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1. Introduction  
̶ Magnetic Fields and Baryon Asymmetry Just after Pseudoscalar Inflation ̶ 

2. Naive guess  
̶ Baryogenesis from Hypermagnetic Helicity Decay ̶ 
i. Baryon isocurvature problem 

3. Cancellation by Chiral Anomaly? 
4. Summary

2/42



Slide Background Courtesy: H. Oide

Introduction 
̶ Magnetic Fields and Baryon Asymmetry Just after Pseudoscalar Inflation ̶

3/42



Slide Background Courtesy: H. Oide

Chiral Anomaly
<latexit sha1_base64="OXqpk+qpSsKqcdPEphoHSp1KCn0="></latexit>
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leads to baryon and lepton number violation in the SM
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µ⌫
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Chiral Anomaly
<latexit sha1_base64="OXqpk+qpSsKqcdPEphoHSp1KCn0="></latexit>

@µJ
µ
5 = � ↵

2⇡
Fµ⌫ F̃

µ⌫

leads to baryon and lepton number violation in the SM
<latexit sha1_base64="IT9dXpKrDr+vVcBOxNT8NB5yHpo="></latexit>
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=> Baryon asymmetry has been already generated as 

Axion inflation generates anyway maximally helical MFs.

<latexit sha1_base64="EO/Iz718mjzM+Z19+wsK1iE6Cfs="></latexit>
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3↵0

4⇡
HY |axion inflation

(Valerie’s talk)
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<latexit sha1_base64="LT94UECCdIyRLfTlR+DwBNw10es=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsKfQjtUDKZO21skhmSjFCG/oMLN/op7sStP+CXuDVtZ2FbDwQO59zLPTlBwpk2rvvtFNbWNza3itulnd29/YPy4VFbx6mi0KIxj9VDQDRwJqFlmOHwkCggIuDQCUa3U7/zBEqzWDbNOAFfkIFkEaPEWKlNcK+Hm/1yxa26M+BV4uWkgnI0+uWfXhjTVIA0lBOtu56bGD8jyjDKYVLqpRoSQkdkAF1LJRGg/WyWdoLPrBLiKFb2SYNn6t+NjAitxyKwk4KYoV72puK/XiAWLmfaRhtCuBTHRNd+xmSSGpB0niZKOTYxnvaDQ6aAGj62hFDF7IcwHRJFqLEtlmxT3nIvq6R9UfUuq7X7WqV+k3dWRCfoFJ0jD12hOrpDDdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgFPA53r</latexit> a

T<latexit sha1_base64="vK7BEgZHDUNfewD73TtAefuPxjs=">AAACGXicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rIogssKfUEbymRy0w6dSeLMRCih3+HCjX6KO3Hryi9x66TNwrYeGDiccy/3zPFizpS27W+rsLa+sblV3C7t7O7tH5QPj9oqSiSFFo14JLseUcBZCC3NNIduLIEIj0PHG99mfucJpGJR2NSTGFxBhiELGCXaSG5z0BdEj6RI7zrTQbliV+0Z8CpxclJBORqD8k/fj2giINSUE6V6jh1rNyVSM8phWuonCmJCx2QIPUNDIkC56Sz0FJ8ZxcdBJM0LNZ6pfzdSIpSaCM9MZhHVspeJ/3qeWLicKhNtBP5SHB1cuykL40RDSOdpgoRjHeGsJuwzCVTziSGESmY+hOmISEK1KbNkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRPWqgFqLoET2jV/RmvVjv1of1OR8tWPnOMVqA9fULOvehsA==</latexit>

TEW
<latexit sha1_base64="BCBdodmqMhNP0z+rpi054Diad9M=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rLoxpVU6AuaUCaTm3boTBJnJkIJ/Q0XbvRT3Ilbd36JW6dtFrb1wMDhnHu5Z46fcKa0bX9bhbX1jc2t4nZpZ3dv/6B8eNRWcSoptGjMY9n1iQLOImhppjl0EwlE+Bw6/uh26neeQCoWR009TsATZBCxkFGijeQ2sauYgEcs+vf9csWu2jPgVeLkpIJyNPrlHzeIaSog0pQTpXqOnWgvI1IzymFSclMFCaEjMoCeoRERoLxslnmCz4wS4DCW5kUaz9S/GxkRSo2FbyYF0UO17E3Ffz1fLFzOlIk2hGApjg6vvYxFSaohovM0YcqxjvG0JRwwCVTzsSGESmY+hOmQSEK16bJkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRHWqgFqIoQc/oFb1ZL9a79WF9zkcLVr5zjBZgff0CX9ygow==</latexit>

T ' mN

<latexit sha1_base64="zpGqI5inYgQwpgM18DDL1OoZcgw=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9gHtWDKZ2zY0yQxJRihD/8OFG/0Ud+LWjV/i1kw7C9t6IHA4517uyQlizrRx3W+nsLa+sblV3C7t7O7tH5QPj1o6ShSFJo14pDoB0cCZhKZhhkMnVkBEwKEdjG8zv/0ESrNIPphJDL4gQ8kGjBJjpUfS7wliRkqkIMNpv1xxq+4MeJV4OamgHI1++acXRjQRIA3lROuu58bGT4kyjHKYlnqJhpjQMRlC11JJBGg/naWe4jOrhHgQKfukwTP170ZKhNYTEdjJLKNe9jLxXy8QC5dTbaONIFyKYwbXfspknBiQdJ5mkHBsIpz1hEOmgBo+sYRQxeyHMB0RRaixbZZsU95yL6ukdVH1Lqu1+1qlfpN3VkQn6BSdIw9doTq6Qw3URBQp9Ixe0Zvz4rw7H87nfLTg5DvHaAHO1y99WaJi</latexit>aend

<latexit sha1_base64="BSyKsvXFFPyylnukZVOAXytCf7M="></latexit>
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3g02

