzdIndQrbl1dw60SryC1KBAa1D98ocJMTEVmnCsVN9zUx1kWGpGOM0rvlE0xWSCR7RvqcAxVUE2vzlHZ1YZoiiRtoRGc/X3RIZjpaZxaDtjrMdq2ZuJ/3l9o6ObIGMiNZoKslgUGY50gmYBoCGTlGg+tQQTyeytiIyxxETbmCo2BG/55VXSuah7V3Xv4bLWaBZxlOEETuEcPLiGBtxDC9pAIIVneIU3xzgvzrvzsWgtOcXMMfyB8/kD90uQ+w==</latexit>

B = 0B-field

vanishing at neutrality
<latexit sha1_base64="/ASKnvcH2ArwJKGSlrmvsIcGVCs=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUmKqMtqEVxWsA9oQ5hMJu3QSSbMTMQSsnHjr7hxoYhb/8Gdf+M0zUJbDwyce8693LnHixmVyrK+jdLS8srqWnm9srG5tb1j7u51JE8EJm3MGRc9D0nCaETaiipGerEgKPQY6Xrj5tTv3hMhKY/u1CQmToiGEQ0oRkpLrnk4CD3+kF4nTT9z03o2Ky9lXrhm1apZOeAisQtSBQVarvk18DlOQhIpzJCUfduKlZMioShmJKsMEklihMdoSPqaRigk0knzKzJ4rBUfBlzoFymYq78nUhRKOQk93RkiNZLz3lT8z+snKrhwUhrFiSIRni0KEgYVh9NIoE8FwYpNNEFYUP1XiEdIIKx0cBUdgj1/8iLp1Gv2Wc2+Pa02roo4yuAAHIETYINz0AA3oAXaAINH8AxewZvxZLwY78bHrLVkFDP74A+Mzx8wXZkE</latexit>

EuCd2As2



Chiral anomaly

cuasiparticle density

⇢̇ = ⇢̇+ + ⇢̇� = 0
<latexit sha1_base64="JmIpCIhF/jZs9cmYwTKvY4Km5aY=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0UQiiUpgm6EohuXFewD2hAm00k7dPJg5kYoId+hP6MrUReCa//GSc3Ctp7Vueecucw9Xiy4Asv6Nkorq2vrG+XNytb2zu6euX/QUVEiKWvTSESy5xHFBA9ZGzgI1oslI4EnWNeb3OR+94FJxaPwHqYxcwIyCrnPKQEtuWZjMIwgHchxlOEr/Gdw01qGa/PKWZ6xXLNq1a0Z8DKxC1JFBVqu+am30CRgIVBBlOrbVgxOSiRwKlhWGSSKxYROyIj1NQ1JwJSTzm7L8IkfSQxjhmfz32xKAqWmgaczAYGxWvRy8T+vn4B/6aQ8jBNgIdUR7fmJwBDhvCI85JJREFNNCJVc/xLTMZGEgi6yos+3F49dJp1G3bbq9t15tXldFFFGR+gYnSIbXaAmukUt1EYUPaEX9I4+jEfj2Xg13n6jJaN4c4jmYHz9AMjfnc8=</latexit><latexit sha1_base64="JmIpCIhF/jZs9cmYwTKvY4Km5aY=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0UQiiUpgm6EohuXFewD2hAm00k7dPJg5kYoId+hP6MrUReCa//GSc3Ctp7Vueecucw9Xiy4Asv6Nkorq2vrG+XNytb2zu6euX/QUVEiKWvTSESy5xHFBA9ZGzgI1oslI4EnWNeb3OR+94FJxaPwHqYxcwIyCrnPKQEtuWZjMIwgHchxlOEr/Gdw01qGa/PKWZ6xXLNq1a0Z8DKxC1JFBVqu+am30CRgIVBBlOrbVgxOSiRwKlhWGSSKxYROyIj1NQ1JwJSTzm7L8IkfSQxjhmfz32xKAqWmgaczAYGxWvRy8T+vn4B/6aQ8jBNgIdUR7fmJwBDhvCI85JJREFNNCJVc/xLTMZGEgi6yos+3F49dJp1G3bbq9t15tXldFFFGR+gYnSIbXaAmukUt1EYUPaEX9I4+jEfj2Xg13n6jJaN4c4jmYHz9AMjfnc8=</latexit><latexit sha1_base64="JmIpCIhF/jZs9cmYwTKvY4Km5aY=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0UQiiUpgm6EohuXFewD2hAm00k7dPJg5kYoId+hP6MrUReCa//GSc3Ctp7Vueecucw9Xiy4Asv6Nkorq2vrG+XNytb2zu6euX/QUVEiKWvTSESy5xHFBA9ZGzgI1oslI4EnWNeb3OR+94FJxaPwHqYxcwIyCrnPKQEtuWZjMIwgHchxlOEr/Gdw01qGa/PKWZ6xXLNq1a0Z8DKxC1JFBVqu+am30CRgIVBBlOrbVgxOSiRwKlhWGSSKxYROyIj1NQ1JwJSTzm7L8IkfSQxjhmfz32xKAqWmgaczAYGxWvRy8T+vn4B/6aQ8jBNgIdUR7fmJwBDhvCI85JJREFNNCJVc/xLTMZGEgi6yos+3F49dJp1G3bbq9t15tXldFFFGR+gYnSIbXaAmukUt1EYUPaEX9I4+jEfj2Xg13n6jJaN4c4jmYHz9AMjfnc8=</latexit><latexit sha1_base64="JmIpCIhF/jZs9cmYwTKvY4Km5aY=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0UQiiUpgm6EohuXFewD2hAm00k7dPJg5kYoId+hP6MrUReCa//GSc3Ctp7Vueecucw9Xiy4Asv6Nkorq2vrG+XNytb2zu6euX/QUVEiKWvTSESy5xHFBA9ZGzgI1oslI4EnWNeb3OR+94FJxaPwHqYxcwIyCrnPKQEtuWZjMIwgHchxlOEr/Gdw01qGa/PKWZ6xXLNq1a0Z8DKxC1JFBVqu+am30CRgIVBBlOrbVgxOSiRwKlhWGSSKxYROyIj1NQ1JwJSTzm7L8IkfSQxjhmfz32xKAqWmgaczAYGxWvRy8T+vn4B/6aQ8jBNgIdUR7fmJwBDhvCI85JJREFNNCJVc/xLTMZGEgi6yos+3F49dJp1G3bbq9t15tXldFFFGR+gYnSIbXaAmukUt1EYUPaEX9I4+jEfj2Xg13n6jJaN4c4jmYHz9AMjfnc8=</latexit>

total charge conserved
gauge invariance

nonconservation of chiral charge

(if we impose gauge invariance)

AA Zyuzin, AA Burkov, Phys. Rev. B (2012)
AA Burkov, L Balents, Phys. Rev. Lett. 107, 12720 (2012)

E-field
<latexit sha1_base64="1xsIJdWaomSLVC/5+tDOe8iolxE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBotQNyURUZdFEVxWsA9oSplMJ+3QeYSZiVJiPsWNC0Xc+iXu/BunbRbaeuDC4Zx7ufeeMGZUG8/7dgorq2vrG8XN0tb2zu6eW95vaZkoTJpYMqk6IdKEUUGahhpGOrEiiIeMtMPx9dRvPxClqRT3ZhKTHkdDQSOKkbFS3y2nQRilN1kGq4HkZIhO+m7Fq3kzwGXi56QCcjT67lcwkDjhRBjMkNZd34tNL0XKUMxIVgoSTWKEx2hIupYKxInupbPTM3hslQGMpLIlDJypvydSxLWe8NB2cmRGetGbiv953cREl72UijgxROD5oihh0Eg4zQEOqCLYsIklCCtqb4V4hBTCxqZVsiH4iy8vk9ZpzT+v+XdnlfpVHkcRHIIjUAU+uAB1cAsaoAkweATP4BW8OU/Oi/PufMxbC04+cwD+wPn8AY2Bk4o=</latexit>

E(!)
<latexit sha1_base64="x979FXffsZkvZsftBPcwre4HXZ4=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6kYodeOygn1AE8pkOmmHTiZhHkIJ+Q03LhRx68+482+ctllo64ELh3Pu5d57wpQzpV332ymtrW9sbpW3Kzu7e/sH1cOjjkqMJLRNEp7IXogV5UzQtmaa014qKY5DTrvh5G7md5+oVCwRj3qa0iDGI8EiRrC2kp/5YZQ18xzdIndQrbl1dw60SryC1KBAa1D98ocJMTEVmnCsVN9zUx1kWGpGOM0rvlE0xWSCR7RvqcAxVUE2vzlHZ1YZoiiRtoRGc/X3RIZjpaZxaDtjrMdq2ZuJ/3l9o6ObIGMiNZoKslgUGY50gmYBoCGTlGg+tQQTyeytiIyxxETbmCo2BG/55VXSuah7V3Xv4bLWaBZxlOEETuEcPLiGBtxDC9pAIIVneIU3xzgvzrvzsWgtOcXMMfyB8/kD90uQ+w==</latexit>

B = 0B-field
<latexit sha1_base64="VfWbwMEZc1C2OK25FZTVE9HZHKU=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiQi6rJUBJcV7AOaUCaTSTt0MokzE6GE7Nz4K25cKOLWX3Dn3zhJs9DWAwPnnnMvd+7xYkalsqxvo7K0vLK6Vl2vbWxube+Yu3tdGSUCkw6OWCT6HpKEUU46iipG+rEgKPQY6XmTq9zvPRAhacTv1DQmbohGnAYUI6WloXmYOl6QXmcZdLAfKViUrbzk5B5aQ7NuNawCcJHYJamDEu2h+eX4EU5CwhVmSMqBbcXKTZFQFDOS1ZxEkhjhCRqRgaYchUS6aXFHBo+14sMgEvpxBQv190SKQimnoac7Q6TGct7Lxf+8QaKCSzelPE4U4Xi2KEgYVBHMQ4E+FQQrNtUEYUH1XyEeI4Gw0tHVdAj2/MmLpHvasM8b9u1Zvdkq46iCA3AEToANLkAT3IA26AAMHsEzeAVvxpPxYrwbH7PWilHO7IM/MD5/ADjSmOI=</latexit>

E ·B 6= 0

<latexit sha1_base64="GMNtrZVzPMd2ZKnfptg3mB9KDaA="></latexit>

J =
e2⌧

~
X

↵

X

�=±1

Z

B.Z.
D↵(k) [(v↵(k) ·⌦↵(k))B� e(E ·B)⌦↵(k)]

d3k

(2⇡)3

@µJ
µ
5 =

e2

24⇡2
✏µ⌫↵�Fµ⌫F↵�

<latexit sha1_base64="GuWSoJhbQJ/lMYOF2uIP4UrVVyY="></latexit><latexit sha1_base64="GuWSoJhbQJ/lMYOF2uIP4UrVVyY="></latexit><latexit sha1_base64="GuWSoJhbQJ/lMYOF2uIP4UrVVyY="></latexit><latexit sha1_base64="GuWSoJhbQJ/lMYOF2uIP4UrVVyY="></latexit>

<latexit sha1_base64="yQ684iWqSpQ0CHzLVkCcsCGgdhM="></latexit>

⇢̇� =
e3

8⇡3
(E ·B)

Z
(rk ·⌦�(k)) f�(k)

<latexit sha1_base64="tf5KN544+ZMsiEsFbFaBFYYBY6U="></latexit>

⇢̇5 = ⇢̇+ � ⇢̇� =
e3

2⇡2
(E ·B)f+(0)

       Anomalous transport induced by axial anomaly in WSMs

<latexit sha1_base64="WLnv4uo3Y1qiWIBnQQER3aAH5qs=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBVZkRUTdCqQguK9gHdIaSSTNtaCYZkoxQhgE3/oobF4q49Sfc+Tem01lo64HAuefcy809Qcyo0o7zbZWWlldW18rrlY3Nre0de3evrUQiMWlhwYTsBkgRRjlpaaoZ6caSoChgpBOMr6d+54FIRQW/15OY+BEachpSjLSR+vZB6gVhepNl0MMDoWFeNkx55fTtqlNzcsBF4hakCgo0+/aXNxA4iQjXmCGleq4Taz9FUlPMSFbxEkVihMdoSHqGchQR5af5DRk8NsoAhkKaxzXM1d8TKYqUmkSB6YyQHql5byr+5/USHV76KeVxognHs0VhwqAWcBoIHFBJsGYTQxCW1PwV4hGSCGsTW8WE4M6fvEjapzX3vObenVXrjSKOMjgER+AEuOAC1MEtaIIWwOARPINX8GY9WS/Wu/Uxay1Zxcw++APr8wcvbZc3</latexit>

E ·B = 0
<latexit sha1_base64="VfWbwMEZc1C2OK25FZTVE9HZHKU=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiQi6rJUBJcV7AOaUCaTSTt0MokzE6GE7Nz4K25cKOLWX3Dn3zhJs9DWAwPnnnMvd+7xYkalsqxvo7K0vLK6Vl2vbWxube+Yu3tdGSUCkw6OWCT6HpKEUU46iipG+rEgKPQY6XmTq9zvPRAhacTv1DQmbohGnAYUI6WloXmYOl6QXmcZdLAfKViUrbzk5B5aQ7NuNawCcJHYJamDEu2h+eX4EU5CwhVmSMqBbcXKTZFQFDOS1ZxEkhjhCRqRgaYchUS6aXFHBo+14sMgEvpxBQv190SKQimnoac7Q6TGct7Lxf+8QaKCSzelPE4U4Xi2KEgYVBHMQ4E+FQQrNtUEYUH1XyEeI4Gw0tHVdAj2/MmLpHvasM8b9u1Zvdkq46iCA3AEToANLkAT3IA26AAMHsEzeAVvxpPxYrwbH7PWilHO7IM/MD5/ADjSmOI=</latexit>

E ·B 6= 0

chiral charge
<latexit sha1_base64="jybFKnlGqlkLaGQj3L+1hEjQxbY="></latexit>

rk ·⌦�(k) = � �(k)



Statistical transport induced by axial anomaly
Magnetization current

       Anomalous transport induced by axial anomaly in WSMs

R. Flores & AMR Phys. Rev. B 103, 035102 (2021)   

!"⃑

"#"$

!L
!R

Fermi surface

<latexit sha1_base64="QDdHwzuDA4ddejTh94mRmhhRFpo=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FQSEfVY9OJFqGA/oAllst20SzebsLsRSszBv+LFgyJe/Rve/Ddu2xy09cHA470ZZuYFCWdKO863VVpaXlldK69XNja3tnfs3b2WilNJaJPEPJadABTlTNCmZprTTiIpRAGn7WB0PfHbD1QqFot7PU6oH8FAsJAR0Ebq2QeegIAD9jSLqMKZF4TZbZ737KpTc6bAi8QtSBUVaPTsL68fkzSiQhMOSnVdJ9F+BlIzwmle8VJFEyAjGNCuoQLMNj+b3p/jY6P0cRhLU0Ljqfp7IoNIqXEUmM4I9FDNexPxP6+b6vDSz5hIUk0FmS0KU451jCdh4D6TlGg+NgSIZOZWTIYggWgTWcWE4M6/vEhapzX3vObenVXrV0UcZXSIjtAJctEFqqMb1EBNRNAjekav6M16sl6sd+tj1lqyipl99AfW5w/h9ZYG</latexit>r⇥M
<latexit sha1_base64="aLVq0aYM4unqcmX9MsK3/ph1/Ro="></latexit>

J = �e
X

↵=±1

Z
d3k

(2⇡)3

✓
r↵ +

1

e
m↵(k)⇥rr

◆
f↵(k, r )