16⇡2

hY

s

<latexit sha1_base64="B+M+H/3DLOUEC4y2VaKPfJLX2w8=">AAACHXicbVDLSsNAFJ3UV62PRl26CRbBVUmkqBuh6MZlhb6gDWEyuWmHziRhZiKU0C9x4UY/xZ24Fb/ErZM2C9t6YOBwzr3cM8dPGJXKtr+N0sbm1vZOebeyt39wWDWPjrsyTgWBDolZLPo+lsBoBB1FFYN+IgBzn0HPn9znfu8JhKRx1FbTBFyORxENKcFKS55Zbd+2vSHHaix4JmDmmTW7bs9hrROnIDVUoOWZP8MgJimHSBGGpRw4dqLcDAtFCYNZZZhKSDCZ4BEMNI0wB+lm8+Az61wrgRXGQr9IWXP170aGuZRT7uvJPKJc9XLxX8/nS5czqaONIViJo8IbN6NRkiqIyCJNmDJLxVZelRVQAUSxqSaYCKo/ZJExFpgoXWhFN+Ws9rJOupd156reeGzUmndFZ2V0is7QBXLQNWqiB9RCHURQip7RK3ozXox348P4XIyWjGLnBC3B+PoFXE6iwQ==</latexit>

T = Tre

<latexit sha1_base64="DVyXB4FK9r5ssJ6tQQZFT2utHUE=">AAACEnicbVDLTgIxFO3gC/GFunTTSExckRlD1CXBjUtMBExgQjqdO1BpO5O2Y0Im/IMLN/op7oxbf8AvcWuBWQh4kiYn59ybe3qChDNtXPfbKaytb2xuFbdLO7t7+wflw6O2jlNFoUVjHquHgGjgTELLMMPhIVFARMChE4xupn7nCZRmsbw34wR8QQaSRYwSY6V2DwzpN/rlilt1Z8CrxMtJBeVo9ss/vTCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI7IALqWSiJA+9ks7QSfWSXEUazskwbP1L8bGRFaj0VgJwUxQ73sTcV/vUAsXM60jTaEcCmOia79jMkkNSDpPE2UcmxiPO0Hh0wBNXxsCaGK2Q9hOiSKUGNbLNmmvOVeVkn7oupdVmt3tUq9kXdWRCfoFJ0jD12hOrpFTdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgE1uJ51</latexit>⌘B

<latexit sha1_base64="D/CFiXJCvHLOYgJSi2R+OGJ58vM=">AAACMnicbVC7TsMwFHV4lvIKMLJYFARTlZSqMFawMBaJPlATIsdxGqvOQ7aDVEX5Ab6GgQX+BDbEys6K22agLUeydHTOvfK5x00YFdIw3rWl5ZXVtfXSRnlza3tnV9/b74g45Zi0ccxi3nORIIxGpC2pZKSXcIJCl5GuO7we+91HwgWNozs5SogdokFEfYqRVJKjH1s+Rzg7H5w+1PLMbEAroYrBqRw493kmckevGFVjArhIzIJUQIGWo/9YXozTkEQSMyRE3zQSaWeIS4oZyctWKkiC8BANSF/RCIVE2NnkmhyeKMWDfszViyScqH83MhQKMQpdNRkiGYh5byz+67nhzM+ZUNEC4s3Fkf6lndEoSSWJ8DSNnzIoYzjuD3qUEyzZSBGEOVUHQRwgVZZULZdVU+Z8L4ukU6uajWr9tl5pXhWdlcAhOAJnwAQXoAluQAu0AQZP4Bm8gjftRfvQPrWv6eiSVuwcgBlo378Dy6q7</latexit>

3g02

16⇡2

hY

s

<latexit sha1_base64="QsHyveqd65E76m2EsUa8zj+vhPo=">AAACIXicbVDLSgMxFM3UV62v0S7dBIvgqsyIr41QdKHLCn1BW0smvW1Dk8yQZIRh6Le4cKOf4k7ciR/i1vSxsK0HAodz7uWenCDiTBvP+3IyK6tr6xvZzdzW9s7unrt/UNNhrChUachD1QiIBs4kVA0zHBqRAiICDvVgeDv260+gNAtlxSQRtAXpS9ZjlBgrddx85dr3Hs9xSxAzUCK9g9qo4xa8ojcBXib+jBTQDOWO+9PqhjQWIA3lROum70WmnRJlGOUwyrViDRGhQ9KHpqWSCNDtdBJ+hI+t0sW9UNknDZ6ofzdSIrRORGAnxxn1ojcW//UCMXc51TbaALoLcUzvqp0yGcUGJJ2m6cUcmxCP68JdpoAanlhCqGL2Q5gOiCLU2FJztil/sZdlUjst+hfFs4ezQulm1lkWHaIjdIJ8dIlK6B6VURVRlKBn9IrenBfn3flwPqejGWe2k0dzcL5/Aedlo3U=</latexit>

T = 105GeV

Inflation EWSBRadiation domination

<latexit sha1_base64="VM0BIE9yfQ0jXjAfwsPOWIG2QqQ=">AAACEnicbVDLSgMxFM34rPVVdekmWARXZUasuiy6cVnBPqAdSiZzp41NMkOSEcrQf3DhRj/Fnbj1B/wSt6btLGzrgcDhnHu5JydIONPGdb+dldW19Y3NwlZxe2d3b790cNjUcaooNGjMY9UOiAbOJDQMMxzaiQIiAg6tYHg78VtPoDSL5YMZJeAL0pcsYpQYKzW7YEiv2iuV3Yo7BV4mXk7KKEe9V/rphjFNBUhDOdG647mJ8TOiDKMcxsVuqiEhdEj60LFUEgHaz6Zpx/jUKiGOYmWfNHiq/t3IiNB6JAI7KYgZ6EVvIv7rBWLucqZttAGEC3FMdO1nTCapAUlnaaKUYxPjST84ZAqo4SNLCFXMfgjTAVGEGtti0TblLfayTJrnFe+yUr2/KNdu8s4K6BidoDPkoStUQ3eojhqIokf0jF7Rm/PivDsfzudsdMXJd47QHJyvXyB1nmk=</latexit>⌘5