�0 = e2⌧/h2
<latexit sha1_base64="oei+xyrd5MupNmX0ypk+hFlzn6M=">AAACBXicbVDLSsNAFJ34rPUVdelmaBFc1aQIuhGKblxWsA9oY5hMb5qhkwczE6GErPVndCXqzh/wB/wbpzELbT2rc+85F+45XsKZVJb1ZSwtr6yurVc2qptb2zu75t5+V8apoNChMY9F3yMSOIugo5ji0E8EkNDj0PMmVzO9dw9Csji6VdMEnJCMI+YzSpReuWZtKNk4JNjNrBxfYMB3WTPHQ0VSfIKDYnLNutWwCuBFYpekjkq0XfNzOIppGkKkKCdSDmwrUU5GhGKUQ14dphISQidkDANNIxKCdLIiS46P/FhgFQAu5t/ejIRSTkNPe0KiAjmvzZb/aYNU+edOxqIkVRBRbdGan3KsYjyrBI+YAKr4VBNCBdNfYhoQQajSxVV1fHs+7CLpNhu21bBvTuuty7KICjpENXSMbHSGWugatVEHUfSIntEbejcejCfjxXj9sS4Z5c0B+gPj4xtfSZZ3</latexit><latexit sha1_base64="oei+xyrd5MupNmX0ypk+hFlzn6M=">AAACBXicbVDLSsNAFJ34rPUVdelmaBFc1aQIuhGKblxWsA9oY5hMb5qhkwczE6GErPVndCXqzh/wB/wbpzELbT2rc+85F+45XsKZVJb1ZSwtr6yurVc2qptb2zu75t5+V8apoNChMY9F3yMSOIugo5ji0E8EkNDj0PMmVzO9dw9Csji6VdMEnJCMI+YzSpReuWZtKNk4JNjNrBxfYMB3WTPHQ0VSfIKDYnLNutWwCuBFYpekjkq0XfNzOIppGkKkKCdSDmwrUU5GhGKUQ14dphISQidkDANNIxKCdLIiS46P/FhgFQAu5t/ejIRSTkNPe0KiAjmvzZb/aYNU+edOxqIkVRBRbdGan3KsYjyrBI+YAKr4VBNCBdNfYhoQQajSxVV1fHs+7CLpNhu21bBvTuuty7KICjpENXSMbHSGWugatVEHUfSIntEbejcejCfjxXj9sS4Z5c0B+gPj4xtfSZZ3</latexit><latexit sha1_base64="oei+xyrd5MupNmX0ypk+hFlzn6M=">AAACBXicbVDLSsNAFJ34rPUVdelmaBFc1aQIuhGKblxWsA9oY5hMb5qhkwczE6GErPVndCXqzh/wB/wbpzELbT2rc+85F+45XsKZVJb1ZSwtr6yurVc2qptb2zu75t5+V8apoNChMY9F3yMSOIugo5ji0E8EkNDj0PMmVzO9dw9Csji6VdMEnJCMI+YzSpReuWZtKNk4JNjNrBxfYMB3WTPHQ0VSfIKDYnLNutWwCuBFYpekjkq0XfNzOIppGkKkKCdSDmwrUU5GhGKUQ14dphISQidkDANNIxKCdLIiS46P/FhgFQAu5t/ejIRSTkNPe0KiAjmvzZb/aYNU+edOxqIkVRBRbdGan3KsYjyrBI+YAKr4VBNCBdNfYhoQQajSxVV1fHs+7CLpNhu21bBvTuuty7KICjpENXSMbHSGWugatVEHUfSIntEbejcejCfjxXj9sS4Z5c0B+gPj4xtfSZZ3</latexit><latexit sha1_base64="oei+xyrd5MupNmX0ypk+hFlzn6M=">AAACBXicbVDLSsNAFJ34rPUVdelmaBFc1aQIuhGKblxWsA9oY5hMb5qhkwczE6GErPVndCXqzh/wB/wbpzELbT2rc+85F+45XsKZVJb1ZSwtr6yurVc2qptb2zu75t5+V8apoNChMY9F3yMSOIugo5ji0E8EkNDj0PMmVzO9dw9Csji6VdMEnJCMI+YzSpReuWZtKNk4JNjNrBxfYMB3WTPHQ0VSfIKDYnLNutWwCuBFYpekjkq0XfNzOIppGkKkKCdSDmwrUU5GhGKUQ14dphISQidkDANNIxKCdLIiS46P/FhgFQAu5t/ejIRSTkNPe0KiAjmvzZb/aYNU+edOxqIkVRBRbdGan3KsYjyrBI+YAKr4VBNCBdNfYhoQQajSxVV1fHs+7CLpNhu21bBvTuuty7KICjpENXSMbHSGWugatVEHUfSIntEbejcejCfjxXj9sS4Z5c0B+gPj4xtfSZZ3</latexit>

conductance quantum

<latexit sha1_base64="YCSw3kaQrtawRl+s22RS91YiJlI="></latexit>

J5 =
2

3
�0 rµ5 ⇥E

µ5 = (µR � µL)/2
<latexit sha1_base64="NSiyozthYiJMgQ1nWaFKdXC0Ny4=">AAACCHicbZC7TsMwGIWdcivlFmBksagqlYGSVCBYkCpYGBgKohepjSLHdVqrdhLZDlIV5QXgZWBCwMbMC/A2OG0GKPzT5/8cS/85XsSoVJb1ZRQWFpeWV4qrpbX1jc0tc3unLcNYYNLCIQtF10OSMBqQlqKKkW4kCOIeIx1vfJnpnXsiJA2DOzWJiMPRMKA+xUjplWtW+jyGbnKSwnNYnfFtCg/hDK/TA3gE6yXXLFs1azrwL9g5lEE+Tdf87A9CHHMSKMyQlD3bipSTIKEoZiQt9WNJIoTHaEh6GgPEiXSSaZwUVvxQQDUicPr+6U0Ql3LCPe3hSI3kvJYt/9N6sfLPnIQGUaxIgLVFa37MoAph1gocUEGwYhMNCAuqr4R4hATCSneXxbfnw/6Fdr1mWzX75rjcuMiLKII9sA+qwAanoAGuQBO0AAaP4Bm8gXfjwXgyXozXmbVg5H92wa8xPr4B1+6Wig==</latexit><latexit sha1_base64="NSiyozthYiJMgQ1nWaFKdXC0Ny4=">AAACCHicbZC7TsMwGIWdcivlFmBksagqlYGSVCBYkCpYGBgKohepjSLHdVqrdhLZDlIV5QXgZWBCwMbMC/A2OG0GKPzT5/8cS/85XsSoVJb1ZRQWFpeWV4qrpbX1jc0tc3unLcNYYNLCIQtF10OSMBqQlqKKkW4kCOIeIx1vfJnpnXsiJA2DOzWJiMPRMKA+xUjplWtW+jyGbnKSwnNYnfFtCg/hDK/TA3gE6yXXLFs1azrwL9g5lEE+Tdf87A9CHHMSKMyQlD3bipSTIKEoZiQt9WNJIoTHaEh6GgPEiXSSaZwUVvxQQDUicPr+6U0Ql3LCPe3hSI3kvJYt/9N6sfLPnIQGUaxIgLVFa37MoAph1gocUEGwYhMNCAuqr4R4hATCSneXxbfnw/6Fdr1mWzX75rjcuMiLKII9sA+qwAanoAGuQBO0AAaP4Bm8gXfjwXgyXozXmbVg5H92wa8xPr4B1+6Wig==</latexit><latexit sha1_base64="NSiyozthYiJMgQ1nWaFKdXC0Ny4=">AAACCHicbZC7TsMwGIWdcivlFmBksagqlYGSVCBYkCpYGBgKohepjSLHdVqrdhLZDlIV5QXgZWBCwMbMC/A2OG0GKPzT5/8cS/85XsSoVJb1ZRQWFpeWV4qrpbX1jc0tc3unLcNYYNLCIQtF10OSMBqQlqKKkW4kCOIeIx1vfJnpnXsiJA2DOzWJiMPRMKA+xUjplWtW+jyGbnKSwnNYnfFtCg/hDK/TA3gE6yXXLFs1azrwL9g5lEE+Tdf87A9CHHMSKMyQlD3bipSTIKEoZiQt9WNJIoTHaEh6GgPEiXSSaZwUVvxQQDUicPr+6U0Ql3LCPe3hSI3kvJYt/9N6sfLPnIQGUaxIgLVFa37MoAph1gocUEGwYhMNCAuqr4R4hATCSneXxbfnw/6Fdr1mWzX75rjcuMiLKII9sA+qwAanoAGuQBO0AAaP4Bm8gXfjwXgyXozXmbVg5H92wa8xPr4B1+6Wig==</latexit><latexit sha1_base64="NSiyozthYiJMgQ1nWaFKdXC0Ny4=">AAACCHicbZC7TsMwGIWdcivlFmBksagqlYGSVCBYkCpYGBgKohepjSLHdVqrdhLZDlIV5QXgZWBCwMbMC/A2OG0GKPzT5/8cS/85XsSoVJb1ZRQWFpeWV4qrpbX1jc0tc3unLcNYYNLCIQtF10OSMBqQlqKKkW4kCOIeIx1vfJnpnXsiJA2DOzWJiMPRMKA+xUjplWtW+jyGbnKSwnNYnfFtCg/hDK/TA3gE6yXXLFs1azrwL9g5lEE+Tdf87A9CHHMSKMyQlD3bipSTIKEoZiQt9WNJIoTHaEh6GgPEiXSSaZwUVvxQQDUicPr+6U0Ql3LCPe3hSI3kvJYt/9N6sfLPnIQGUaxIgLVFa37MoAph1gocUEGwYhMNCAuqr4R4hATCSneXxbfnw/6Fdr1mWzX75rjcuMiLKII9sA+qwAanoAGuQBO0AAaP4Bm8gXfjwXgyXozXmbVg5H92wa8xPr4B1+6Wig==</latexit>

chiral Fermi level

Chiral anomaly induced 
statistical transport…

<latexit sha1_base64="e2IGMdzmPiF4mhNdPUjH+VAIPKY="></latexit>

@µJ
µ
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2⇡h
E ·B

S[Aµ] =

Z
 i�µ

✓
@µ + ieAµ + ibµ�

5 +
4

3
i(⌧/~)µ5�

5

◆

<latexit sha1_base64="NsDkGFY+eP1XYmBzE6CP0KU0yZk="></latexit><latexit sha1_base64="NsDkGFY+eP1XYmBzE6CP0KU0yZk="></latexit><latexit sha1_base64="NsDkGFY+eP1XYmBzE6CP0KU0yZk="></latexit><latexit sha1_base64="NsDkGFY+eP1XYmBzE6CP0KU0yZk="></latexit>

Chiral anomaly!!! Fujikawa method

bµ = @µ✓ ! bµ + aµ = @µ

✓
✓ +

4

3
(⌧/~)µ5

◆

<latexit sha1_base64="Y/uO3qlcOeYBP05lvONKmZSr2Jg="></latexit><latexit sha1_base64="Y/uO3qlcOeYBP05lvONKmZSr2Jg="></latexit><latexit sha1_base64="Y/uO3qlcOeYBP05lvONKmZSr2Jg="></latexit><latexit sha1_base64="Y/uO3qlcOeYBP05lvONKmZSr2Jg="></latexit>

chiral gauge field!!!

<latexit sha1_base64="SZd20n4tZqprKsd1rKAVLL3POv4="></latexit>

L✓ =
↵

4⇡2
✓E ·B

• electroweak plasma in the early Universe


• quark-gluon plasmas created in heavy ion collisions


• supernova explosions



Planar Hall effect

       Anomalous transport induced by axial anomaly in WSMs

<latexit sha1_base64="HzSgP9nM/3LKwdresa48S2HyrXo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOpF48V7Ae0pWy2m3bpZhN3J0IJ+RNePCji1b/jzX/jts1BWx8MPN6bYWaeH0th0HW/ncLa+sbmVnG7tLO7t39QPjxqmSjRjDdZJCPd8anhUijeRIGSd2LNaehL3vYntzO//cS1EZF6wGnM+yEdKREIRtFKnbTnB2k9ywblilt15yCrxMtJBXI0BuWv3jBiScgVMkmN6XpujP2UahRM8qzUSwyPKZvQEe9aqmjITT+d35uRM6sMSRBpWwrJXP09kdLQmGno286Q4tgsezPxP6+bYHDTT4WKE+SKLRYFiSQYkdnzZCg0ZyinllCmhb2VsDHVlKGNqGRD8JZfXiWti6p3VfXuLyu1eh5HEU7gFM7Bg2uowR00oAkMJDzDK7w5j86L8+58LFoLTj5zDH/gfP4ATuKQJg==</latexit>

B

<latexit sha1_base64="riEaxaz56MmY8hKU0mk5+qWTDnU=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUlE1GXRTZcV7APaECbTSTt0JhNmJmINATf+ihsXirj1J9z5N07aLLT1wIXDOfdy7z1BzKjSjvNtlZaWV1bXyuuVjc2t7R17d6+tRCIxaWHBhOwGSBFGI9LSVDPSjSVBPGCkE4yvc79zR6SiIrrVk5h4HA0jGlKMtJF8+6AN/bTPA3Gf9hWWNNaKPhDYyLKKb1edmjMFXCRuQaqgQNO3v/oDgRNOIo0ZUqrnOrH2UiQ1xYxklX6iSIzwGA1Jz9AIcaK8dPpDBo+NMoChkKYiDafq74kUcaUmPDCdHOmRmvdy8T+vl+jw0ktpFCeaRHi2KEwY1ALmgcABlQRrNjEEmQDMrRCPkERYm9jyENz5lxdJ+7Tmntfcm7Nq/aqIowwOwRE4AS64AHXQAE3QAhg8gmfwCt6sJ+vFerc+Zq0lq5jZB39gff4A3tSXqg==</latexit>

VH

<latexit sha1_base64="E5Vtv9cIreRmhC5/MqtgI/EsCeI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegCB4jmAckS5id9CZDZmfXmVkhLPsTXjwo4tXf8ebfOHkcNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/FbT6g0j+WDGSfoR3QgecgZNVZqZ90gzG7zvFeuuFV3CrJMvDmpwBz1Xvmr249ZGqE0TFCtO56bGD+jynAmMC91U40JZSM6wI6lkkao/Wx6b05OrNInYaxsSUOm6u+JjEZaj6PAdkbUDPWiNxH/8zqpCa/8jMskNSjZbFGYCmJiMnme9LlCZsTYEsoUt7cSNqSKMmMjKtkQvMWXl0nzrOpdVL3780rteh5HEY7gGE7Bg0uowR3UoQEMBDzDK7w5j86L8+58zFoLznzmEP7A+fwBU3SQKQ==</latexit>

E

<latexit sha1_base64="YzkBaHoFFgA9Ezjpdv4zeHlVYLs=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhNnJbDJmdmaZ6RVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNqzPDeJ1pqU0ropZLoXgdBUreSg2nSSR5MxreTv3mEzdWaPWAo5SHCe0rEQtG0UmNDg440m6p7Ff8GcgyCXJShhy1bumr09MsS7hCJqm17cBPMRxTg4JJPil2MstTyoa0z9uOKppwG45n107IqVN6JNbGlUIyU39PjGli7SiJXGdCcWAXvan4n9fOML4Ox0KlGXLF5oviTBLUZPo66QnDGcqRI5QZ4W4lbEANZegCKroQgsWXl0njvBJcVoL7i3L1Jo+jAMdwAmcQwBVU4Q5qUAcGj/AMr/Dmae/Fe/c+5q0rXj5zBH/gff4Ape+PLg==</latexit>

✓

<latexit sha1_base64="rVZS798OobBJXbfnPqs2CM0TySo="></latexit>

�xx = �e2⌧
X

↵

Z
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
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eB cos ✓

~ (v↵ ·⌦↵)

�2 @f↵
@E↵

d3k
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<latexit sha1_base64="zZyebfuXc5wT3IRAzZwqIKwcvGw="></latexit>

�yx = �e2⌧
X

↵

Z
D↵

n eB sin ✓

~ (v↵ ·⌦↵)⇥

vx +

eB cos ✓

~ (v↵ ·⌦↵)

�o @f↵
@E↵

d3k

(2⇡)3

<latexit sha1_base64="YWHLnoE+PLy6rSmm+Q62Ui073uo=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgv3ANpTNdtMu3WzC7kQoof/CiwdFvPpvvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWDzhOuB/RgRKhYBSt9NjFIUdKronbK1fcqjsDWSZeTiqQo94rf3X7MUsjrpBJakzHcxP0M6pRMMknpW5qeELZiA54x1JFI278bHbxhJxYpU/CWNtSSGbq74mMRsaMo8B2RhSHZtGbiv95nRTDKz8TKkmRKzZfFKaSYEym75O+0JyhHFtCmRb2VsKGVFOGNqSSDcFbfHmZNM+q3kXVuz+v1G7yOIpwBMdwCh5cQg3uoA4NYKDgGV7hzTHOi/PufMxbC04+cwh/4Hz+AErHkAM=</latexit>

✓ = 0

longitudinal magnetoconductance

topological chiral anomaly

Absent for a regular Fermi liquid

<latexit sha1_base64="6sI02UD+dJsaqE4wqILwZP6ZEAM="></latexit>

H = [m (cos(kyb) + cos(kzc)� 2) + 2t (cos(kxa)� cos k0)]�x�
<latexit sha1_base64="I+y0upZ07nNEqWgA76IbU7vq++c=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0WoC0tSRMVV0Y3LCvYBbQiT6bQdOpmEmYmQhvyLG3/FjQuluHHhvzhps7CtBwbOPede7tzjhYxKZVnfRmFtfWNzq7hd2tnd2z8wD49aMogEJk0csEB0PCQJo5w0FVWMdEJBkO8x0vbG95nffiZC0oA/qTgkjo+GnA4oRkpLrnl7UVOwJymHlbGbxKl3nlVDH8GsWjAnKf5jTlLXLFtVawa4SuyclEGOhmtOe/0ARz7hCjMkZde2QuUkSCiKGUlLvUiSEOExGpKuphz5RDrJ7MYUnmmlDweB0I8rOFP/TiTIlzL2Pd3pIzWSy14m/ud1IzW4cRLKw0gRjueLBhGDKoBZYLBPBcGKxZogLKj+K8QjJBBWOtaSDsFePnmVtGpV+6pqP16W63d5HEVwAk5BBdjgGtTBA2iAJsDgBbyBD/BpvBrvxtT4mrcWjHzmGCzA+PkF5cejQA==</latexit>

�2t sin(kyb)�y � 2t sin(kzc)�z

<latexit sha1_base64="2PaYoG5RAr47KiHAnx95nDN847g="></latexit>

HT = � [cos(kxa)� cos k0]�0

Under study: magnetic moment and spin-orbit 
coupling effects



       Fermion sector of the SME in Weyls

Weyl cones Tilting Type-I WSM Type-I WSM

Band bending

!"⃑

"#"$

!L
!R

Tilting + Band bending Lattice

<latexit sha1_base64="d9+xSCqk2C1x/sk3kwhK6x+yiiA=">AAACC3icbVDLSsNAFL2pr1pfUZduhhbBVUlE1I1QdNNlBfuAJoTJdNIOnTyYmQgldO/GX3HjQhG3/oA7/8ZJm4VtPXC5h3PuZeYeP+FMKsv6MUpr6xubW+Xtys7u3v6BeXjUkXEqCG2TmMei52NJOYtoWzHFaS8RFIc+p11/fJf73UcqJIujBzVJqBviYcQCRrDSkmdWm8hJJENe5pARm6IblPcFzTNrVt2aAa0SuyA1KNDyzG9nEJM0pJEiHEvZt61EuRkWihFOpxUnlTTBZIyHtK9phEMq3Wx2yxSdamWAgljoihSaqX83MhxKOQl9PRliNZLLXi7+5/VTFVy7GYuSVNGIzB8KUo5UjPJg0IAJShSfaIKJYPqviIywwETp+Co6BHv55FXSOa/bl3X7/qLWuC3iKMMJVOEMbLiCBjShBW0g8AQv8AbvxrPxanwYn/PRklHsHMMCjK9fTU+Z+A==</latexit>

H � = � � Weyl equation



       Anomalous transport induced by axial anomaly in WSMs

Towards a complete field-theoretical description of Weyl semimetals

<latexit sha1_base64="/T53Gv2XtwwkvS6NpShOPZOseMM="></latexit>
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<latexit sha1_base64="J5uPLdZmgsuhn8ujxLS0s6JlmV0="></latexit>

LQED =
1

2
 ̄(i�µDµ �M) + LED

<latexit sha1_base64="OzaoeQ4Db+07CgCWvxZcRlSG3vE=">AAACHHicbVDLSgMxFM34rPU16tJNsAiCUGZU1I1QdKHLCvYBnbHcyaRtaDIzJBmhDP0QN/6KGxeKuHEh+Demj0UfHgicnHMuyT1BwpnSjvNrLSwuLa+s5tby6xubW9v2zm5VxakktEJiHst6AIpyFtGKZprTeiIpiIDTWtC9Gfi1JyoVi6MH3UuoL6AdsRYjoI3UtE+9WxAC8GPmibR/hb32xBUfYy+kXAOeSjXtglN0hsDzxB2TAhqj3LS/vTAmqaCRJhyUarhOov0MpGaE037eSxVNgHShTRuGRiCo8rPhcn18aJQQt2JpTqTxUJ2cyEAo1ROBSQrQHTXrDcT/vEaqW5d+xqIk1TQio4daKcc6xoOmcMgkJZr3DAEimfkrJh2QQLTpM29KcGdXnifVk6J7XnTvzwql63EdObSPDtARctEFKqE7VEYVRNAzekXv6MN6sd6sT+trFF2wxjN7aArWzx9nXaD2</latexit>

�µ = �µ + ��µ
<latexit sha1_base64="bISAy3K8Jd1HAl30TYyJAKRM4Sw=">AAAB+XicbVBNSwMxEJ31s9avVY9egkUQhLIrol6EohcvhQr2A9qlZNNsG5pklyRbKEv/iRcPinj1n3jz35i2e9DWBwOP92aYmRcmnGnjed/Oyura+sZmYau4vbO7t+8eHDZ0nCpC6yTmsWqFWFPOJK0bZjhtJYpiEXLaDIf3U785okqzWD6ZcUIDgfuSRYxgY6Wu61bRLRLoHHV6lBuMql235JW9GdAy8XNSghy1rvvV6cUkFVQawrHWbd9LTJBhZRjhdFLspJommAxxn7YtlVhQHWSzyyfo1Co9FMXKljRopv6eyLDQeixC2ymwGehFbyr+57VTE90EGZNJaqgk80VRypGJ0TQG1GOKEsPHlmCimL0VkQFWmBgbVtGG4C++vEwaF2X/quw/XpYqd3kcBTiGEzgDH66hAg9QgzoQGMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHtD+Rxg==</latexit>

M = m+ �M

<latexit sha1_base64="/T53Gv2XtwwkvS6NpShOPZOseMM="></latexit>
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axial coupling

Weyl semimetals



       Anomalous transport induced by axial anomaly in WSMs

<latexit sha1_base64="eG8VFAtdf/DBmpWrs8YKDSDnjmk=">AAACRXicbVBLSwMxGMz6tr6qHr0EiyAIZVd8XYSiBz0q2Cp0a/k2m7ahSXbJQyhL/5wX7978B148KOJV020PVTsQmMzMx5dMlHKmje+/eFPTM7Nz8wuLhaXlldW14vpGTSdWEVolCU/UXQSaciZp1TDD6V2qKIiI09uoez7wbx+o0iyRN6aX0oaAtmQtRsA4qVkMMQ5jyg3g8AKEAHyfhcL28SkmAyotzq9hOzebQ3MPxxPNw/GgtP1mseSX/Rz4PwlGpIRGuGoWn8M4IVZQaQgHreuBn5pGBsowwmm/EFpNUyBdaNO6oxIE1Y0sb6GPd5wS41ai3JEG5+r4RAZC656IXFKA6ei/3kCc5NWtaZ00MiZTa6gkw0Uty7FJ8KBSHDNFieE9R4Ao5t6KSQcUEOOKL7gSgr9f/k9q++XgqBxcH5QqZ6M6FtAW2ka7KEDHqIIu0RWqIoIe0St6Rx/ek/fmfXpfw+iUN5rZRL/gff8AOtmwaw==</latexit>

��µ = c⌫µ�µ + d⌫µ�5�⌫
<latexit sha1_base64="2ED9TsEUGxi0hKcJsEOkw/WT7nw=">AAACLnicbVDLSgMxFM3UV62vUZdugkUQhDIjvjZCUQQ3QgX7gM5Y7qRpG5rMDElGKEO/yI2/ogtBRdz6GabtLLT1QODknHNJ7glizpR2nDcrNze/sLiUXy6srK6tb9ibWzUVJZLQKol4JBsBKMpZSKuaaU4bsaQgAk7rQf9y5NcfqFQsCu/0IKa+gG7IOoyANlLLvvLalGvAN/gcw33qiWSIvS4IAbg1uR3gAE8bx1Ohll10Ss4YeJa4GSmiDJWW/eK1I5IIGmrCQamm68TaT0FqRjgdFrxE0RhIH7q0aWgIgio/Ha87xHtGaeNOJM0JNR6rvydSEEoNRGCSAnRPTXsj8T+vmejOmZ+yME40DcnkoU7CsY7wqDvcZpISzQeGAJHM/BWTHkgg2jRcMCW40yvPktphyT0pubdHxfJFVkce7aBdtI9cdIrK6BpVUBUR9Iie0Tv6sJ6sV+vT+ppEc1Y2s43+wPr+AaLep7w=</latexit>

�M = aµ�µ + bµ�5�µ

Vacuum polarization LV-fermion prop



       Anomalous transport induced by axial anomaly in WSMs

@µJ
µ
5 =

e2

24⇡2
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<latexit sha1_base64="GuWSoJhbQJ/lMYOF2uIP4UrVVyY="></latexit><latexit sha1_base64="GuWSoJhbQJ/lMYOF2uIP4UrVVyY="></latexit><latexit sha1_base64="GuWSoJhbQJ/lMYOF2uIP4UrVVyY="></latexit><latexit sha1_base64="GuWSoJhbQJ/lMYOF2uIP4UrVVyY="></latexit>

Axial anomaly is untouched by LV!!

Effective field theory?

Quantum corrections depend on the regularization procedure…

LV-coefficients here

S✓ =
↵
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Z
✓(~r, t) ~E · ~B d3x

<latexit sha1_base64="ZzURP6OW0nGbBHHv+tP+cWanIVY="></latexit><latexit sha1_base64="ZzURP6OW0nGbBHHv+tP+cWanIVY="></latexit><latexit sha1_base64="ZzURP6OW0nGbBHHv+tP+cWanIVY="></latexit><latexit sha1_base64="ZzURP6OW0nGbBHHv+tP+cWanIVY="></latexit>

<latexit sha1_base64="ZZLLvQXBrEm7iWC5OAXeknJ4UWU=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoC2tSRN0IpW5cVrAPaEKYTCft0MmDmRuhhHyGG3/FjQtF3Hbn3zh9LLR6YODcc+7lzj1+IrgCy/oyCiura+sbxc3S1vbO7p65f9BWcSopa9FYxLLrE8UEj1gLOAjWTSQjoS9Yxx/dTv3OI5OKx9EDjBPmhmQQ8YBTAlryzHMHhgwIvsE1XMkcP8gaeY4d2o8Bz0qpyzPcwF5m5RhOPbNsVa0Z8F9iL0gZLdD0zInTj2kasgioIEr1bCsBNyMSOBUsLzmpYgmhIzJgPU0jEjLlZrPDcnyilT4OYqlfBHim/pzISKjUOPR1Z0hgqJa9qfif10shuHYzHiUpsIjOFwWpwBDjaUq4zyWjIMaaECq5/iumQyIJBZ1lSYdgL5/8l7RrVfuyat9flOuNRRxFdISOUQXZ6ArV0R1qohai6Am9oDf0bjwbr8aH8TlvLRiLmUP0C8bkG3FVniU=</latexit>

✓ = 2(B · r�B0t)



       Anomalous transport induced by parity anomaly in NLSM 

Nodal lines

<latexit sha1_base64="ZF8U3rFcjnCLrSPDqbSqXmXfyO8=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9RjNxWME84DsEmYnk2TIPJaZWTEs+Q0vHhTx6s9482+cJHvQxIKGoqqb7q444cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsaGcSdqwzHLaTjTFIua0FY9qU7/1SLVhSj7YcUIjgQeS9RnB1klhKGL1lNXwzaA+6ZbKfsWfAS2TICdlyFHvlr7CniKpoNISjo3pBH5iowxrywink2KYGppgMsID2nFUYkFNlM1unqBTp/RQX2lX0qKZ+nsiw8KYsYhdp8B2aBa9qfif10lt/zrKmExSSyWZL+qnHFmFpgGgHtOUWD52BBPN3K2IDLHGxLqYii6EYPHlZdI8rwSXleD+oly9zeMowDGcwBkEcAVVuIM6NIBAAs/wCm9e6r14797HvHXFy2eO4A+8zx/umZGe</latexit>

CaAgP

Polyhedral representation

Hexagonal pnictide

Nodal knot



       Anomalous transport induced by parity anomaly in NLSM 

<latexit sha1_base64="z5Cvhd/GxaJxsj389Tag4srRAfQ="></latexit>

HNL =
X

kkk

 †
kkk hNL(kkk) kkk

<latexit sha1_base64="bqU9s5W4TYd+gfSiqsvLqNQ0Fi0=">AAACJ3icbZDLSsNAFIYn9VbrLerSzWARKkhJRNSNUnTjskJv0MQwmUzaoZMLMxOhhLyNG1/FjaAiuvRNnLRZ1NYfBn6+cw5nzu/GjAppGN9aaWl5ZXWtvF7Z2Nza3tF39zoiSjgmbRyxiPdcJAijIWlLKhnpxZygwGWk645u83r3kXBBo7AlxzGxAzQIqU8xkgo5+rXVFBQ6aWrFgZuOsiyDV7CGFYnhDDvJiTdLjuFD2socvWrUjYngojELUwWFmo7+ZnkRTgISSsyQEH3TiKWdIi4pZiSrWIkgMcIjNCB9ZUMUEGGnkzszeKSIB/2IqxdKOKGzEykKhBgHruoMkByK+VoO/6v1E+lf2ikN40SSEE8X+QmDMoJ5aNCjnGDJxsogzKn6K8RDxBGWKtqKCsGcP3nRdE7r5nndvD+rNm6KOMrgAByCGjDBBWiAO9AEbYDBE3gB7+BDe9ZetU/ta9pa0oqZffBH2s8vnzmlyg==</latexit>

 kkk = (cpkkk, cdkkk)
T

orbitals
<latexit sha1_base64="YaFWg/UY99chF++AadVyot3/J+s="></latexit>

hNL(kkk) =
�
µz � 2tk [cos(kxa) + cos(kya)]� 2t? cos(kza)

 
�z � 2t0? sin(kza)�y

site energy intra-orbital 
hopping

inter-orbital 
hopping

<latexit sha1_base64="yX9tSkYtcVK/gLxkxy0Q3+6siKk=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgxjIjoi6LblxWsA9ph5JJM21oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczrmXm3OihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMecXTGJHO0V674VX8GtEyCnFQgR71X/ur2FUkFlZZwbEwn8BMbZlhbRjidlLqpoQkmIzygHUclFtSE2ezDE3TilD6KlXZPWjRTf29kWBgzFpGbFNgOzaI3Ff/zOqmNr8OMySS1VJL5oTjlyCo0TY/6TFNi+dgRTLQLThAZYo2JdR2VXAnBYuRl0jyvBpfV4P6iUrvJ6yjCERzDKQRwBTW4gzo0gICAZ3iFN097L9679zEfLXj5ziH8gff5A68IkFY=</latexit>

ab� initio
<latexit sha1_base64="gd+pWm0FwU1PMsPcrJ+mQfKp9BY=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwISFRqd0IRTcuK9gHNKFMpjft0MmDmYlYQj7Ajb/ixoUibv0Ad/6N0zYLbT0wcDjnXO7c48WcSWVZ30ZhaXllda24XtrY3NreKe/utWSUCApNGvFIdDwigbMQmoopDp1YAAk8Dm1vdD3x2/cgJIvCOzWOwQ3IIGQ+o0RpqVeuKNxLnZgIwjnwDF9iy6ye1bBzgp3Aix5SaGU6ZZnWFHiR2DmpoByNXvnL6Uc0CSBUlBMpu7YVKzclQjHKISs5iYSY0BEZQFfTkAQg3XR6TIaPtNLHfiT0CxWeqr8nUhJIOQ48nQyIGsp5byL+53UT5dfclIVxoiCks0V+wrGK8KQZ3GcCqOJjTQgVTP8V06EuhirdX0mXYM+fvEhap6ZdNe3b80r9Kq+jiA7QITpGNrpAdXSDGqiJKHpEz+gVvRlPxovxbnzMogUjn9lHf2B8/gD5JJms</latexit>

tk = 0.638 eV
<latexit sha1_base64="X+9nQXx9TyX3RcBGJrv6eTdX4lM=">AAACB3icbVDLSsNAFJ3UV62vqktBBovgQkNiRd0IRTcuK9gHNCVMprft0EkyzEzEErJz46+4caGIW3/BnX/j9LHQ6oELh3Pu5d57AsGZ0o7zZeXm5hcWl/LLhZXVtfWN4uZWXcWJpFCjMY9lMyAKOIugppnm0BQSSBhwaASDq5HfuAOpWBzd6qGAdkh6EesySrSR/OKuxn7qCZAiuzhy7LJTxt4h9sIgvk+hnvnFkmM7Y+C/xJ2SEpqi6hc/vU5MkxAiTTlRquU6QrdTIjWjHLKClygQhA5ID1qGRiQE1U7Hf2R43ygd3I2lqUjjsfpzIiWhUsMwMJ0h0X01643E/7xWorvn7ZRFItEQ0cmibsKxjvEoFNxhEqjmQ0MIlczcimmfSEK1ia5gQnBnX/5L6se2e2q7NyelyuU0jjzaQXvoALnoDFXQNaqiGqLoAT2hF/RqPVrP1pv1PmnNWdOZbfQL1sc3cKGXxg==</latexit>

t? = �0.303 eV
<latexit sha1_base64="lMCMEZq6K7jsQ0LvfmiB4aYo8jY=">AAACEnicbZDLSsNAFIYnXmu9RV26GSyCgpSkSHUjFN24rGAv0MQymZ62Q2eSMDMRS8gzuPFV3LhQxK0rd76N08tCW38Y+PjPOZw5fxBzprTjfFsLi0vLK6u5tfz6xubWtr2zW1dRIinUaMQj2QyIAs5CqGmmOTRjCUQEHBrB4GpUb9yDVCwKb/UwBl+QXsi6jBJtrLZ9rHE79WKQcYbvDEgmIMMX2CmWyiXsnWBPBNFDCvWsbRecojMWngd3CgU0VbVtf3mdiCYCQk05UarlOrH2UyI1oxyyvJcoiAkdkB60DIZEgPLT8UkZPjROB3cjaV6o8dj9PZESodRQBKZTEN1Xs7WR+V+tlejuuZ+yME40hHSyqJtwrCM8ygd3mASq+dAAoZKZv2LaJ5JQbVLMmxDc2ZPnoV4quuWie3NaqFxO48ihfXSAjpCLzlAFXaMqqiGKHtEzekVv1pP1Yr1bH5PWBWs6s4f+yPr8AbSYnDo=</latexit>

t0? = 0.262 eV
<latexit sha1_base64="UuflqMiLZ8jWKZ6egj1muoSiSWY=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEhEqi6EohuXFewDmhAm00k7dCYJMxOxhqzc+CtuXCji1m9w5984bbPQ1gMXDufcy733BAmjUtn2tzE3v7C4tFxaKa+urW9smlvbTRmnApMGjlks2gGShNGINBRVjLQTQRAPGGkFg6uR37ojQtI4ulXDhHgc9SIaUoyUlnxzz+Up9LOHHF5Ax6ra59A9gi4P4vuMNHPfrNiWPQacJU5BKqBA3Te/3G6MU04ihRmSsuPYifIyJBTFjORlN5UkQXiAeqSjaYQ4kV42fiOHB1rpwjAWuiIFx+rviQxxKYc80J0cqb6c9kbif14nVeGZl9EoSRWJ8GRRmDKoYjjKBHapIFixoSYIC6pvhbiPBMJKJ1fWITjTL8+S5rHlVC3n5qRSuyziKIFdsA8OgQNOQQ1cgzpoAAwewTN4BW/Gk/FivBsfk9Y5o5jZAX9gfP4ALH6XCg==</latexit>