<latexit sha1_base64="BVKzhKitjNrcwCD5PldQgFJp2nQ=">AAACKXicbVC7TsMwFHXKq5RXgLGLRYXEVCUIFcYKFsYi0YfURJHj3rRWnUdtp1IVdeBrGFjgU9iAlY9gxW0z0JYjWTo651753OMnnEllWZ9GYWNza3unuFva2z84PDKPT1oyTgWFJo15LDo+kcBZBE3FFIdOIoCEPoe2P7yb+e0xCMni6FFNEnBD0o9YwChRWvLMsgOKeB3swChlY+wEgtBs5HWmmZx6ZsWqWnPgdWLnpIJyNDzzx+nFNA0hUpQTKbu2lSg3I0IxymFaclIJCaFD0oeuphEJQbrZ/IgpPtdKDwex0C9SeK7+3chIKOUk9PVkSNRArnoz8V/PD5d+zqSONoDeShwV3LgZi5JUQUQXaYKUYxXjWW24xwRQxSeaECqYPgjTAdFlKV1uSTdlr/ayTlqXVbtWrT1cVeq3eWdFVEZn6ALZ6BrV0T1qoCai6Ak9o1f0ZrwY78aH8bUYLRj5zilagvH9CySIp9k=</latexit>

⌘X ⌘ qX
s
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<latexit sha1_base64="LT94UECCdIyRLfTlR+DwBNw10es=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsKfQjtUDKZO21skhmSjFCG/oMLN/op7sStP+CXuDVtZ2FbDwQO59zLPTlBwpk2rvvtFNbWNza3itulnd29/YPy4VFbx6mi0KIxj9VDQDRwJqFlmOHwkCggIuDQCUa3U7/zBEqzWDbNOAFfkIFkEaPEWKlNcK+Hm/1yxa26M+BV4uWkgnI0+uWfXhjTVIA0lBOtu56bGD8jyjDKYVLqpRoSQkdkAF1LJRGg/WyWdoLPrBLiKFb2SYNn6t+NjAitxyKwk4KYoV72puK/XiAWLmfaRhtCuBTHRNd+xmSSGpB0niZKOTYxnvaDQ6aAGj62hFDF7IcwHRJFqLEtlmxT3nIvq6R9UfUuq7X7WqV+k3dWRCfoFJ0jD12hOrpDDdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgFPA53r</latexit> a

T<latexit sha1_base64="vK7BEgZHDUNfewD73TtAefuPxjs=">AAACGXicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rIogssKfUEbymRy0w6dSeLMRCih3+HCjX6KO3Hryi9x66TNwrYeGDiccy/3zPFizpS27W+rsLa+sblV3C7t7O7tH5QPj9oqSiSFFo14JLseUcBZCC3NNIduLIEIj0PHG99mfucJpGJR2NSTGFxBhiELGCXaSG5z0BdEj6RI7zrTQbliV+0Z8CpxclJBORqD8k/fj2giINSUE6V6jh1rNyVSM8phWuonCmJCx2QIPUNDIkC56Sz0FJ8ZxcdBJM0LNZ6pfzdSIpSaCM9MZhHVspeJ/3qeWLicKhNtBP5SHB1cuykL40RDSOdpgoRjHeGsJuwzCVTziSGESmY+hOmISEK1KbNkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRPWqgFqLoET2jV/RmvVjv1of1OR8tWPnOMVqA9fULOvehsA==</latexit>

TEW
<latexit sha1_base64="BCBdodmqMhNP0z+rpi054Diad9M=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rLoxpVU6AuaUCaTm3boTBJnJkIJ/Q0XbvRT3Ilbd36JW6dtFrb1wMDhnHu5Z46fcKa0bX9bhbX1jc2t4nZpZ3dv/6B8eNRWcSoptGjMY9n1iQLOImhppjl0EwlE+Bw6/uh26neeQCoWR009TsATZBCxkFGijeQ2sauYgEcs+vf9csWu2jPgVeLkpIJyNPrlHzeIaSog0pQTpXqOnWgvI1IzymFSclMFCaEjMoCeoRERoLxslnmCz4wS4DCW5kUaz9S/GxkRSo2FbyYF0UO17E3Ffz1fLFzOlIk2hGApjg6vvYxFSaohovM0YcqxjvG0JRwwCVTzsSGESmY+hOmQSEK16bJkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRHWqgFqIoQc/oFb1ZL9a79WF9zkcLVr5zjBZgff0CX9ygow==</latexit>

T ' mN

<latexit sha1_base64="zpGqI5inYgQwpgM18DDL1OoZcgw=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9gHtWDKZ2zY0yQxJRihD/8OFG/0Ud+LWjV/i1kw7C9t6IHA4517uyQlizrRx3W+nsLa+sblV3C7t7O7tH5QPj1o6ShSFJo14pDoB0cCZhKZhhkMnVkBEwKEdjG8zv/0ESrNIPphJDL4gQ8kGjBJjpUfS7wliRkqkIMNpv1xxq+4MeJV4OamgHI1++acXRjQRIA3lROuu58bGT4kyjHKYlnqJhpjQMRlC11JJBGg/naWe4jOrhHgQKfukwTP170ZKhNYTEdjJLKNe9jLxXy8QC5dTbaONIFyKYwbXfspknBiQdJ5mkHBsIpz1hEOmgBo+sYRQxeyHMB0RRaixbZZsU95yL6ukdVH1Lqu1+1qlfpN3VkQn6BSdIw9doTq6Qw3URBQp9Ixe0Zvz4rw7H87nfLTg5DvHaAHO1y99WaJi</latexit>aend