µz = 1.609 eV

<latexit sha1_base64="P9jLZI2XMARidnqUqucujwLNMAA="></latexit>

hNL(kkk) =
1

⇤

�
k20 � k2x � k2y + b2k2z

�
�z + vzkz�y

<latexit sha1_base64="SL+rbqXXk16ub8bOS9EV4VbXtbo=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VoFy1JEXUjFN24cFHBPqBJw2QyaYdOHsxMhBLyDW78FTcuFHHryp1/47TNQlsPDBzOOZc797gxo0IaxrdWWFldW98obpa2tnd29/T9g46IEo5JG0cs4j0XCcJoSNqSSkZ6MScocBnpuuPrqd99IFzQKLyXk5jYARqG1KcYSSU5etW6VWEPwUtYgxU0SBsZlNBJrRhxxBhhGazCQVozM0cvG3VjBrhMzJyUQY6Wo39ZXoSTgIQSMyRE3zRiaaeIS4oZyUpWIkiM8BgNSV/REAVE2OnspAyeKMWDfsTVCyWcqb8nUhQIMQlclQyQHIlFbyr+5/UT6V/YKQ3jRJIQzxf5CYMygtN+oEc5wZJNFEGYU/VXiEeqCyxViyVVgrl48jLpNOrmWd28Oy03r/I6iuAIHIMKMME5aIIb0AJtgMEjeAav4E170l60d+1jHi1o+cwh+APt8wef2JuU</latexit>

⇤ = �(a2tk)
�1

<latexit sha1_base64="pQ2UN5U5zMyxoqGNYCSYczVandw="></latexit>

k0 = [⇤(µz � 4tk � 2t?)]
1/2

<latexit sha1_base64="pT4k/LHmy81+GkCvUeveT60W0dE=">AAACE3icbVC7SgNBFJ2Nrxhfq5Y2g0GIFsluELURgjaWEcwDknWZndwkQ2YfzMwKYdl/sPFXbCwUsbWx82+cJFto4oELZ865l7n3eBFnUlnWt5FbWl5ZXcuvFzY2t7Z3zN29pgxjQaFBQx6KtkckcBZAQzHFoR0JIL7HoeWNrid+6wGEZGFwp8YROD4ZBKzPKFFacs0TD1/iElbYTboRiCjFlexBBOEceIqP8X1iV6qpaxatsjUFXiR2RoooQ901v7q9kMY+BIpyImXHtiLlJEQoRjmkhW4sISJ0RAbQ0TQgPkgnmd6U4iOt9HA/FLoChafq74mE+FKOfU93+kQN5bw3Ef/zOrHqXzgJC6JYQUBnH/VjjlWIJwHhHhNAFR9rQqhgeldMhzoMqnSMBR2CPX/yImlWy/ZZ2b49Ldausjjy6AAdohKy0TmqoRtURw1E0SN6Rq/ozXgyXox342PWmjOymX30B8bnDxVzm84=</latexit>

b = (t?/tk)
1/2

<latexit sha1_base64="pAT6U7WsXTuesqVDnOQjya0e4dg=">AAACCXicbZC7SgNBFIZn4y3G26qlzWAQbAy7QdRGCNpYRjAXSNZldnI2GTJ7YWY2EJdtbXwVGwtFbH0DO9/GSbKFJv4w8PGfczhzfi/mTCrL+jYKS8srq2vF9dLG5tb2jrm715RRIig0aMQj0faIBM5CaCimOLRjASTwOLS84fWk3hqBkCwK79Q4Bicg/ZD5jBKlLdfEIzd9yPAlPqligpWbdmMQcYbvNQgWQOaaZatiTYUXwc6hjHLVXfOr24toEkCoKCdSdmwrVk5KhGKUQ1bqJhJiQoekDx2NIQlAOun0kgwfaaeH/UjoFyo8dX9PpCSQchx4ujMgaiDnaxPzv1onUf6Fk7IwThSEdLbITzhWEZ7EgntMAFV8rIFQwfRfMR0QQajS4ZV0CPb8yYvQrFbss4p9e1quXeVxFNEBOkTHyEbnqIZuUB01EEWP6Bm9ojfjyXgx3o2PWWvByGf20R8Znz9ZT5mC</latexit>

vz = �2at0?

<latexit sha1_base64="4LWP8NqHOVVa0NOwQy7d81wrbg8=">AAACGXicbZDLSsNAFIYn9VbrLerSzWARXJVERN0IxW5cVugNmhAm00k7dCYJMxOhhryGG1/FjQtFXOrKt3HShqKtBwY+/v8c5pzfjxmVyrK+jdLK6tr6RnmzsrW9s7tn7h90ZJQITNo4YpHo+UgSRkPSVlQx0osFQdxnpOuPG7nfvSdC0ihsqUlMXI6GIQ0oRkpLnmk5HKkRRixtZnNsZfAaOpIOOYJe+pDBudPIPLNq1axpwWWwC6iCopqe+ekMIpxwEirMkJR924qVmyKhKGYkqziJJDHCYzQkfY0h4kS66fSyDJ5oZQCDSOgXKjhVf0+kiEs54b7uzFeUi14u/uf1ExVcuSkN40SREM8+ChIGVQTzmOCACoIVm2hAWFC9K8QjJBBWOsyKDsFePHkZOmc1+6Jm351X6zdFHGVwBI7BKbDBJaiDW9AEbYDBI3gGr+DNeDJejHfjY9ZaMoqZQ/CnjK8fHnWg/Q==</latexit>

PT = �zC



       Anomalous transport induced by parity anomaly in NLSM 

<latexit sha1_base64="JmFCtt2yktE29xXPm+ozual49jI="></latexit>

⌫[S1] =
1

⇡

Z

S1

d' trA(') mod 2

<latexit sha1_base64="MoiAhfpsSYINTwDX5Ej7nInkhNM="></latexit>

A↵�,j =
⌦
↵, kkk|i@kj |�, kkk

↵

<latexit sha1_base64="WBSGMtB683QlFm7PhfY4/SoSBeo=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1gEVyURUZdFNy4r9AVtKJPppB06mYSZiVBiFv6KGxeKuPU33Pk3Ttog2npg4HDOvdwzx485U9pxvqyl5ZXVtfXSRnlza3tn197bb6kokYQ2ScQj2fGxopwJ2tRMc9qJJcWhz2nbH9/kfvueSsUi0dCTmHohHgoWMIK1kfr2YS/EekQwT+vZD21kfbviVJ0p0CJxC1KBAvW+/dkbRCQJqdCEY6W6rhNrL8VSM8JpVu4lisaYjPGQdg0VOKTKS6f5M3RilAEKImme0Giq/t5IcajUJPTNZB5RzXu5+J/XTXRw5aVMxImmgswOBQlHOkJ5GWjAJCWaTwzBRDKTFZERlphoU1nZlODOf3mRtM6q7kXVvTuv1K6LOkpwBMdwCi5cQg1uoQ5NIPAAT/ACr9aj9Wy9We+z0SWr2DmAP7A+vgG1wJaN</latexit>

PT

Berry connection
<latexit sha1_base64="DgnF3CvBr+Anjky1ciXvKvZH+xM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RERL0IRS8eK9gPaEPZbCft0s0m7G6EEvojvHhQxKu/x5v/xm2bg7Y+GHi8N8PMvCARXBvX/XYKK6tr6xvFzdLW9s7uXnn/oKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0d3Ubz2h0jyWj2acoB/RgeQhZ9RYqdWV6Y175vXKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9m507IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeG1n3GZpAYlmy8KU0FMTKa/kz5XyIwYW0KZ4vZWwoZUUWZsQiUbgrf48jJpnle9y6r3cFGp3eZxFOEIjuEUPLiCGtxDHRrAYATP8ApvTuK8OO/Ox7y14OQzh/AHzucPLQyOzw==</latexit>

⌫ = 0, 1
<latexit sha1_base64="lkozp4QYvFfdOU17MGXS976+qTc=">AAAB9XicbVDLSsNAFL2pr1pfUZduBovgqiRF1GXRjcsK9oFtLJPppB06mYSZiVJC/sONC0Xc+i/u/BsnbRbaemDgcM693DPHjzlT2nG+rdLK6tr6RnmzsrW9s7tn7x+0VZRIQlsk4pHs+lhRzgRtaaY57caS4tDntONPrnO/80ilYpG409OYeiEeCRYwgrWRHvoh1mPfT++zQVrPBnbVqTkzoGXiFqQKBZoD+6s/jEgSUqEJx0r1XCfWXoqlZoTTrNJPFI0xmeAR7RkqcEiVl85SZ+jEKEMURNI8odFM/b2R4lCpaeibyTylWvRy8T+vl+jg0kuZiBNNBZkfChKOdITyCtCQSUo0nxqCiWQmKyJjLDHRpqiKKcFd/PIyaddr7nnNvT2rNq6KOspwBMdwCi5cQANuoAktICDhGV7hzXqyXqx362M+WrKKnUP4A+vzB8XpkrE=</latexit>Z2 quantization

¡Stability of Dirac points in graphene!
( <latexit sha1_base64="btNeDh5VINJUVbA3DK9qOBW9ABw=">AAAB+nicbVDLTsMwENyUVymvAAcOXCwqJE5VgpDgWJULxyLRUqmJKsfdtladh2wHqQr5GTgh4MZn8AP8DW7IAVrmNLszu/ZOkAiutON8WZWV1bX1jepmbWt7Z3fP3j/oqjiVDDssFrHsBVSh4BF2NNcCe4lEGgYC74Pp9Vy/f0CpeBzd6VmCfkjHER9xRrVpDeyjzCuWZBKHOfFafDz2Mo/kA7vuNJwCZJm4JalDifbA/vSGMUtDjDQTVKm+6yTaz6jUnAnMa16qMKFsSsfYNzSiISo/K97OyekolkRPkBT1b29GQ6VmYWA8IdUTtajNm/9p/VSPrvyMR0mqMWLGYrRRKoiOyTwHMuQSmRYzQyiT3PySsAmVlGmTVs2c7y4eu0y65w3Xabi3F/VmqwyiCsdwAmfgwiU04Qba0AEGOTzDG7xbj9aT9WK9/lgrVjlzCH9gfXwDh4GUFA==</latexit><latexit sha1_base64="btNeDh5VINJUVbA3DK9qOBW9ABw=">AAAB+nicbVDLTsMwENyUVymvAAcOXCwqJE5VgpDgWJULxyLRUqmJKsfdtladh2wHqQr5GTgh4MZn8AP8DW7IAVrmNLszu/ZOkAiutON8WZWV1bX1jepmbWt7Z3fP3j/oqjiVDDssFrHsBVSh4BF2NNcCe4lEGgYC74Pp9Vy/f0CpeBzd6VmCfkjHER9xRrVpDeyjzCuWZBKHOfFafDz2Mo/kA7vuNJwCZJm4JalDifbA/vSGMUtDjDQTVKm+6yTaz6jUnAnMa16qMKFsSsfYNzSiISo/K97OyekolkRPkBT1b29GQ6VmYWA8IdUTtajNm/9p/VSPrvyMR0mqMWLGYrRRKoiOyTwHMuQSmRYzQyiT3PySsAmVlGmTVs2c7y4eu0y65w3Xabi3F/VmqwyiCsdwAmfgwiU04Qba0AEGOTzDG7xbj9aT9WK9/lgrVjlzCH9gfXwDh4GUFA==</latexit><latexit sha1_base64="btNeDh5VINJUVbA3DK9qOBW9ABw=">AAAB+nicbVDLTsMwENyUVymvAAcOXCwqJE5VgpDgWJULxyLRUqmJKsfdtladh2wHqQr5GTgh4MZn8AP8DW7IAVrmNLszu/ZOkAiutON8WZWV1bX1jepmbWt7Z3fP3j/oqjiVDDssFrHsBVSh4BF2NNcCe4lEGgYC74Pp9Vy/f0CpeBzd6VmCfkjHER9xRrVpDeyjzCuWZBKHOfFafDz2Mo/kA7vuNJwCZJm4JalDifbA/vSGMUtDjDQTVKm+6yTaz6jUnAnMa16qMKFsSsfYNzSiISo/K97OyekolkRPkBT1b29GQ6VmYWA8IdUTtajNm/9p/VSPrvyMR0mqMWLGYrRRKoiOyTwHMuQSmRYzQyiT3PySsAmVlGmTVs2c7y4eu0y65w3Xabi3F/VmqwyiCsdwAmfgwiU04Qba0AEGOTzDG7xbj9aT9WK9/lgrVjlzCH9gfXwDh4GUFA==</latexit><latexit sha1_base64="btNeDh5VINJUVbA3DK9qOBW9ABw=">AAAB+nicbVDLTsMwENyUVymvAAcOXCwqJE5VgpDgWJULxyLRUqmJKsfdtladh2wHqQr5GTgh4MZn8AP8DW7IAVrmNLszu/ZOkAiutON8WZWV1bX1jepmbWt7Z3fP3j/oqjiVDDssFrHsBVSh4BF2NNcCe4lEGgYC74Pp9Vy/f0CpeBzd6VmCfkjHER9xRrVpDeyjzCuWZBKHOfFafDz2Mo/kA7vuNJwCZJm4JalDifbA/vSGMUtDjDQTVKm+6yTaz6jUnAnMa16qMKFsSsfYNzSiISo/K97OyekolkRPkBT1b29GQ6VmYWA8IdUTtajNm/9p/VSPrvyMR0mqMWLGYrRRKoiOyTwHMuQSmRYzQyiT3PySsAmVlGmTVs2c7y4eu0y65w3Xabi3F/VmqwyiCsdwAmfgwiU04Qba0AEGOTzDG7xbj9aT9WK9/lgrVjlzCH9gfXwDh4GUFA==</latexit>

Graphene
<latexit sha1_base64="WBSGMtB683QlFm7PhfY4/SoSBeo=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1gEVyURUZdFNy4r9AVtKJPppB06mYSZiVBiFv6KGxeKuPU33Pk3Ttog2npg4HDOvdwzx485U9pxvqyl5ZXVtfXSRnlza3tn197bb6kokYQ2ScQj2fGxopwJ2tRMc9qJJcWhz2nbH9/kfvueSsUi0dCTmHohHgoWMIK1kfr2YS/EekQwT+vZD21kfbviVJ0p0CJxC1KBAvW+/dkbRCQJqdCEY6W6rhNrL8VSM8JpVu4lisaYjPGQdg0VOKTKS6f5M3RilAEKImme0Giq/t5IcajUJPTNZB5RzXu5+J/XTXRw5aVMxImmgswOBQlHOkJ5GWjAJCWaTwzBRDKTFZERlphoU1nZlODOf3mRtM6q7kXVvTuv1K6LOkpwBMdwCi5cQg1uoQ5NIPAAT/ACr9aj9Wy9We+z0SWr2DmAP7A+vgG1wJaN</latexit>

PT
<latexit sha1_base64="GmG/tvXTQgOJDL/qiZ32b1SOeAY=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdSMU3bisYB/QhDKZTNqh8wgzE7GE/oYbF4q49Wfc+TdO2yy09cCFwzn3cu89UcqoNp737ZRWVtfWN8qbla3tnd296v5BW8tMYdLCkknVjZAmjArSMtQw0k0VQTxipBONbqd+55EoTaV4MOOUhBwNBE0oRsZKQcAj+ZRjGU+u/X615tW9Gdxl4hekBgWa/epXEEuccSIMZkjrnu+lJsyRMhQzMqkEmSYpwiM0ID1LBeJEh/ns5ol7YpXYTaSyJYw7U39P5IhrPeaR7eTIDPWiNxX/83qZSa7CnIo0M0Tg+aIkY66R7jQAN6aKYMPGliCsqL3VxUOkEDY2pooNwV98eZm0z+r+Rd2/P681boo4ynAEx3AKPlxCA+6gCS3AkMIzvMKbkzkvzrvzMW8tOcXMIfyB8/kD/BORpg==</latexit>

cod = 1Dirac points

NLSM: same topological classification of graphene

NLSM = Family of graphene sheets (2D QFTs)
<latexit sha1_base64="suRcbeUGUvLJH9W0eLb+5ctNIDQ=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBEqhTKpom6EohuXFewD2qFk0rQNzWTGJFMoQ7/DjQtF3Pox7vwb03YW2nrgXg7n3Etujh8Jro3rfjsrq2vrG5uZrez2zu7efu7gsK7DWFFWo6EIVdMnmgkuWc1wI1gzUowEvmANf3g39RsjpjQP5aMZR8wLSF/yHqfEWMkrnBfx2U2hbHsRd3J5t+TOgJYJTkkeUlQ7ua92N6RxwKShgmjdwm5kvIQow6lgk2w71iwidEj6rGWpJAHTXjI7eoJOrdJFvVDZkgbN1N8bCQm0Hge+nQyIGehFbyr+57Vi07v2Ei6j2DBJ5w/1YoFMiKYJoC5XjBoxtoRQxe2tiA6IItTYnLI2BLz45WVSL5fwZQk/XOQrt2kcGTiGEygAhiuowD1UoQYUnuAZXuHNGTkvzrvzMR9dcdKdI/gD5/MHiUGPWg==</latexit>