<latexit sha1_base64="BSyKsvXFFPyylnukZVOAXytCf7M="></latexit>

⌘B ,
3g02

16⇡2

hY

s

<latexit sha1_base64="B+M+H/3DLOUEC4y2VaKPfJLX2w8=">AAACHXicbVDLSsNAFJ3UV62PRl26CRbBVUmkqBuh6MZlhb6gDWEyuWmHziRhZiKU0C9x4UY/xZ24Fb/ErZM2C9t6YOBwzr3cM8dPGJXKtr+N0sbm1vZOebeyt39wWDWPjrsyTgWBDolZLPo+lsBoBB1FFYN+IgBzn0HPn9znfu8JhKRx1FbTBFyORxENKcFKS55Zbd+2vSHHaix4JmDmmTW7bs9hrROnIDVUoOWZP8MgJimHSBGGpRw4dqLcDAtFCYNZZZhKSDCZ4BEMNI0wB+lm8+Az61wrgRXGQr9IWXP170aGuZRT7uvJPKJc9XLxX8/nS5czqaONIViJo8IbN6NRkiqIyCJNmDJLxVZelRVQAUSxqSaYCKo/ZJExFpgoXWhFN+Ws9rJOupd156reeGzUmndFZ2V0is7QBXLQNWqiB9RCHURQip7RK3ozXox348P4XIyWjGLnBC3B+PoFXE6iwQ==</latexit>

T = Tre

<latexit sha1_base64="DVyXB4FK9r5ssJ6tQQZFT2utHUE=">AAACEnicbVDLTgIxFO3gC/GFunTTSExckRlD1CXBjUtMBExgQjqdO1BpO5O2Y0Im/IMLN/op7oxbf8AvcWuBWQh4kiYn59ybe3qChDNtXPfbKaytb2xuFbdLO7t7+wflw6O2jlNFoUVjHquHgGjgTELLMMPhIVFARMChE4xupn7nCZRmsbw34wR8QQaSRYwSY6V2DwzpN/rlilt1Z8CrxMtJBeVo9ss/vTCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI7IALqWSiJA+9ks7QSfWSXEUazskwbP1L8bGRFaj0VgJwUxQ73sTcV/vUAsXM60jTaEcCmOia79jMkkNSDpPE2UcmxiPO0Hh0wBNXxsCaGK2Q9hOiSKUGNbLNmmvOVeVkn7oupdVmt3tUq9kXdWRCfoFJ0jD12hOrpFTdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgE1uJ51</latexit>⌘B

<latexit sha1_base64="D/CFiXJCvHLOYgJSi2R+OGJ58vM=">AAACMnicbVC7TsMwFHV4lvIKMLJYFARTlZSqMFawMBaJPlATIsdxGqvOQ7aDVEX5Ab6GgQX+BDbEys6K22agLUeydHTOvfK5x00YFdIw3rWl5ZXVtfXSRnlza3tnV9/b74g45Zi0ccxi3nORIIxGpC2pZKSXcIJCl5GuO7we+91HwgWNozs5SogdokFEfYqRVJKjH1s+Rzg7H5w+1PLMbEAroYrBqRw493kmckevGFVjArhIzIJUQIGWo/9YXozTkEQSMyRE3zQSaWeIS4oZyctWKkiC8BANSF/RCIVE2NnkmhyeKMWDfszViyScqH83MhQKMQpdNRkiGYh5byz+67nhzM+ZUNEC4s3Fkf6lndEoSSWJ8DSNnzIoYzjuD3qUEyzZSBGEOVUHQRwgVZZULZdVU+Z8L4ukU6uajWr9tl5pXhWdlcAhOAJnwAQXoAluQAu0AQZP4Bm8gjftRfvQPrWv6eiSVuwcgBlo378Dy6q7</latexit>

3g02

16⇡2

hY

s

<latexit sha1_base64="QsHyveqd65E76m2EsUa8zj+vhPo=">AAACIXicbVDLSgMxFM3UV62v0S7dBIvgqsyIr41QdKHLCn1BW0smvW1Dk8yQZIRh6Le4cKOf4k7ciR/i1vSxsK0HAodz7uWenCDiTBvP+3IyK6tr6xvZzdzW9s7unrt/UNNhrChUachD1QiIBs4kVA0zHBqRAiICDvVgeDv260+gNAtlxSQRtAXpS9ZjlBgrddx85dr3Hs9xSxAzUCK9g9qo4xa8ojcBXib+jBTQDOWO+9PqhjQWIA3lROum70WmnRJlGOUwyrViDRGhQ9KHpqWSCNDtdBJ+hI+t0sW9UNknDZ6ofzdSIrRORGAnxxn1ojcW//UCMXc51TbaALoLcUzvqp0yGcUGJJ2m6cUcmxCP68JdpoAanlhCqGL2Q5gOiCLU2FJztil/sZdlUjst+hfFs4ezQulm1lkWHaIjdIJ8dIlK6B6VURVRlKBn9IrenBfn3flwPqejGWe2k0dzcL5/Aedlo3U=</latexit>

T = 105GeV

Inflation EWSBRadiation domination

<latexit sha1_base64="VM0BIE9yfQ0jXjAfwsPOWIG2QqQ=">AAACEnicbVDLSgMxFM34rPVVdekmWARXZUasuiy6cVnBPqAdSiZzp41NMkOSEcrQf3DhRj/Fnbj1B/wSt6btLGzrgcDhnHu5JydIONPGdb+dldW19Y3NwlZxe2d3b790cNjUcaooNGjMY9UOiAbOJDQMMxzaiQIiAg6tYHg78VtPoDSL5YMZJeAL0pcsYpQYKzW7YEiv2iuV3Yo7BV4mXk7KKEe9V/rphjFNBUhDOdG647mJ8TOiDKMcxsVuqiEhdEj60LFUEgHaz6Zpx/jUKiGOYmWfNHiq/t3IiNB6JAI7KYgZ6EVvIv7rBWLucqZttAGEC3FMdO1nTCapAUlnaaKUYxPjST84ZAqo4SNLCFXMfgjTAVGEGtti0TblLfayTJrnFe+yUr2/KNdu8s4K6BidoDPkoStUQ3eojhqIokf0jF7Rm/PivDsfzudsdMXJd47QHJyvXyB1nmk=</latexit>⌘5

?<latexit sha1_base64="BVKzhKitjNrcwCD5PldQgFJp2nQ=">AAACKXicbVC7TsMwFHXKq5RXgLGLRYXEVCUIFcYKFsYi0YfURJHj3rRWnUdtp1IVdeBrGFjgU9iAlY9gxW0z0JYjWTo651753OMnnEllWZ9GYWNza3unuFva2z84PDKPT1oyTgWFJo15LDo+kcBZBE3FFIdOIoCEPoe2P7yb+e0xCMni6FFNEnBD0o9YwChRWvLMsgOKeB3swChlY+wEgtBs5HWmmZx6ZsWqWnPgdWLnpIJyNDzzx+nFNA0hUpQTKbu2lSg3I0IxymFaclIJCaFD0oeuphEJQbrZ/IgpPtdKDwex0C9SeK7+3chIKOUk9PVkSNRArnoz8V/PD5d+zqSONoDeShwV3LgZi5JUQUQXaYKUYxXjWW24xwRQxSeaECqYPgjTAdFlKV1uSTdlr/ayTlqXVbtWrT1cVeq3eWdFVEZn6ALZ6BrV0T1qoCai6Ak9o1f0ZrwY78aH8bUYLRj5zilagvH9CySIp9k=</latexit>

⌘X ⌘ qX
s

How do they evolve after reheating?
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TEW
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T ' mN

<latexit sha1_base64="zpGqI5inYgQwpgM18DDL1OoZcgw=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9gHtWDKZ2zY0yQxJRihD/8OFG/0Ud+LWjV/i1kw7C9t6IHA4517uyQlizrRx3W+nsLa+sblV3C7t7O7tH5QPj1o6ShSFJo14pDoB0cCZhKZhhkMnVkBEwKEdjG8zv/0ESrNIPphJDL4gQ8kGjBJjpUfS7wliRkqkIMNpv1xxq+4MeJV4OamgHI1++acXRjQRIA3lROuu58bGT4kyjHKYlnqJhpjQMRlC11JJBGg/naWe4jOrhHgQKfukwTP170ZKhNYTEdjJLKNe9jLxXy8QC5dTbaONIFyKYwbXfspknBiQdJ5mkHBsIpz1hEOmgBo+sYRQxeyHMB0RRaixbZZsU95yL6ukdVH1Lqu1+1qlfpN3VkQn6BSdIw9doTq6Qw3URBQp9Ixe0Zvz4rw7H87nfLTg5DvHaAHO1y99WaJi</latexit>aend
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T = 105GeV

Inflation EWRadiation 

<latexit sha1_base64="VM0BIE9yfQ0jXjAfwsPOWIG2QqQ=">AAACEnicbVDLSgMxFM34rPVVdekmWARXZUasuiy6cVnBPqAdSiZzp41NMkOSEcrQf3DhRj/Fnbj1B/wSt6btLGzrgcDhnHu5JydIONPGdb+dldW19Y3NwlZxe2d3b790cNjUcaooNGjMY9UOiAbOJDQMMxzaiQIiAg6tYHg78VtPoDSL5YMZJeAL0pcsYpQYKzW7YEiv2iuV3Yo7BV4mXk7KKEe9V/rphjFNBUhDOdG647mJ8TOiDKMcxsVuqiEhdEj60LFUEgHaz6Zpx/jUKiGOYmWfNHiq/t3IiNB6JAI7KYgZ6EVvIv7rBWLucqZttAGEC3FMdO1nTCapAUlnaaKUYxPjST84ZAqo4SNLCFXMfgjTAVGEGtti0TblLfayTJrnFe+yUr2/KNdu8s4K6BidoDPkoStUQ3eojhqIokf0jF7Rm/PivDsfzudsdMXJd47QHJyvXyB1nmk=</latexit>⌘5

3

FIG. 1: EK(k, t) for different t in HD DNS (a), compared with EM (solid red) and EK (dashed blue) in MHD without helicity
(b), and with (c). Panels (d)–(f) show collapsed spectra using β = 3 (d), β = 1 (e), and β = 0 (f).

FIG. 2: pq diagrams for cases (i)–(iii). Open (closed) symbols correspond to i = K (M) and their sizes increase with time.

law with p = 6/5, corresponding to q = 2/5 and β = 2
has been favored by Saffman [29], while experiments and
simulations suggest p = 5/4 [26, 30].
In case (ii), the solution evolves along β = 1 toward

q = 1/2; see Figs. 2(b) and (e). This is compatible with
the conservation of ⟨A2

2D⟩, where A2D is the component
of A which describes the 2D magnetic field in the plane

TABLE I: Scaling exponents and relation to physical invari-
ants and their dimensions.

β p q inv. dim.

4 10/7 ≈ 1.43 2/7 ≈ 0.286 L [x]7[t]−2

3 8/6 ≈ 1.33 2/6 ≈ 0.333

2 6/5 = 1.20 2/5 = 0.400

1 4/4 = 1.00 2/4 = 0.500 ⟨A2
2D⟩ [x]4[t]−2

0 2/3 ≈ 0.67 2/3 ≈ 0.667 ⟨A ·B⟩ [x]3[t]−2

−1 0/2 = 0.00 2/1 = 1.000

perpendicular to the local intermediate eigenvector of the
rate-of-strain matrix S; see the supplemental material of
[23] for details, and also [31]. The motivation for apply-
ing 2D arguments to 3D comes from the fact that for
sufficiently strong magnetic fields the dynamics tends to
become locally 2D in the plane perpendicular to the lo-
cal field. This allows one to compute A in a gauge that
projects out contributions perpendicular to the interme-
diate eigenvector of S.