(3 + 1) = (2 + 1) + 1



       Anomalous transport induced by parity anomaly in NLSM 

<latexit sha1_base64="l1SluPNS7tV5XkDUTXDIQdP/AdM="></latexit>

⌦⌦⌦⌫(kkk) = ⌫⇡�(k⇢ � k0)�(kz)êee�

<latexit sha1_base64="IuG5xuOl2X+eHHc79MrNfIDEeKI="></latexit>

êee� = (� sin�, cos�, 0)T

singular at the NL

<latexit sha1_base64="WBSGMtB683QlFm7PhfY4/SoSBeo=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1gEVyURUZdFNy4r9AVtKJPppB06mYSZiVBiFv6KGxeKuPU33Pk3Ttog2npg4HDOvdwzx485U9pxvqyl5ZXVtfXSRnlza3tn197bb6kokYQ2ScQj2fGxopwJ2tRMc9qJJcWhz2nbH9/kfvueSsUi0dCTmHohHgoWMIK1kfr2YS/EekQwT+vZD21kfbviVJ0p0CJxC1KBAvW+/dkbRCQJqdCEY6W6rhNrL8VSM8JpVu4lisaYjPGQdg0VOKTKS6f5M3RilAEKImme0Giq/t5IcajUJPTNZB5RzXu5+J/XTXRw5aVMxImmgswOBQlHOkJ5GWjAJCWaTwzBRDKTFZERlphoU1nZlODOf3mRtM6q7kXVvTuv1K6LOkpwBMdwCi5cQg1uoQ5NIPAAT/ACr9aj9Wy9We+z0SWr2DmAP7A+vgG1wJaN</latexit>

PT -breaking regularization
(as in graphene)

<latexit sha1_base64="HdXs9GLo9XXuWKA81txIyOp5dpM="></latexit>

hNL(kkk) +m�x

Berry curvature

Recall valley HE
<latexit sha1_base64="7eBcKeJUxmF03i42Qya7rqtuPMo="></latexit>

�Hall

⇠ =
e2

~ lim
m!0

Z

BZ

d2qqq

(2⇡)2
⌦z,⇠(qqq) = ⇠

e2

~

Kinetic theory

<latexit sha1_base64="gYycJ4KAWS2PaTJAKswQbRRZnAM="></latexit>

JJJ(�) =
e2

~
k0
8⇡2

✓
1� m

µ

◆
EEE ⇥ êee�

<latexit sha1_base64="Jz6A/dEiQKA7BGFLg7RtpqPW9OE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeiyK4LEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfzsrq2vrGZmGruL2zu7dfOjhs6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WDGSfoR3QgecgZNVaq3/VKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeG1n3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpnle8y4pXvyhXb/I4CnAMJ3AGHlxBFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHmuWMzw==</latexit>

E

<latexit sha1_base64="OLKJ0Qs28jpAweOlr6WmwBdeIkE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJoYxnRmEByhL3NXrJkd+/YnRNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvSqWw6PvfXmFldW19o7hZ2tre2d0r7x882iQzjDdYIhPTiqjlUmjeQIGSt1LDqYokb0bDm6nffOLGikQ/4CjloaJ9LWLBKDrpvqOybrniV/0ZyDIJclKBHPVu+avTS1imuEYmqbXtwE8xHFODgkk+KXUyy1PKhrTP245qqrgNx7NTJ+TEKT0SJ8aVRjJTf0+MqbJ2pCLXqSgO7KI3Ff/z2hnGV+FY6DRDrtl8UZxJggmZ/k16wnCGcuQIZUa4WwkbUEMZunRKLoRg8eVl8nhWDS6qwd15pXadx1GEIziGUwjgEmpwC3VoAIM+PMMrvHnSe/HevY95a8HLZw7hD7zPH19Wjdw=</latexit>µ
<latexit sha1_base64="gg+Bkn7RnYX4BoCQllMUcLQ+tYg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btbhJ2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4bua3n1BpHkcPZpKgL+kw4iFn1FipIfvlilt15yCrxMtJBXLU++Wv3iBmqcTIMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtjahE7WfzQ6fkzCoDEsbKVmTIXP09kVGp9UQGtlNSM9LL3kz8z+umJrzxMx4lqcGILRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB14WM9w==</latexit>m

<latexit sha1_base64="weZk7jwOObAHttrDi13zaconRRc=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgxbAroh6DXjxGMQ9IljA7mU2GzGOZmRXCkj/w4kERr/6RN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0O/VbT1QbpuSjHSc0FHggWcwItk56OBO9csWv+jOgZRLkpAI56r3yV7evSCqotIRjYzqBn9gww9oywumk1E0NTTAZ4QHtOCqxoCbMZpdO0IlT+ihW2pW0aKb+nsiwMGYsItcpsB2aRW8q/ud1UhtfhxmTSWqpJPNFccqRVWj6NuozTYnlY0cw0czdisgQa0ysC6fkQggWX14mzfNqcFkN7i8qtZs8jiIcwTGcQgBXUIM7qEMDCMTwDK/w5o28F+/d+5i3Frx85hD+wPv8AUDZjS4=</latexit>�m

<latexit sha1_base64="wwwRPBgXcjwQd3LIUOK0cmr8AyY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh3Hf7ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb+8SloXVa9W9e4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gD4R42Y</latexit>

k0

<latexit sha1_base64="XagBZTTXDdvOVzf/b/w6rTIcdw0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhNnJbDJmdmaZ6RVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNqzPDeJ1pqU0ropZLoXgdBUreSg2nSSR5MxreTv3mEzdWaPWAo5SHCe0rEQtG0UmNYbdjBrpbKvsVfwayTIKclCFHrVv66vQ0yxKukElqbTvwUwzH1KBgkk+KnczylLIh7fO2o4om3Ibj2bUTcuqUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZm+TnrCcIZy5AhlRrhbCRtQQxm6gIouhGDx5WXSOK8El5Xg/qJcvcnjKMAxnMAZBHAFVbiDGtSBwSM8wyu8edp78d69j3nripfPHMEfeJ8/oUSPKw==</latexit>

k⇢

Dumbbell filter device



       Anomalous transport induced by parity anomaly in NLSM 

Parity anomaly
<latexit sha1_base64="MUHmWlWPJmvbqR1zmxekkcBzwn0="></latexit>

S�[A] =

Z
d3x  ̄(x) [i�µ(@µ + ieAµ) +m] (x) (2+1)D-QFT

coupled to gauge field

<latexit sha1_base64="9Hgxfj3rfl9LE/InTwOUuQjXhBQ=">AAACEXicbVDLSsNAFJ34rPVVdelmsAhdlURE3QhFNy4r2Ac0sdxMpunQmSTMTIQS8gtu/BU3LhRx686df+Ok7UJbD1zu4Zx7mbnHTzhT2ra/raXlldW19dJGeXNre2e3srffVnEqCW2RmMey64OinEW0pZnmtJtICsLntOOPrgu/80ClYnF0p8cJ9QSEERswAtpI/UrN9UFmblOxHF/iouP7zA0gDKnMsRuCEGAUO+9XqnbdngAvEmdGqmiGZr/y5QYxSQWNNOGgVM+xE+1lIDUjnOZlN1U0ATKCkPYMjUBQ5WWTi3J8bJQAD2JpKtJ4ov7eyEAoNRa+mRSgh2reK8T/vF6qBxdexqIk1TQi04cGKcc6xkU8OGCSEs3HhgCRzPwVkyFIINqEWDYhOPMnL5L2Sd05qzu3p9XG1SyOEjpER6iGHHSOGugGNVELEfSIntErerOerBfr3fqYji5Zs50D9AfW5w9aMZy4</latexit>

 ̄ =  †�0

<latexit sha1_base64="GdEmOo+l9/JBqHrLrZLCFpNCbAc=">AAACLHicbVDLSgMxFM3UV62vqks3qUVwIWWmiLoRit24rGAf0NSSSTNtaJIZkoxQhn6QG39FEBcWcet3mLazqK0XAueecy439/gRZ9q47sTJrK1vbG5lt3M7u3v7B/nDo4YOY0VonYQ8VC0fa8qZpHXDDKetSFEsfE6b/rA61ZvPVGkWykczimhH4L5kASPYWKqbr6IEQVRABYj6WAgMnxIk4jG8WOil7dE4td3CMkTUpEY4Fbv5oltyZwVXgZeCIkir1s2/o15IYkGlIRxr3fbcyHQSrAwjnI5zKNY0wmSI+7RtocSC6k4yO3YMzyzTg0Go7JMGztjFiQQLrUfCt06BzUAva1PyP60dm+CmkzAZxYZKMl8UxByaEE6Tgz2mKDF8ZAEmitm/QjLAChNj883ZELzlk1dBo1zyrkrew2WxcpfGkQUn4BScAw9cgwq4BzVQBwS8gDfwCSbOq/PhfDnfc2vGSWeOwZ9yfn4BRL6lNg==</latexit>

{�µ, �⌫} = 2⌘µ⌫

<latexit sha1_base64="i4Gb1IDjpqaMRlUBWQ8TZ5i7O/k=">AAACD3icbVDLSgMxFM3UV62vUZdugkWpoGVGRN0IRTcuK9gHdGrJpGkbmmSGJCOWYf7Ajb/ixoUibt2682/MtLPQ1sO9cDjnXpJ7/JBRpR3n28rNzS8sLuWXCyura+sb9uZWXQWRxKSGAxbIpo8UYVSQmqaakWYoCeI+Iw1/eJX6jXsiFQ3ErR6FpM1RX9AexUgbqWPve0QjeBd7PIKeiJIL6HE/eIi7FPUTWHIPj9I66NhFp+yMAWeJm5EiyFDt2F9eN8ARJ0JjhpRquU6o2zGSmmJGkoIXKRIiPER90jJUIE5UOx7fk8A9o3RhL5CmhYZj9fdGjLhSI+6bSY70QE17qfif14p077wdUxFGmgg8eagXMagDmIYDu1QSrNnIEIQlNX+FeIAkwtpEWDAhuNMnz5L6cdk9Lbs3J8XKZRZHHuyAXVACLjgDFXANqqAGMHgEz+AVvFlP1ov1bn1MRnNWtrMN/sD6/AG/K5qI</latexit>

⌘µ⌫ = diag(1,�1,�1)

<latexit sha1_base64="Wt5Z+lLXVLQJ7RiOfBnxzwVoxxw=">AAACKXicbZDLSsNAFIYn9VbrrerSzWARXJWkiApuim5cVugNmlhOppN26EwSZiZCCXkdN76KGwVF3foiTi94aT0w8PGfczjz/37MmdK2/W7llpZXVtfy64WNza3tneLuXlNFiSS0QSIeybYPinIW0oZmmtN2LCkIn9OWP7wa91t3VCoWhXU9iqknoB+ygBHQRuoWq64APSDA01qGv7lu+AK7NcWwqyPs9kEIwLdpJfthO5sMdIslu2xPCi+CM4MSmlWtW3x2exFJBA014aBUx7Fj7aUgNSOcZgU3UTQGMoQ+7RgMQVDlpROnGT4ySg8HkTQv1Hii/t5IQSg1Er6ZHHtR872x+F+vk+jg3EtZGCeahmR6KEg4Nu7HseEek5RoPjIARDLzV0wGIIFoE27BhODMW16EZqXsnJadm5NS9XIWRx4doEN0jBx0hqroGtVQAxF0jx7RC3q1Hqwn6836mI7mrNnOPvpT1ucXTdumAw==</latexit>

PT  ! �2�0 
<latexit sha1_base64="wloltlKXSpV6jil4apXPi1wmhwY=">AAACQXicbZDLSgMxFIYzXmu9VV26CRbBjWWmiApuim5cVugNOrWcSdNpaDIzJBmhDH01N76BO/duXCji1o2ZdpDaeiDw8Z0TkvN7EWdK2/aLtbS8srq2ntvIb25t7+wW9vYbKowloXUS8lC2PFCUs4DWNdOctiJJQXicNr3hTdpvPlCpWBjU9CiiHQF+wPqMgDaqW2i5AvSAAE+qY/zLNcNX2K0qhu8Ttwe+T6VROsSni9YHIcAYe4bL426haJfsSeFFcDIooqyq3cKz2wtJLGigCQel2o4d6U4CUjPC6TjvxopGQIbg07bBAARVnWSSwBgfG9PD/VCaE2g8sbM3EhBKjYRnJtMd1Xwvlf/12rHuX3YSFkSxpgGZPtSPOTZRpHHiHpOUaD4yAEQy81dMBiCBaBN63oTgzK+8CI1yyTkvOXdnxcp1FkcOHaIjdIIcdIEq6BZVUR0R9Ihe0Tv6sJ6sN+vT+pqOLlnZnQP0p6zvH7Djr7g=</latexit>

PT  † ! � †�0�2

-breaking
<latexit sha1_base64="Wt5Z+lLXVLQJ7RiOfBnxzwVoxxw=">AAACKXicbZDLSsNAFIYn9VbrrerSzWARXJWkiApuim5cVugNmlhOppN26EwSZiZCCXkdN76KGwVF3foiTi94aT0w8PGfczjz/37MmdK2/W7llpZXVtfy64WNza3tneLuXlNFiSS0QSIeybYPinIW0oZmmtN2LCkIn9OWP7wa91t3VCoWhXU9iqknoB+ygBHQRuoWq64APSDA01qGv7lu+AK7NcWwqyPs9kEIwLdpJfthO5sMdIslu2xPCi+CM4MSmlWtW3x2exFJBA014aBUx7Fj7aUgNSOcZgU3UTQGMoQ+7RgMQVDlpROnGT4ySg8HkTQv1Hii/t5IQSg1Er6ZHHtR872x+F+vk+jg3EtZGCeahmR6KEg4Nu7HseEek5RoPjIARDLzV0wGIIFoE27BhODMW16EZqXsnJadm5NS9XIWRx4doEN0jBx0hqroGtVQAxF0jx7RC3q1Hqwn6836mI7mrNnOPvpT1ucXTdumAw==</latexit>

PT  ! �2�0 

Effective theory
<latexit sha1_base64="VPmlGNfDJkSQDoBYoF0ofjkeZwc=">AAACCHicbVA9SwNBEN2LXzF+RS0tXAyChYQ7EbWM2lhGNB9wOcLeZi5Zsnt37O6J8Uhp41+xsVDE1p9g579xk1yhiQ8GHu/NMDPPjzlT2ra/rdzc/MLiUn65sLK6tr5R3NyqqyiRFGo04pFs+kQBZyHUNNMcmrEEInwODb9/OfIbdyAVi8JbPYjBE6QbsoBRoo3ULu7etNOW8KP7tKWoZLFW7AEwBMMhds8Pba9dLNlleww8S5yMlFCGarv41epENBEQasqJUq5jx9pLidSMchgWWomCmNA+6YJraEgEKC8dPzLE+0bp4CCSpkKNx+rviZQIpQbCN52C6J6a9kbif56b6ODMS1kYJxpCOlkUJBzrCI9SwR0mgWo+MISYGMytmPaIJFSb7AomBGf65VlSPyo7J2Xn+rhUucjiyKMdtIcOkINOUQVdoSqqIYoe0TN6RW/Wk/VivVsfk9aclc1soz+wPn8Ajn2Zpw==</latexit>

Sef[A, 0] UV-divergent Needs for a -breaking for a consistent reg
<latexit sha1_base64="Wt5Z+lLXVLQJ7RiOfBnxzwVoxxw=">AAACKXicbZDLSsNAFIYn9VbrrerSzWARXJWkiApuim5cVugNmlhOppN26EwSZiZCCXkdN76KGwVF3foiTi94aT0w8PGfczjz/37MmdK2/W7llpZXVtfy64WNza3tneLuXlNFiSS0QSIeybYPinIW0oZmmtN2LCkIn9OWP7wa91t3VCoWhXU9iqknoB+ygBHQRuoWq64APSDA01qGv7lu+AK7NcWwqyPs9kEIwLdpJfthO5sMdIslu2xPCi+CM4MSmlWtW3x2exFJBA014aBUx7Fj7aUgNSOcZgU3UTQGMoQ+7RgMQVDlpROnGT4ySg8HkTQv1Hii/t5IQSg1Er6ZHHtR872x+F+vk+jg3EtZGCeahmR6KEg4Nu7HseEek5RoPjIARDLzV0wGIIFoE27BhODMW16EZqXsnJadm5NS9XIWRx4doEN0jBx0hqroGtVQAxF0jx7RC3q1Hqwn6836mI7mrNnOPvpT1ucXTdumAw==</latexit>

PT  ! �2�0 

Pauli-Villars reg
<latexit sha1_base64="BC8LVtp4pjr5B55YDkacNRsSOuE="></latexit>

Sreg
ef [A] = Sef[A, 0]� lim

m!1
Sef[A,m]

preserves gauge invariance

-breaking
<latexit sha1_base64="Wt5Z+lLXVLQJ7RiOfBnxzwVoxxw=">AAACKXicbZDLSsNAFIYn9VbrrerSzWARXJWkiApuim5cVugNmlhOppN26EwSZiZCCXkdN76KGwVF3foiTi94aT0w8PGfczjz/37MmdK2/W7llpZXVtfy64WNza3tneLuXlNFiSS0QSIeybYPinIW0oZmmtN2LCkIn9OWP7wa91t3VCoWhXU9iqknoB+ygBHQRuoWq64APSDA01qGv7lu+AK7NcWwqyPs9kEIwLdpJfthO5sMdIslu2xPCi+CM4MSmlWtW3x2exFJBA014aBUx7Fj7aUgNSOcZgU3UTQGMoQ+7RgMQVDlpROnGT4ySg8HkTQv1Hii/t5IQSg1Er6ZHHtR872x+F+vk+jg3EtZGCeahmR6KEg4Nu7HseEek5RoPjIARDLzV0wGIIFoE27BhODMW16EZqXsnJadm5NS9XIWRx4doEN0jBx0hqroGtVQAxF0jx7RC3q1Hqwn6836mI7mrNnOPvpT1ucXTdumAw==</latexit>

PT  ! �2�0 

<latexit sha1_base64="11PbjlTQpMHFnROp3nah+ZcaoJY="></latexit>

SCS[A] = ⇠
e2

~

Z
d3x ✏µ⌫�Aµ@⌫A�

topological charge
valley index

<latexit sha1_base64="/By6nCacvWj7uAhxh82aTxMjBkc="></latexit>

J� =
�SCS[A]

�A
= ⇠

e2

4⇡~✏
µ⌫↵@⌫A↵

Consequence of the parity anomaly



       Anomalous transport induced by parity anomaly in NLSM 
Nonlinear response induced by parity anomaly

AMR & A. Cortijo, Phys. Rev. B 98, 155125 (2018)

<latexit sha1_base64="48lS3qFkM1mK8lTcKk9EXRS2V1s="></latexit>

H = v · k�0 +
1

⇤
(k20 � k

2
⇢)�x +m�y + vzkz�z

<latexit sha1_base64="VTD4fyuySiStgUcCaSwVaduYjoU="></latexit>

J =
e2

2⇡2
k0

s

1� µ2

v2k20
E⇥ (v̂ ⇥ n̂)

<latexit sha1_base64="FIxKhU9JdOH4SlW1B23CJsi77wA="></latexit>

J =
e3

2⇡2i!