In case (iii) the solution evolves along β = 0 toward
q = 2/3; see Figs. 2(c) and (f). This means that the spec-
trum shifts just in k, while the amplitude of EM does not
change, as can be seen from Fig. 1(c). This is consistent
with the invariance of ⟨A ·B⟩; see Ref. [3].

Next, we investigate cases with α < 4. In the helical
case with α = 2 we see that the subinertial range spec-
trum quickly steepens and approaches α∗ = 4 ̸= α; see
Figs. 3(a)–(c). For α = −1, which is a scale-invariant
spectrum, the spectral energy remains nearly unchanged
at small k, but the magnetic energy still decays due to

’17 Brandenburg & Kahniashvili
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<latexit sha1_base64="BSyKsvXFFPyylnukZVOAXytCf7M="></latexit>

⌘B ,
3g02

16⇡2

hY

s

<latexit sha1_base64="B+M+H/3DLOUEC4y2VaKPfJLX2w8=">AAACHXicbVDLSsNAFJ3UV62PRl26CRbBVUmkqBuh6MZlhb6gDWEyuWmHziRhZiKU0C9x4UY/xZ24Fb/ErZM2C9t6YOBwzr3cM8dPGJXKtr+N0sbm1vZOebeyt39wWDWPjrsyTgWBDolZLPo+lsBoBB1FFYN+IgBzn0HPn9znfu8JhKRx1FbTBFyORxENKcFKS55Zbd+2vSHHaix4JmDmmTW7bs9hrROnIDVUoOWZP8MgJimHSBGGpRw4dqLcDAtFCYNZZZhKSDCZ4BEMNI0wB+lm8+Az61wrgRXGQr9IWXP170aGuZRT7uvJPKJc9XLxX8/nS5czqaONIViJo8IbN6NRkiqIyCJNmDJLxVZelRVQAUSxqSaYCKo/ZJExFpgoXWhFN+Ws9rJOupd156reeGzUmndFZ2V0is7QBXLQNWqiB9RCHURQip7RK3ozXox348P4XIyWjGLnBC3B+PoFXE6iwQ==</latexit>

T = Tre

<latexit sha1_base64="DVyXB4FK9r5ssJ6tQQZFT2utHUE=">AAACEnicbVDLTgIxFO3gC/GFunTTSExckRlD1CXBjUtMBExgQjqdO1BpO5O2Y0Im/IMLN/op7oxbf8AvcWuBWQh4kiYn59ybe3qChDNtXPfbKaytb2xuFbdLO7t7+wflw6O2jlNFoUVjHquHgGjgTELLMMPhIVFARMChE4xupn7nCZRmsbw34wR8QQaSRYwSY6V2DwzpN/rlilt1Z8CrxMtJBeVo9ss/vTCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI7IALqWSiJA+9ks7QSfWSXEUazskwbP1L8bGRFaj0VgJwUxQ73sTcV/vUAsXM60jTaEcCmOia79jMkkNSDpPE2UcmxiPO0Hh0wBNXxsCaGK2Q9hOiSKUGNbLNmmvOVeVkn7oupdVmt3tUq9kXdWRCfoFJ0jD12hOrpFTdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgE1uJ51</latexit>⌘B

<latexit sha1_base64="D/CFiXJCvHLOYgJSi2R+OGJ58vM=">AAACMnicbVC7TsMwFHV4lvIKMLJYFARTlZSqMFawMBaJPlATIsdxGqvOQ7aDVEX5Ab6GgQX+BDbEys6K22agLUeydHTOvfK5x00YFdIw3rWl5ZXVtfXSRnlza3tnV9/b74g45Zi0ccxi3nORIIxGpC2pZKSXcIJCl5GuO7we+91HwgWNozs5SogdokFEfYqRVJKjH1s+Rzg7H5w+1PLMbEAroYrBqRw493kmckevGFVjArhIzIJUQIGWo/9YXozTkEQSMyRE3zQSaWeIS4oZyctWKkiC8BANSF/RCIVE2NnkmhyeKMWDfszViyScqH83MhQKMQpdNRkiGYh5byz+67nhzM+ZUNEC4s3Fkf6lndEoSSWJ8DSNnzIoYzjuD3qUEyzZSBGEOVUHQRwgVZZULZdVU+Z8L4ukU6uajWr9tl5pXhWdlcAhOAJnwAQXoAluQAu0AQZP4Bm8gjftRfvQPrWv6eiSVuwcgBlo378Dy6q7</latexit>

3g02

16⇡2

hY

s

<latexit sha1_base64="QsHyveqd65E76m2EsUa8zj+vhPo=">AAACIXicbVDLSgMxFM3UV62v0S7dBIvgqsyIr41QdKHLCn1BW0smvW1Dk8yQZIRh6Le4cKOf4k7ciR/i1vSxsK0HAodz7uWenCDiTBvP+3IyK6tr6xvZzdzW9s7unrt/UNNhrChUachD1QiIBs4kVA0zHBqRAiICDvVgeDv260+gNAtlxSQRtAXpS9ZjlBgrddx85dr3Hs9xSxAzUCK9g9qo4xa8ojcBXib+jBTQDOWO+9PqhjQWIA3lROum70WmnRJlGOUwyrViDRGhQ9KHpqWSCNDtdBJ+hI+t0sW9UNknDZ6ofzdSIrRORGAnxxn1ojcW//UCMXc51TbaALoLcUzvqp0yGcUGJJ2m6cUcmxCP68JdpoAanlhCqGL2Q5gOiCLU2FJztil/sZdlUjst+hfFs4ezQulm1lkWHaIjdIJ8dIlK6B6VURVRlKBn9IrenBfn3flwPqejGWe2k0dzcL5/Aedlo3U=</latexit>

T = 105GeV

Inflation EWRadiation 
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FIG. 1: EK(k, t) for different t in HD DNS (a), compared with EM (solid red) and EK (dashed blue) in MHD without helicity
(b), and with (c). Panels (d)–(f) show collapsed spectra using β = 3 (d), β = 1 (e), and β = 0 (f).

FIG. 2: pq diagrams for cases (i)–(iii). Open (closed) symbols correspond to i = K (M) and their sizes increase with time.

law with p = 6/5, corresponding to q = 2/5 and β = 2
has been favored by Saffman [29], while experiments and
simulations suggest p = 5/4 [26, 30].
In case (ii), the solution evolves along β = 1 toward

q = 1/2; see Figs. 2(b) and (e). This is compatible with
the conservation of ⟨A2

2D⟩, where A2D is the component
of A which describes the 2D magnetic field in the plane

TABLE I: Scaling exponents and relation to physical invari-
ants and their dimensions.

β p q inv. dim.

4 10/7 ≈ 1.43 2/7 ≈ 0.286 L [x]7[t]−2

3 8/6 ≈ 1.33 2/6 ≈ 0.333

2 6/5 = 1.20 2/5 = 0.400

1 4/4 = 1.00 2/4 = 0.500 ⟨A2
2D⟩ [x]4[t]−2

0 2/3 ≈ 0.67 2/3 ≈ 0.667 ⟨A ·B⟩ [x]3[t]−2

−1 0/2 = 0.00 2/1 = 1.000

perpendicular to the local intermediate eigenvector of the
rate-of-strain matrix S; see the supplemental material of
[23] for details, and also [31]. The motivation for apply-
ing 2D arguments to 3D comes from the fact that for
sufficiently strong magnetic fields the dynamics tends to
become locally 2D in the plane perpendicular to the lo-
cal field. This allows one to compute A in a gauge that
projects out contributions perpendicular to the interme-
diate eigenvector of S.

In case (iii) the solution evolves along β = 0 toward
q = 2/3; see Figs. 2(c) and (f). This means that the spec-
trum shifts just in k, while the amplitude of EM does not
change, as can be seen from Fig. 1(c). This is consistent
with the invariance of ⟨A ·B⟩; see Ref. [3].

Next, we investigate cases with α < 4. In the helical
case with α = 2 we see that the subinertial range spec-
trum quickly steepens and approaches α∗ = 4 ̸= α; see
Figs. 3(a)–(c). For α = −1, which is a scale-invariant
spectrum, the spectral energy remains nearly unchanged
at small k, but the magnetic energy still decays due to

’17 Brandenburg & Kahniashvili

Hypermagnetic fields with a positive helicity will induce  
baryon asymmetry of the Universe! 

’98 Giovannini & Shaposhnikov, ’16 Fujita & Long, ’16 KK & Long
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Slide Background Courtesy: H. Oide

The helical hypermagnetic fields are not screened but evolve according to MHD,  
which are described as Gaussian stochastic fields, 
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The helical hypermagnetic fields are not screened but evolve according to MHD,  
which are described as Gaussian stochastic fields, 
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Hypermagnetic fields generated by axion inflation 
is localized at the horizon scale at the end of inflation. 

If the average of helicity density      decays,  
B+L asymmetry is generated in the Universe? 
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Hypermagnetic fields generated by axion inflation 
is localized at the horizon scale at the end of inflation. 

If the average of helicity density      decays,  
B+L asymmetry is generated in the Universe? 
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Now we have BG large-scale helical hyperMFs,
B-violation: SM chiral anomaly 
C&CP-violation/non-equilibrium  
          :existence of large-scale magnetic helicity

Sakharov’s conditions are satisfied!
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Slide Background Courtesy: H. Oide

How to realize helicity decay?

� � 100T
(’97 Baym+, ’00 Arnold+)

1. Decay due to MHD with finite conductivity (’98 Giovannini&Shaposhnikov)

The characteristic MF strength obeys the Maxwell eq. with the MHD approximation. 
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2. Electroweak symmetry breaking (16 KK&Long)

✓W(t)

BY Bem

BZ

BW 3

BA

Figure 1: A graphical representation of the conversion from hypermagnetic field BY into elec-

tromagnetic field Bem during the EW crossover. The (blue) parabolas indicate the curvature of

the thermal e↵ective potential. The weak mixing angle ✓W(t) measures the separation of the flat

direction (massless field degree of freedom) and the U(1)Y axis.

evolution of the massless field degree of freedom, we have reduced the problem to a single degree

of freedom as represented by the classical vector field Aµ(x).

The Ansatz (2.3) is represented graphically in Fig. 1, which illustrates the conversion from

hypermagnetic field to electromagnetic field. Here we denote the magnetic field of a gauge field Y

as BY ⌘ r⇥Y. We have drawn the figure so as to suggest that |BA| does not decrease appreciably

during the EW crossover. As we will explain later, this is the case because Aµ evolves slowly

according to the cosmic expansion and the inverse cascade.