✓
µ

vk0

◆s

1� µ2

v2k20
[E⇥E⇤ � (S ·E)(S⇥E⇤)� (n ·E)(n⇥E⇤)]

<latexit sha1_base64="W3Dy2W6j0a4CwvukIHVbZIAg1Eg=">AAACGHicbZDLSsNAFIYn9VbrLerSzWARBKEmIupGKLpxWdFeoAllMp20QyeTMDMplJDHcOOruHGhiNvufBsnaRBtPTDw8f/ncOb8XsSoVJb1ZZSWlldW18rrlY3Nre0dc3evJcNYYNLEIQtFx0OSMMpJU1HFSCcSBAUeI21vdJv57TERkob8UU0i4gZowKlPMVJa6pmnieP5yUOawmuY41jjyQy5RkfRgMgfq9Izq1bNygsugl1AFRTV6JlTpx/iOCBcYYak7NpWpNwECUUxI2nFiSWJEB6hAelq5Eivc5P8sBQeaaUP/VDoxxXM1d8TCQqknASe7gyQGsp5LxP/87qx8q/chPIoVoTj2SI/ZlCFMEsJ9qkgWLGJBoQF1X+FeIgEwkpnmYVgz5+8CK2zmn1Rs+/Pq/WbIo4yOACH4BjY4BLUwR1ogCbA4Am8gDfwbjwbr8aH8TlrLRnFzD74U8b0G7hpoDQ=</latexit>

S = v + n⇥ v

Linear Hall

Nonlinear Hall

Injection + shift current

Interband effects



       Anomalous transport induced by parity anomaly in NLSM 

Planar Hall effect
<latexit sha1_base64="K7bFwwrMa6CXZjk1Zpr55rjNQGE="></latexit>

ṽ↵(k) = v↵(k)�
1

~rk(m↵k ·B)

<latexit sha1_base64="jvXOFM7+KEMkSiifSv+8S3DhG5g="></latexit>

�ij = ~⌧e
Z

d3k

(2⇡)3
D↵(k) (B,⌦sk)[

e

~ ṽiṽj +
e2

~2 (ṽsk ·⌦sk)(ṽiBj +Biṽj) +
e3

~3 (ṽsk ·⌦sk)
2BiBj ]�(Esk �msk ·B� µ)

magnetic moment effects

<latexit sha1_base64="HzSgP9nM/3LKwdresa48S2HyrXo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOpF48V7Ae0pWy2m3bpZhN3J0IJ+RNePCji1b/jzX/jts1BWx8MPN6bYWaeH0th0HW/ncLa+sbmVnG7tLO7t39QPjxqmSjRjDdZJCPd8anhUijeRIGSd2LNaehL3vYntzO//cS1EZF6wGnM+yEdKREIRtFKnbTnB2k9ywblilt15yCrxMtJBXI0BuWv3jBiScgVMkmN6XpujP2UahRM8qzUSwyPKZvQEe9aqmjITT+d35uRM6sMSRBpWwrJXP09kdLQmGno286Q4tgsezPxP6+bYHDTT4WKE+SKLRYFiSQYkdnzZCg0ZyinllCmhb2VsDHVlKGNqGRD8JZfXiWti6p3VfXuLyu1eh5HEU7gFM7Bg2uowR00oAkMJDzDK7w5j86L8+58LFoLTj5zDH/gfP4ATuKQJg==</latexit>

B

<latexit sha1_base64="riEaxaz56MmY8hKU0mk5+qWTDnU=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUlE1GXRTZcV7APaECbTSTt0JhNmJmINATf+ihsXirj1J9z5N07aLLT1wIXDOfdy7z1BzKjSjvNtlZaWV1bXyuuVjc2t7R17d6+tRCIxaWHBhOwGSBFGI9LSVDPSjSVBPGCkE4yvc79zR6SiIrrVk5h4HA0jGlKMtJF8+6AN/bTPA3Gf9hWWNNaKPhDYyLKKb1edmjMFXCRuQaqgQNO3v/oDgRNOIo0ZUqrnOrH2UiQ1xYxklX6iSIzwGA1Jz9AIcaK8dPpDBo+NMoChkKYiDafq74kUcaUmPDCdHOmRmvdy8T+vl+jw0ktpFCeaRHi2KEwY1ALmgcABlQRrNjEEmQDMrRCPkERYm9jyENz5lxdJ+7Tmntfcm7Nq/aqIowwOwRE4AS64AHXQAE3QAhg8gmfwCt6sJ+vFerc+Zq0lq5jZB39gff4A3tSXqg==</latexit>

VH

<latexit sha1_base64="E5Vtv9cIreRmhC5/MqtgI/EsCeI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegCB4jmAckS5id9CZDZmfXmVkhLPsTXjwo4tXf8ebfOHkcNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/FbT6g0j+WDGSfoR3QgecgZNVZqZ90gzG7zvFeuuFV3CrJMvDmpwBz1Xvmr249ZGqE0TFCtO56bGD+jynAmMC91U40JZSM6wI6lkkao/Wx6b05OrNInYaxsSUOm6u+JjEZaj6PAdkbUDPWiNxH/8zqpCa/8jMskNSjZbFGYCmJiMnme9LlCZsTYEsoUt7cSNqSKMmMjKtkQvMWXl0nzrOpdVL3780rteh5HEY7gGE7Bg0uowR3UoQEMBDzDK7w5j86L8+58zFoLznzmEP7A+fwBU3SQKQ==</latexit>

E

<latexit sha1_base64="YzkBaHoFFgA9Ezjpdv4zeHlVYLs=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhNnJbDJmdmaZ6RVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNqzPDeJ1pqU0ropZLoXgdBUreSg2nSSR5MxreTv3mEzdWaPWAo5SHCe0rEQtG0UmNDg440m6p7Ff8GcgyCXJShhy1bumr09MsS7hCJqm17cBPMRxTg4JJPil2MstTyoa0z9uOKppwG45n107IqVN6JNbGlUIyU39PjGli7SiJXGdCcWAXvan4n9fOML4Ox0KlGXLF5oviTBLUZPo66QnDGcqRI5QZ4W4lbEANZegCKroQgsWXl0njvBJcVoL7i3L1Jo+jAMdwAmcQwBVU4Q5qUAcGj/AMr/Dmae/Fe/c+5q0rXj5zBH/gff4Ape+PLg==</latexit>

✓

<latexit sha1_base64="+FeYhBtCXO4uRCAucIvTgo0Ba9g=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgv3AJpTNdtMu3WyW3Y1QQv+FFw+KePXfePPfuE1z0NYHA4/3ZpiZF0rOtHHdb6e0srq2vlHerGxt7+zuVfcP2jpJFaEtkvBEdUOsKWeCtgwznHalojgOOe2E49uZ33miSrNEPJiJpEGMh4JFjGBjpUdfjhi6Rr5k/WrNrbs50DLxClKDAs1+9csfJCSNqTCEY617nitNkGFlGO F0WvFTTSUmYzykPUsFjqkOsvziKTqxygBFibIlDMrV3xMZjrWexKHtjLEZ6UVvJv7n9VITXQUZEzI1VJD5oijlyCRo9j4aMEWJ4RNLMFHM3orICCtMjA2pYkPwFl9eJu2zundR9+7Pa42bIo4yHMExnIIHl9CAO2hCCwgIeIZXeHO08+K8Ox/z1pJTzBzCHzifP5HZkDM=</latexit>

� = ⇡

<latexit sha1_base64="aL29rr1cYRaKsmPv4/9zEVCg71s="></latexit>

��

�
=

�xx(B)� �xx(B = 0)

�xx(B = 0)



Tolman-Ehrenfest:

<latexit sha1_base64="uBgGvbETOP8BXaMQ0TLuT8voRhg=">AAACKXicbVDLSgMxFM34rPVVdekmWARdWGaKqBuhqAuXFVsVOqVk0jttaOZBckcow/yOG3/FjYKibv0R03YW9XEgcHLOPST3eLEUGm37w5qZnZtfWCwsFZdXVtfWSxubNzpKFIcmj2Sk7jymQYoQmihQwl2sgAWehFtvcD7yb+9BaRGFDRzG0A5YLxS+4AyN1CnV3AuQyOg1PaWuBB/3qOsrxlMnSxsdJ6MH0/dqRl0len3cp3mu2SmV7Yo9Bv1LnJyUSY56p/TidiOeBBAil0zrlmPH2E6ZQsElZEU30RAzPmA9aBkasgB0Ox1vmtFdo3SpHylzQqRjdTqRskDrYeCZyYBhX//2RuJ/XitB/6SdijBOEEI+echPJMWIjmqjXaGAoxwawrgS5q+U95kpBk25RVOC83vlv+SmWnGOKs7VYbl2ltdRINtkh+wRhxyTGrkkddIknDyQJ/JK3qxH69l6tz4nozNWntkiP2B9fQMcl6S8</latexit>

�S =

✓
1

T1
� 1

T2

◆
�U

<latexit sha1_base64="FVkN1352SzDMHKEupo9RCKaXpJA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNRDx4rWFtIQtlsJ+3SzSbsToRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KJPCoOt+O6WV1bX1jfJmZWt7Z3evun/waNJcc2jxVKa6EzEDUihooUAJnUwDSyIJ7Wh4M/XbT6CNSNUDjjIIE9ZXIhacoZX84BYkMhpkA9Gt1ty6OwNdJl5BaqRAs1v9CnopzxNQyCUzxvfcDMMx0yi4hEklyA1kjA9ZH3xLFUvAhOPZyRN6YpUejVNtSyGdqb8nxiwxZpREtjNhODCL3lT8z/NzjK/CsVBZjqD4fFGcS4opnf5Pe0IDRzmyhHEt7K2UD5hmHG1KFRuCt/jyMnk8q3sXde/+vNa4LuIokyNyTE6JRy5Jg9yRJmkRTlLyTF7Jm4POi/PufMxbS04xc0j+wPn8AcwZkPE=</latexit>

��
<latexit sha1_base64="gR/Qq2IcQHOP9HZNNIQicWoB87s=">AAACG3icbVDLSsNAFJ34rPUVdelmsAhuLEkRdSMU3bis0Bc0tdxMJ+3QySTMTIQS8h9u/BU3LhRxJbjwb5y2WWjrgYHDOedy5x4/5kxpx/m2lpZXVtfWCxvFza3tnV17b7+pokQS2iARj2TbB0U5E7Shmea0HUsKoc9pyx/dTPzWA5WKRaKuxzHthjAQLGAEtJF6dsULJJDUE+BzwPUsrWf4Cp/imexmKblPK1mG84AXD1nPLjllZwq8SNyclFCOWs/+9PoRSUIqNOGgVMd1Yt1NQWpGOM2KXqJoDGQEA9oxVEBIVTed3pbhY6P0cRBJ84TGU/X3RAqhUuPQN8kQ9FDNexPxP6+T6OCymzIRJ5oKMlsUJBzrCE+Kwn0mKdF8bAgQycxfMRmCaUWbOoumBHf+5EXSrJTd87J7d1aqXud1FNAhOkInyEUXqIpuUQ01EEGP6Bm9ojfryXqx3q2PWXTJymcO0B9YXz/jhaC0</latexit>

rT

T
= � 1

c2
r�

Gradient of gravitational potential

Temperature gradient

Thermal equilibrium in gravitational fields

<latexit sha1_base64="GNVGTtU1ORoPAW08FwuUOg/fJIo="></latexit>

1

T

dT

dr
= � g

c2
⇠ 10�18cm�1

At the Earth’s surface

       Gravity + LV + Topological SCs



J. M. Luttinger, Phys. Rev. 135 A1505 (1964)

Luttinger transport coefficient
<latexit sha1_base64="g2Y7t5jAruUhMm4Mg/lG1WxEY2c=">AAACA3icbVDLSgMxFM34rPU16k43wSK4KjMi6kYoiiCuKtgHdKYlk2ba2CQzJBmhDANu/BU3LhRx60+4829M21lo64F7OZxzL8k9Qcyo0o7zbc3NLywuLRdWiqtr6xub9tZ2XUWJxKSGIxbJZoAUYVSQmqaakWYsCeIBI41gcDnyGw9EKhqJOz2Mic9RT9CQYqSN1LF3b9opzc49RXscwXbq0fsMXrVT0zt2ySk7Y8BZ4uakBHJUO/aX141wwonQmCGlWq4Taz9FUlPMSFb0EkVihAeoR1qGCsSJ8tPxDRk8MEoXhpE0JTQcq783UsSVGvLATHKk+2raG4n/ea1Eh2d+SkWcaCLw5KEwYVBHcBQI7FJJsGZDQxCW1PwV4j6SCGsTW9GE4E6fPEvqR2X3pOzeHpcqF3kcBbAH9sEhcMEpqIBrUAU1gMEjeAav4M16sl6sd+tjMjpn5Ts74A+szx9V1pdS</latexit>

J i = �ijEj
<latexit sha1_base64="aYwqPoLnLXosGQ/TQCA9BwTLbHU=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4NB8BR2RdSLEBXBYwTzgGQNs5NJMmYey8ysENYc/BUvHhTx6m9482+cTfagiQUNRVU33V1hxKg2nvft5ObmFxaX8suFldW19Q13c6umZawwqWLJpGqESBNGBakaahhpRIogHjJSDweXqV9/IEpTKW7NMCIBRz1BuxQjY6W2u3N1l9yP4BmFLclJD8FzmAptt+iVvDHgLPEzUgQZKm33q9WROOZEGMyQ1k3fi0yQIGUoZmRUaMWaRAgPUI80LRWIEx0k4/tHcN8qHdiVypYwcKz+nkgQ13rIQ9vJkenraS8V//OasemeBgkVUWyIwJNF3ZhBI2EaBuxQRbBhQ0sQVtTeCnEfKYSNjaxgQ/CnX54ltcOSf1zyb46K5YssjjzYBXvgAPjgBJTBNaiAKsDgETyDV/DmPDkvzrvzMWnNOdnMNvgD5/MHenKVHg==</latexit>

Ej = i!Aj

<latexit sha1_base64="9/EY0fChi7Cp0D9RKuwUpWtKQmw="></latexit>

�ij =
1

i!

⌦
J iJj

↵
(!, k = 0) Kubo

Einstein relation Electrochemical transport

How do w describe statistical transport?
<latexit sha1_base64="kNARNblxgQpMWlw9T6eH/hj8ei4=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8GJJRNSLUBTBYwX7AU0ok+2mXbrZhN2NUEIu/hUvHhTx6s/w5r9x2+agrQ8GHu/NMDMvSDhT2nG+rYXFpeWV1dJaeX1jc2vb3tltqjiVhDZIzGPZDkBRzgRtaKY5bSeSQhRw2gqGN2O/9UilYrF40KOE+hH0BQsZAW2krr2feUGY3eY5vsIn2BMQcMBelHbtilN1JsDzxC1IBRWod+0vrxeTNKJCEw5KdVwn0X4GUjPCaV72UkUTIEPo046hAiKq/GzyQI6PjNLDYSxNCY0n6u+JDCKlRlFgOiPQAzXrjcX/vE6qw0s/YyJJNRVkuihMOdYxHqeBe0xSovnIECCSmVsxGYAEok1mZROCO/vyPGmeVt3zqnt/VqldF3GU0AE6RMfIRReohu5QHTUQQTl6Rq/ozXqyXqx362PaumAVM3voD6zPHxlClXI=</latexit>

E = �rµ
<latexit sha1_base64="JfPgDlLo8rx9Ngz2YXle/dRP02E=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK/YI2lMl20y7dbOLuRiihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VZU0ai1h1AtRMcMmahhvBOoliGAWCtYPx3cxvPzGleSwbZpIwP8Kh5CGnaKzU6UkMBJJGv1xxq+4cZJV4OalAjnq//NUbxDSNmDRUoNZdz02Mn6EynAo2LfVSzRKkYxyyrqUSI6b9bH7vlJxZZUDCWNmShszV3xMZRlpPosB2RmhGetmbif953dSEN37GZZIaJuliUZgKYmIye54MuGLUiIklSBW3txI6QoXU2IhKNgRv+eVV0rqoeldV7+GyUrvN4yjCCZzCOXhwDTW4hzo0gYKAZ3iFN+fReXHenY9Fa8HJZ47hD5zPH3/lj54=</latexit>rT

<latexit sha1_base64="3JKEuOQWwOvSQU47TvTXD0y1uhw=">AAACCnicbVBNS8NAEN3Ur1q/qh69rBbBiyURUS9CUQSPFewHNKFMtpt26WYTdjdCCTl78a948aCIV3+BN/+N2zYHbX0w8Hhvhpl5fsyZ0rb9bRUWFpeWV4qrpbX1jc2t8vZOU0WJJLRBIh7Jtg+KciZoQzPNaTuWFEKf05Y/vB77rQcqFYvEvR7F1AuhL1jACGgjdcv7qesHqRuCHhDg6U2WZfgSH2NXgM8Bu2HSLVfsqj0BnidOTiooR71b/nJ7EUlCKjThoFTHsWPtpSA1I5xmJTdRNAYyhD7tGCogpMpLJ69k+NAoPRxE0pTQeKL+nkghVGoU+qZzfLOa9cbif14n0cGFlzIRJ5oKMl0UJBzrCI9zwT0mKdF8ZAgQycytmAxAAtEmvZIJwZl9eZ40T6rOWdW5O63UrvI4imgPHaAj5KBzVEO3qI4aiKBH9Ixe0Zv1ZL1Y79bHtLVg5TO76A+szx9Vt5oE</latexit>

E = �rµ

What is the proper field to describe thermal transport?

Answer: ¡Gravity!

Local source coupled to current
<latexit sha1_base64="SpYqpdQztpKU2N6o3jfCSpj/PrU=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJqYxnBmEByhL3NJFmyu3fs7gnhyI+wsVDE1t9j579xk1yhiQ8GHu/NMDMvSgQ31ve/vcLK6tr6RnGztLW9s7tX3j94NHGqGTZYLGLdiqhBwRU2LLcCW4lGKiOBzWh0O/WbT6gNj9WDHScYSjpQvM8ZtU5qXnezjkwn3XLFr/ozkGUS5KQCOerd8lenF7NUorJMUGPagZ/YMKPaciZwUuqkBhPKRnSAbUcVlWjCbHbuhJw4pUf6sXalLJmpvycyKo0Zy8h1SmqHZtGbiv957dT2r8KMqyS1qNh8UT8VxMZk+jvpcY3MirEjlGnubiVsSDVl1iVUciEEiy8vk8ezanBRDe7PK7WbPI4iHMExnEIAl1CDO6hDAxiM4Ble4c1LvBfv3fuYtxa8fOYQ/sD7/AFkGo+c</latexit>

Aµ
<latexit sha1_base64="3RSAa2B9gme9RlH+po9IJo7AZbY=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF/EUwTwgWcPsZDYZMo9lZlYISz7CiwdFvPo93vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLRzdRvPVFtmJIPdpzQUOCBZDEj2DqpdfeYdUU66ZUrftWfAS2TICcVyFHvlb+6fUVSQaUlHBvTCfzEhhnWlhFOJ6VuamiCyQgPaMdRiQU1YTY7d4JOnNJHsdKupEUz9fdEhoUxYxG5ToHt0Cx6U/E/r5Pa+CrMmExSSyWZL4pTjqxC099Rn2lKLB87golm7lZEhlhjYl1CJRdCsPjyMmmeVYOLanB/Xqld53EU4QiO4RQCuIQa3EIdGkBgBM/wCm9e4r14797HvLXg5TOH8Afe5w9wa4+k</latexit>

Jµ

<latexit sha1_base64="wNTVCqXZVY5XrxU+OhXqK6c0yk4=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgxpJIUTdC1Y24qmgf0KRhMpm2QycPZiZiCVm58VfcuFDErd/gzr9xmmahrQeGOZxzL/fe40aMCmkY31phbn5hcam4XFpZXVvf0De3miKMOSYNHLKQt10kCKMBaUgqGWlHnCDfZaTlDi/HfuuecEHD4E6OImL7qB/QHsVIKsnRd2/PDi0aSHjuJJYfp9fd7INeN6mmD45eNipGBjhLzJyUQY66o39ZXohjnwQSMyRExzQiaSeIS4oZSUtWLEiE8BD1SUfRAPlE2El2Rgr3leLBXsjVUxtl6u+OBPlCjHxXVfpIDsS0Nxb/8zqx7J3aCQ2iWJIATwb1YgZlCMeZQI9ygiUbKYIwp2pXiAeIIyxVciUVgjl98ixpHlXM44p5Uy3XLvI4imAH7IEDYIITUANXoA4aAINH8AxewZv2pL1o79rHpLSg5T3b4A+0zx+QC5iR</latexit>

S = �
Z

AµJ
µd4x:

<latexit sha1_base64="z26/SY3OZsFmEDePILw99cll21M=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQxJKIqBuh6kZcVbQPaGKYTCbt0MmDmYlQQj7Cjb/ixoUibl2482+cphG09cDA4ZxzuXOPGzMqpGF8aaWZ2bn5hfJiZWl5ZXVNX99oiSjhmDRxxCLecZEgjIakKalkpBNzggKXkbY7uBj57XvCBY3CWzmMiR2gXkh9ipFUkqPvXd2lVpBk8BTuQ8vnCKeWR5hE8Cb7YWdOHskcvWrUjBxwmpgFqYICDUf/tLwIJwEJJWZIiK5pxNJOEZcUM5JVrESQGOEB6pGuoiEKiLDT/KgM7ijFg37E1QslzNXfEykKhBgGrkoGSPbFpDcS//O6ifRP7JSGcSJJiMeL/IRBGcFRQ9CjnGDJhoogzKn6K8R9pJqRqseKKsGcPHmatA5q5lHNvD6s1s+LOspgC2yDXWCCY1AHl6ABmgCDB/AEXsCr9qg9a2/a+zha0oqZTfAH2sc352KeJA==</latexit>

Jµ = � �S

�Aµ

(Donor an aceptor impurities)

Luttinger-Tolman-Ehrenfest

       Gravity + LV + Topological SCs



J. M. Luttinger, Phys. Rev. 135 A1505 (1964)

In analogy with electrical conductivity is proposed a ficticius gravitational field
<latexit sha1_base64="iYaDqFjndsQTiPw7MN2yQmNXvfQ="></latexit>

Hint(t) =

Z
h(r, t)�(r) d3r

Hamiltonian density
Gravity field

<latexit sha1_base64="6kACV4LJGLvpNvkxUAI/mOr7zmA="></latexit>

J = L(1)E� L(2)r�

<latexit sha1_base64="F/BNwyjWHpJ2yfB5h5MQjmiGSs4="></latexit>

JE = L(3)E� L(4)r�

<latexit sha1_base64="kTAkgial21AUL0RgZ05a+9Nof3Y="></latexit>

L(2)
ij = lim

!!0

1

i!

⌦
JE
i Jj

↵
(!, k = 0)

<latexit sha1_base64="ERtKXMSOr4dbZcsahhYT5Jc8F6Q="></latexit>

L(4)
ij = lim

!!0

1

i!

⌦
JE
i J

E
j

↵
(!, k = 0)

local

       Gravity + LV + Topological SCs

Luttinger transport coefficient



<latexit sha1_base64="GlAIY2KkJYitvpD030vjfT2ntDk="></latexit>

⇢ = exp


� 1

kT
(uµP

µ � µQ)

�
<latexit sha1_base64="gp8hj3MgIx7BZakwPkG8ajO2FZU=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQQUoiom6EohuXFewD2hAm00k7dDIJ8xBLyK+4caGIW3/EnX/jpM1CW8/lwuGce5k7J0gYlcpxvq3Syura+kZ5s7K1vbO7Z+9XOzLWApM2jlksegGShFFO2ooqRnqJICgKGOkGk9vc7z4SIWnMH9Q0IV6ERpyGFCNlJN+uaj8dRDqD13X31MnrxLdrTsOZAS4TtyA1UKDl21+DYYx1RLjCDEnZd51EeSkSimJGsspAS5IgPEEj0jeUo4hIL53dnsFjowxhGAvTXMGZ+nsjRZGU0ygwkxFSY7no5eJ/Xl+r8MpLKU+0IhzPHwo1gyqGeRBwSAXBik0NQVhQcyvEYyQQViauignBXfzyMumcNdyLhnt/XmveFHGUwSE4AnXggkvQBHegBdoAgyfwDF7Bm5VZL9a79TEfLVnFzgH4A+vzB+KzkmI=</latexit>

uµ = (1, 0, 0, 0)

ensemble at rest

Can we mimic these effects with thermodynamical variations?

<latexit sha1_base64="7e1E9us2jlYIkltdSVVMavoYty0=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0UQxJIUURGEqpsuW7APaGKYTCbt0MmDmYlQQv7Fjb/ixoVS3LjwX5y2EbT1wMDhnHO5c48bMyqkYXxqhaXlldW14nppY3Nre0ff3WuLKOGYtHDEIt51kSCMhqQlqWSkG3OCApeRjju8m/idR8IFjcJ7OYqJHaB+SH2KkVSSo19ZHmESwTq8hqfQ8jnCqZml1QzmRh8+pIaRqcDJj3TjpEpoOnrZqBhTwEVi5qQMcjQcfWx5EU4CEkrMkBA904ilnSIuKWYkK1mJIDHCQ9QnPUVDFBBhp9MbM3ikFA/6EVcvlHCq/p5IUSDEKHBVMkByIOa9ifif10ukf2mnNIwTSUI8W+QnDMoITgqDHuUESzZSBGFO1V8hHiDVk1S1llQJ5vzJi6RdrZjnFbN5Vq7d5nUUwQE4BMfABBegBuqgAVoAgyfwAt7Au/asvWpj7WMWLWj5zD74A+3rG9LboU0=</latexit>

�H = �1

2
�g

00
H + �A0Q

Equilibrium conditions:

<latexit sha1_base64="OFX7I4tkzwWyeNRlU1wD5OhNlA0=">AAACGnicbVBNS8NAEN3Ur1q/oh69LBahXkoiol6EohePFdpaaErZbDft0s0m7E6EEvI7vPhXvHhQxJt48d+4bSNo64OBt+/NsDPPjwXX4DhfVmFpeWV1rbhe2tjc2t6xd/daOkoUZU0aiUi1faKZ4JI1gYNg7VgxEvqC3fmj64l/d8+U5pFswDhm3ZAMJA84JWCknu16kviCYC8ecnyJG/jnLVgAFewFitDUzdJGhj3FB0M47tllp+pMgReJm5MyylHv2R9eP6JJyCRQQbTuuE4M3ZQo4FSwrOQlmsWEjsiAdQyVJGS6m05Py/CRUfo4iJQpCXiq/p5ISaj1OPRNZ0hgqOe9ifif10kguOimXMYJMElnHwWJwBDhSU64zxWjIMaGEKq42RXTITFpgEmzZEJw509eJK2TqntWdW9Py7WrPI4iOkCHqIJcdI5q6AbVURNR9ICe0At6tR6tZ+vNep+1Fqx8Zh/9gfX5Dfjnn5w=</latexit>

r� = Tr
✓
1

T

◆
<latexit sha1_base64="JFB7jaLAZdZBVVYFxzMG6YNSio8=">AAACIHicbVDLSgNBEJyNrxhfUY9eBoMQD4ZdEeNFiHrxGCEvyIYwO5lNhszOLjO9Qlj2U7z4K148KKI3/RonD0ETCxqKqm66u7xIcA22/WlllpZXVtey67mNza3tnfzuXkOHsaKsTkMRqpZHNBNcsjpwEKwVKUYCT7CmN7wZ+817pjQPZQ1GEesEpC+5zykBI3Xz5RPsSuIJgq9wN7FTfIlrP4ormA9F7PqK0MQN4jSppdhVvD+A426+YJfsCfAicWakgGaodvMfbi+kccAkUEG0bjt2BJ2EKOBUsDTnxppFhA5Jn7UNlSRgupNMHkzxkVF62A+VKQl4ov6eSEig9SjwTGdAYKDnvbH4n9eOwb/oJFxGMTBJp4v8WGAI8Tgt3OOKURAjQwhV3NyK6YCYPMBkmjMhOPMvL5LGack5Lzl3Z4XK9SyOLDpAh6iIHFRGFXSLqqiOKHpAT+gFvVqP1rP1Zr1PWzPWbGYf/YH19Q2gZqF9</latexit>

�rA0 = Tr
⇣µ

T

⌘

<latexit sha1_base64="+gR9KCB3e+dqBHPhXTVtC99JIn4="></latexit>

Jtr = L(1)
h
E� Tr

⇣µ

T

⌘i
+ L(2)


�r�+ Tr

✓
1

T

◆�

<latexit sha1_base64="/4Hw84L23XFRaRJi9YZCNleMcsk="></latexit>

JE
tr = L(3)

h
E� Tr

⇣µ

T

⌘i
+ L(4)


�r�+ Tr

✓
1

T

◆�
transport currents

       Gravity + LV + Topological SCs

We look for the effects of variations of the metric and gauge field upon the ensemble…



Effective field theory Thermal Hall effect

�H = (⇡k2
B
T/6~)

<latexit sha1_base64="XjMe+RDOCEyGtZE2Il94cticQE0=">AAACD3icbVDLSsNAFJ3UV62vqEs3F4tQQWpSRN0IpW66rNAXNLFMptN26OTBzEQoIR+hP6MrUXeCP+DfOK1ZaPWszr3nXLjneBFnUlnWp5FbWl5ZXcuvFzY2t7Z3zN29tgxjQWiLhDwUXQ9LyllAW4opTruRoNj3OO14k+uZ3rmjQrIwaKppRF0fjwI2ZAQrveqbJ45kIx9DP6mncAUlJ2Iw0VMthdukkkITTuEcnLGHBRz3zaJVtuaAv8TOSBFlaPTND2cQktingSIcS9mzrUi5CRaKEU7TghNLGmEywSPa0zTAPpVuMk+VwtEwFKDGFObzT2+CfSmnvqc9PlZjuajNlv9pvVgNL92EBVGsaEC0RWvDmIMKYVYODJigRPGpJpgIpr8EMsYCE6UrLOj49mLYv6RdKdtW2b45K1ZrWRF5dIAOUQnZ6AJVUR01UAsR9ICe0Ct6M+6NR+PZePm25ozsZh/9gvH+BRczmWU=</latexit><latexit sha1_base64="XjMe+RDOCEyGtZE2Il94cticQE0=">AAACD3icbVDLSsNAFJ3UV62vqEs3F4tQQWpSRN0IpW66rNAXNLFMptN26OTBzEQoIR+hP6MrUXeCP+DfOK1ZaPWszr3nXLjneBFnUlnWp5FbWl5ZXcuvFzY2t7Z3zN29tgxjQWiLhDwUXQ9LyllAW4opTruRoNj3OO14k+uZ3rmjQrIwaKppRF0fjwI2ZAQrveqbJ45kIx9DP6mncAUlJ2Iw0VMthdukkkITTuEcnLGHBRz3zaJVtuaAv8TOSBFlaPTND2cQktingSIcS9mzrUi5CRaKEU7TghNLGmEywSPa0zTAPpVuMk+VwtEwFKDGFObzT2+CfSmnvqc9PlZjuajNlv9pvVgNL92EBVGsaEC0RWvDmIMKYVYODJigRPGpJpgIpr8EMsYCE6UrLOj49mLYv6RdKdtW2b45K1ZrWRF5dIAOUQnZ6AJVUR01UAsR9ICe0Ct6M+6NR+PZePm25ozsZh/9gvH+BRczmWU=</latexit><latexit sha1_base64="XjMe+RDOCEyGtZE2Il94cticQE0=">AAACD3icbVDLSsNAFJ3UV62vqEs3F4tQQWpSRN0IpW66rNAXNLFMptN26OTBzEQoIR+hP6MrUXeCP+DfOK1ZaPWszr3nXLjneBFnUlnWp5FbWl5ZXcuvFzY2t7Z3zN29tgxjQWiLhDwUXQ9LyllAW4opTruRoNj3OO14k+uZ3rmjQrIwaKppRF0fjwI2ZAQrveqbJ45kIx9DP6mncAUlJ2Iw0VMthdukkkITTuEcnLGHBRz3zaJVtuaAv8TOSBFlaPTND2cQktingSIcS9mzrUi5CRaKEU7TghNLGmEywSPa0zTAPpVuMk+VwtEwFKDGFObzT2+CfSmnvqc9PlZjuajNlv9pvVgNL92EBVGsaEC0RWvDmIMKYVYODJigRPGpJpgIpr8EMsYCE6UrLOj49mLYv6RdKdtW2b45K1ZrWRF5dIAOUQnZ6AJVUR01UAsR9ICe0Ct6M+6NR+PZePm25ozsZh/9gvH+BRczmWU=</latexit><latexit sha1_base64="XjMe+RDOCEyGtZE2Il94cticQE0=">AAACD3icbVDLSsNAFJ3UV62vqEs3F4tQQWpSRN0IpW66rNAXNLFMptN26OTBzEQoIR+hP6MrUXeCP+DfOK1ZaPWszr3nXLjneBFnUlnWp5FbWl5ZXcuvFzY2t7Z3zN29tgxjQWiLhDwUXQ9LyllAW4opTruRoNj3OO14k+uZ3rmjQrIwaKppRF0fjwI2ZAQrveqbJ45kIx9DP6mncAUlJ2Iw0VMthdukkkITTuEcnLGHBRz3zaJVtuaAv8TOSBFlaPTND2cQktingSIcS9mzrUi5CRaKEU7TghNLGmEywSPa0zTAPpVuMk+VwtEwFKDGFObzT2+CfSmnvqc9PlZjuajNlv9pvVgNL92EBVGsaEC0RWvDmIMKYVYODJigRPGpJpgIpr8EMsYCE6UrLOj49mLYv6RdKdtW2b45K1ZrWRF5dIAOUQnZ6AJVUR01UAsR9ICe0Ct6M+6NR+PZePm25ozsZh/9gvH+BRczmWU=</latexit>S0
✓ ⇠ (k2BT

2/24~v)
Z

✓ ~Eg · ~Bg d
4x

<latexit sha1_base64="Lg888/HoPHHnO1zymh8RoVv/iuE="></latexit><latexit sha1_base64="Lg888/HoPHHnO1zymh8RoVv/iuE="></latexit><latexit sha1_base64="Lg888/HoPHHnO1zymh8RoVv/iuE="></latexit><latexit sha1_base64="Lg888/HoPHHnO1zymh8RoVv/iuE="></latexit>

<latexit sha1_base64="yVj6KyXwLkGXK4vuUwXX8XUSoEE="></latexit>

Ji = ��S✓

�Ai
= �H@iT

Is it consistent with the effective field theory?

Similar to the 
electromagnetic axion 

coupling

       Gravity + LV + Topological SCs



<latexit sha1_base64="qElb6olvgaP/S8T0VI1W7gzyM3g="></latexit>

HBCS =
X

k�

⇣kc
†
k�ck� �

X

k

�kc
†
k"c

†
�k# �

X

k

�⇤
kc�k#ck"

Example:

<latexit sha1_base64="SmXU/r61F1nliJZDxC2cy3J+8d8=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEQSiJiArdFLtxWdE+oAllMp20Q2cyYWYilhDwV9y4UMSt3+HOv3HaZqGtBy4czrmXe+8JYkaVdpxvq7C0vLK6VlwvbWxube/Yu3stJRKJSRMLJmQnQIowGpGmppqRTiwJ4gEj7WBUn/jtByIVFdG9HsfE52gQ0ZBipI3Usw/iUxpDr+pVYerxQDymd/Us69llp+JMAReJm5MyyNHo2V9eX+CEk0hjhpTquk6s/RRJTTEjWclLFIkRHqEB6RoaIU6Un07Pz+CxUfowFNJUpOFU/T2RIq7UmAemkyM9VPPeRPzP6yY6vPJTGsWJJhGeLQoTBrWAkyxgn0qCNRsbgrCk5laIh0girE1iJROCO//yImmdVdyLint7Xq5d53EUwSE4AifABZegBm5AAzQBBil4Bq/gzXqyXqx362PWWrDymX3wB9bnDykAlP0=</latexit>

p+ ip SC
<latexit sha1_base64="gNF5YJgfX1SpvaRSorRJX4EIXtw=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCp5KIqBehqAePFewHNKFstpN26W4SdjdiCQH/ihcPinj1d3jz37htc9DWBwOP92aYmRcknCntON/WwuLS8spqaa28vrG5tW3v7DZVnEoKDRrzWLYDooCzCBqaaQ7tRAIRAYdWMLwe+60HkIrF0b0eJeAL0o9YyCjRRura+94NcE3wJc48EcSPGdWQ51274lSdCfA8cQtSQQXqXfvL68U0FRBpyolSHddJtJ8RqRnlkJe9VEFC6JD0oWNoRAQoP5ucn+Mjo/RwGEtTkcYT9fdERoRSIxGYTkH0QM16Y/E/r5Pq8MLPWJSkGiI6XRSmHOsYj7PAPSaBaj4yhFDJzK2YDogkJgOpyiYEd/bledI8qbpnVffutFK7KuIooQN0iI6Ri85RDd2iOmogijL0jF7Rm/VkvVjv1se0dcEqZvbQH1ifP/pwlYQ=</latexit>

� = cte
<latexit sha1_base64="v/3plvp9KiuKt+c28KNrfGdgIQw=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIRFbopduOyon1AE8pkOmmHziPMTIol9E/cuFDErX/izr9x2mahrQcuHM65l3vviRJGtfG8b6ewtr6xuVXcLu3s7u0fuIdHLS1ThUkTSyZVJ0KaMCpI01DDSCdRBPGIkXY0qs/89pgoTaV4NJOEhBwNBI0pRsZKPdfVMKgGVRjwSD5lD/Vpzy17FW8OuEr8nJRBjkbP/Qr6EqecCIMZ0rrre4kJM6QMxYxMS0GqSYLwCA1I11KBONFhNr98Cs+s0oexVLaEgXP190SGuNYTHtlOjsxQL3sz8T+vm5r4JsyoSFJDBF4silMGjYSzGGCfKoINm1iCsKL2VoiHSCFsbFglG4K//PIqaV1U/KuKf39Zrt3mcRTBCTgF58AH16AG7kADNAEGY/AMXsGbkzkvzrvzsWgtOPnMMfgD5/MHUleS0g==</latexit>

s SC
<latexit sha1_base64="d6OjJ5/EHDKElQS+3AxvbEFz+Gw=">AAACBnicbVDLSsNAFL2pr1pfUZciDBahIpRERN0IRV24rGAf0IYwmU7boZMHMxMxhKzc+CtuXCji1m9w5984bbPQ6oHhHs65lzv3eBFnUlnWl1GYm19YXCoul1ZW19Y3zM2tpgxjQWiDhDwUbQ9LyllAG4opTtuRoNj3OG15o8ux37qjQrIwuFVJRB0fDwLWZwQrLbnmbveKcoXReV4rIze9zw6ZLkl24Jplq2pNgP4SOydlyFF3zc9uLySxTwNFOJayY1uRclIsFCOcZqVuLGmEyQgPaEfTAPtUOunkjAzta6WH+qHQL1Boov6cSLEvZeJ7utPHaihnvbH4n9eJVf/MSVkQxYoGZLqoH3OkQjTOBPWYoETxRBNMBNN/RWSIBSZKJ1fSIdizJ/8lzaOqfVK1b47LtYs8jiLswB5UwIZTqME11KEBBB7gCV7g1Xg0no03433aWjDymW34BePjGwObmDY=</latexit>

� = �(kx + iky)

<latexit sha1_base64="Of0O2fhjOKTHBqgPHT+E9H725fM=">AAACFXicbVDLSgMxFM3UV62vUZdugkVwIWVGRV2Wuumygn1AW0smc6cNzUyGJCOWYX7Cjb/ixoUibgV3/o3pY6GtBy4czrk3ufd4MWdKO863lVtaXlldy68XNja3tnfs3b2GEomkUKeCC9nyiALOIqhrpjm0Ygkk9Dg0veH12G/eg1RMRLd6FEM3JP2IBYwSbaSefdIJPfGQBuYJXME+cJzhu/Qsm8pVwCqJQQY8Yb7IenbRKTkT4EXizkgRzVDr2V8dX9AkhEhTTpRqu06suymRmlEOWaGTKIgJHZI+tA2NSAiqm06uyvCRUXwcCGkq0nii/p5ISajUKPRMZ0j0QM17Y/E/r53o4KqbsihONER0+lGQcKwFHkeEfSaBaj4yhFDJzK6YDogkVJsgCyYEd/7kRdI4LbkXJffmvFiuzOLIowN0iI6Riy5RGVVRDdURRY/oGb2iN+vJerHerY9pa86azeyjP7A+fwCTQ58b</latexit>

fase B del
3
He superfluido

<latexit sha1_base64="Gee4weE5UgDl4lpzlEI5C/2R0i8="></latexit>

H =

Z
d
3k †(k)H(k) (k)

<latexit sha1_base64="cYtFnhXKDnNmMG/GzC1ehQjdG/s="></latexit>

 †(k) = (c†",k, c
†
#,k, c",�k, c#,�k)

<latexit sha1_base64="9UWZ/UYYaYGJ6ElpnJTh2zejyN8=">AAACFXicbZDLSgMxFIYz9VbrbdSlm2ARXGiZEVE3QtFNlxXsBTpjyaSZNjTJDElGKMO8hBtfxY0LRdwK7nwb03ZAbT0Q+Pj/czg5fxAzqrTjfFmFhcWl5ZXiamltfWNzy97eaaookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDK/HfuueSEUjcatHMfE56gsaUoy0kbr2UQ1eQgq9PuIcwbvU40kGh7A7hWPIfywn69plp+JMCs6Dm0MZ5FXv2p9eL8IJJ0JjhpTquE6s/RRJTTEjWclLFIkRHqI+6RgUiBPlp5OrMnhglB4MI2me0HCi/p5IEVdqxAPTyZEeqFlvLP7ndRIdXvgpFXGiicDTRWHCoI7gOCLYo5JgzUYGEJbU/BXiAZIIaxNkyYTgzp48D82TintWcW9Oy9WrPI4i2AP74BC44BxUQQ3UQQNg8ACewAt4tR6tZ+vNep+2Fqx8Zhf8KevjG0PinQk=</latexit>

H = i�
µ
kµ �m�

0
Dirac-like

Nambu

How the TSC respond to the gravity field?

Fermions is curved spacetime

<latexit sha1_base64="0ijKxFjHw0pA5O29zh/OEOMCvU4="></latexit>

S[ ̄, , e] =

Z
d4x

p
g
⇥
 ̄ea

µ�a
�
i@µ + 1

2!µ
cd⌃cd

�
 + µ ̄ 
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       Gravity + LV + Topological SCs

B-phase superfluid



<latexit sha1_base64="1P2EH2K5+oliB7gSQGFE//hGpUw="></latexit>

Se↵[µ, e] = �i ln

Z
D[ ̄, ] exp

�
iS[ ̄, , e]

� Integrating out fermions

Fujikawa method

S0
✓ ⇠ (k2BT

2/24~v)
Z

✓ ~Eg · ~Bg d
4x

<latexit sha1_base64="Lg888/HoPHHnO1zymh8RoVv/iuE="></latexit><latexit sha1_base64="Lg888/HoPHHnO1zymh8RoVv/iuE="></latexit><latexit sha1_base64="Lg888/HoPHHnO1zymh8RoVv/iuE="></latexit><latexit sha1_base64="Lg888/HoPHHnO1zymh8RoVv/iuE="></latexit>

<latexit sha1_base64="yVj6KyXwLkGXK4vuUwXX8XUSoEE="></latexit>

Ji = ��S✓

�Ai
= �H@iT

¡Nonlinear thermal Hall effect!

What’s the correct result?

We do not have experiments yet…

S✓ ⇠ � 1

1532⇡2

Z
✏µ⌫↵�R⌧

�µ⌫R
�
⌧↵� d

4x
<latexit sha1_base64="3qD7T+toQ/aiBsY5UCEDsdbTO2w="></latexit><latexit sha1_base64="3qD7T+toQ/aiBsY5UCEDsdbTO2w="></latexit><latexit sha1_base64="3qD7T+toQ/aiBsY5UCEDsdbTO2w="></latexit><latexit sha1_base64="3qD7T+toQ/aiBsY5UCEDsdbTO2w="></latexit>

HEP: Nonconservation of Lepton current…
Gravitational anomaly

gauge broken with a boundary Anomaly induced restoring symmetry?�(S + S✓) = 0
<latexit sha1_base64="B9jFLOpo2evTPo8aIorS9eLDjvY=">AAACA3icbVDLSgMxFM34rPVVdenmYhEqQpkRQTdC0Y3LivYBbSmZ9LYNzTxI7ghl6FJ/Rlei7vwDf8C/Ma1daOtZhJN7ziU5x4+VNOS6X87C4tLyympmLbu+sbm1ndvZrZoo0QIrIlKRrvvcoJIhVkiSwnqskQe+wpo/uBrrtXvURkbhHQ1jbAW8F8quFJzsqJ2DZgcVcSjALRyDPdppk/pIfARHcAEutHN5t+hOAPPEm5I8m6Lczn02O5FIAgxJKG5Mw3NjaqVckxQKR9lmYjDmYsB72LA05AGaVjpJMoLDbqTBvg+T+29vygNjhoFvPQGnvpnVxsP/tEZC3fNWKsM4IQyFtVitmyigCMaFQEdqFKSGlnChpf0liD7XXJCtLWvje7Nh50n1pOi5Re/mNF+6nBaRYfvsgBWYx85YiV2zMqswwR7ZM3tj786D8+S8OK8/1gVnurPH/sD5+AYbmJR+</latexit><latexit sha1_base64="B9jFLOpo2evTPo8aIorS9eLDjvY=">AAACA3icbVDLSgMxFM34rPVVdenmYhEqQpkRQTdC0Y3LivYBbSmZ9LYNzTxI7ghl6FJ/Rlei7vwDf8C/Ma1daOtZhJN7ziU5x4+VNOS6X87C4tLyympmLbu+sbm1ndvZrZoo0QIrIlKRrvvcoJIhVkiSwnqskQe+wpo/uBrrtXvURkbhHQ1jbAW8F8quFJzsqJ2DZgcVcSjALRyDPdppk/pIfARHcAEutHN5t+hOAPPEm5I8m6Lczn02O5FIAgxJKG5Mw3NjaqVckxQKR9lmYjDmYsB72LA05AGaVjpJMoLDbqTBvg+T+29vygNjhoFvPQGnvpnVxsP/tEZC3fNWKsM4IQyFtVitmyigCMaFQEdqFKSGlnChpf0liD7XXJCtLWvje7Nh50n1pOi5Re/mNF+6nBaRYfvsgBWYx85YiV2zMqswwR7ZM3tj786D8+S8OK8/1gVnurPH/sD5+AYbmJR+</latexit><latexit sha1_base64="B9jFLOpo2evTPo8aIorS9eLDjvY=">AAACA3icbVDLSgMxFM34rPVVdenmYhEqQpkRQTdC0Y3LivYBbSmZ9LYNzTxI7ghl6FJ/Rlei7vwDf8C/Ma1daOtZhJN7ziU5x4+VNOS6X87C4tLyympmLbu+sbm1ndvZrZoo0QIrIlKRrvvcoJIhVkiSwnqskQe+wpo/uBrrtXvURkbhHQ1jbAW8F8quFJzsqJ2DZgcVcSjALRyDPdppk/pIfARHcAEutHN5t+hOAPPEm5I8m6Lczn02O5FIAgxJKG5Mw3NjaqVckxQKR9lmYjDmYsB72LA05AGaVjpJMoLDbqTBvg+T+29vygNjhoFvPQGnvpnVxsP/tEZC3fNWKsM4IQyFtVitmyigCMaFQEdqFKSGlnChpf0liD7XXJCtLWvje7Nh50n1pOi5Re/mNF+6nBaRYfvsgBWYx85YiV2zMqswwR7ZM3tj786D8+S8OK8/1gVnurPH/sD5+AYbmJR+</latexit><latexit sha1_base64="B9jFLOpo2evTPo8aIorS9eLDjvY=">AAACA3icbVDLSgMxFM34rPVVdenmYhEqQpkRQTdC0Y3LivYBbSmZ9LYNzTxI7ghl6FJ/Rlei7vwDf8C/Ma1daOtZhJN7ziU5x4+VNOS6X87C4tLyympmLbu+sbm1ndvZrZoo0QIrIlKRrvvcoJIhVkiSwnqskQe+wpo/uBrrtXvURkbhHQ1jbAW8F8quFJzsqJ2DZgcVcSjALRyDPdppk/pIfARHcAEutHN5t+hOAPPEm5I8m6Lczn02O5FIAgxJKG5Mw3NjaqVckxQKR9lmYjDmYsB72LA05AGaVjpJMoLDbqTBvg+T+29vygNjhoFvPQGnvpnVxsP/tEZC3fNWKsM4IQyFtVitmyigCMaFQEdqFKSGlnChpf0liD7XXJCtLWvje7Nh50n1pOi5Re/mNF+6nBaRYfvsgBWYx85YiV2zMqswwR7ZM3tj786D8+S8OK8/1gVnurPH/sD5+AYbmJR+</latexit>
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LV-gravity sector

Weyl conformal

t-puzzle

Is there a Bogoliubov-de Genes microscopic Hamiltonian?

Some of the coefficients can generate the linear thermal Hall effect?



¡Thanks!

Leonardo Medel Martín Ibarra Edgar Briceño

Y. Sarahí García Fernando López Amilli Calatayud Joseph Luna

Luis Urrutia Ricardo von Dossow Eduardo Barrios