Having generalized the gauge field Ansatz from our earlier work, we are now prepared to

revisit the calculation of source terms (2.2). Using the Ansatz in Eq. (2.3), the source terms can

be written as

S
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µ⌫
⌘

(2.4c)

where Aµ⌫ is the field strength tensor associated with Aµ(x), and Ã
µ⌫ = ✏µ⌫⇢�A⇢�/2 is the dual

7

SU(2)W � U(1)Y � U(1)em
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Gauge group 

Large-scale (massless) MFs 
BY � Bem = cos �W BY + sin �wBW 3
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Magnetic helicity 

Hbefore
Y � Hafter

em = Hbefore
Y
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em = sin2 �W Hbefore
Y

<latexit sha1_base64="udSryhvYXknkl445X6R5kmXyfUI="></latexit><latexit sha1_base64="YGCU86pm7GrJrP+gIVz5pAznaD4="></latexit><latexit sha1_base64="YGCU86pm7GrJrP+gIVz5pAznaD4="></latexit><latexit sha1_base64="qCZqWejWXYr8jA3CqEZSMH4mssA="></latexit>

�HY = � sin2 �W Hbefore
Y

<latexit sha1_base64="LkvF7ZMXWVBi987jxWVmAbFEE/Q="></latexit><latexit sha1_base64="6oZYXpPiCcwKyv23wyVdpCdvGVM="></latexit><latexit sha1_base64="6oZYXpPiCcwKyv23wyVdpCdvGVM="></latexit><latexit sha1_base64="cad3FnJLB8lKXZT0X8ObuMQCfAg="></latexit>

�NCS � sin2 �W Hbefore
Y

<latexit sha1_base64="4ZDUNQnOMMIRA96ghJD101iTRcQ="></latexit><latexit sha1_base64="qb/vDvadk0vgR+kQAsfKiCRbSy8="></latexit><latexit sha1_base64="qb/vDvadk0vgR+kQAsfKiCRbSy8="></latexit><latexit sha1_base64="imvshEYkDn3rmh55kSLQKfkLDvk="></latexit>

BAU: �QB = #�NCS �#�HY � sin2 �W Hbefore
Y

<latexit sha1_base64="P/SPtjas3YVQXEBa3F4ACoQAP1w="></latexit><latexit sha1_base64="NCed7iK9PwYk4r6JW0f8//1LTc0="></latexit><latexit sha1_base64="NCed7iK9PwYk4r6JW0f8//1LTc0="></latexit><latexit sha1_base64="8c/JTxjDjCvzGBxG64hI8xrNg+U="></latexit>

Hypermagnetic helicity 
is almost constant  
but slightly decays
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Slide Background Courtesy: H. Oide

How to characterize the electroweak symmetry breaking/crossover?  
(Misha’s question.)

(’16 D’Onofrio)

8

becomes sensitive to the near-critical behaviour and the
mass becomes small but still remains non-zero. Even at
its largest, the Higgs correlation length is smaller than
10/T , which is substantially smaller than the largest lat-
tice sizes ∼ 70-80/T .
In the symmetric phase, the non-abelian gauge fields

are confining, and the operators couple to bound states
of two scalars. The correlation functions become noisy
and the screening masses increase rapidly.
The U(1) gauge field correlation function can be used

to measure the γ-Z mixing, i.e. the effective Weinberg
angle. We define the operator

Op(z) =
∑

x1,x2

α12(x1, x2, z)e
ip·x, (22)

where the sum is taken over the plane (x1, x2), αij is
the (non-compact) hypercharge U(1) plaquette (9) and p

is a transverse momentum vector compatible with peri-
odic boundary conditions: (p1, p2, p3) = 2π/N(n1, n2, 0)
with integer n1 and n2. In our measurements we use
the smallest non-vanishing momentum, with |p| = 2π/N .
At p = 0 the operator Op vanishes, due to the periodic
boundary conditions. The correlation function

G(z) =
1

N3

∑

t

⟨Op(t)O
∗
p
(z + t)⟩ (23)

has the long distance behaviour [30]

G(z) →
Aγz

2βG

ap2
√

p2 +m2
γ

e−z
√

p2+m2
γ (24)

where mγ is the photon screening mass and Aγ gives
the projection of the operator to the hypercharge U(1)
field, in effect yielding the temperature-dependent effec-
tive mixing angle. At tree level, Aγ = 1 in the symmetric
phase and Aγ = cos2 θW in the broken phase.
The photon screening mass mγ vanishes within our

measurement accuracy at all temperatures. The projec-
tion Aγ is shown in figure 9 for βG = 9, 603 lattice. The
measurement is noisy, but we can observe that Aγ ≈ 1 in
the symmetric phase down to the cross-over temperature,
and it starts to decrase as the Higgs field expectation
value grows at lower temperatures, slowly approaching
the tree-level value.
Beyond tree-level perturbative estimates for the be-

haviour of Aγ can be obtained by calculating at 1-loop
order the residue of the 1/k2 pole in the ⟨BiBj⟩ corre-
lator. In the symmetric and broken phases one obtains
[30]

Asymm.
γ = 1−

z

48π
√
y

(25)

Abroken
γ = cos2 θW

(

1 +
11

12

g23 sin
2 θW

πmW

)

(26)

where mW is the perturbative W mass. These expres-
sions clearly anticipate the behaviour we observe on the
lattice, although they diverge as y → 0±.
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FIG. 9: The effective γ−Z mixing as a function of the temper-
ature. The dashed lines show the 1-loop perturbative results.

VII. CONCLUSIONS

We have accurately determined the Higgs field expec-
tation value and its susceptibility across the Standard
Model cross-over using lattice simulations of an effective
3-dimensional theory. Defining the cross-over temper-
ature by the maximum of the susceptibility, we obtain
Tc = 159.6 ± 0.1 ± 1.5GeV, where the first error is due
to the statistical accuracy of the lattice computation and
the second one is the estimated uncertainty of the effec-
tive theory approach [16, 26]. Following the approach of
Laine and Meyer [26], these results were used to obtain
the behaviour of basic thermodynamic quantities, includ-
ing energy density, pressure, heat capacity and the speed
of sound, across the cross-over. There is a well-defined
cross-over region where thermodynamic quantities devi-
ate from the low- or high-temperature behaviour. This
region is quite narrow, between 157 and 162GeV. The re-
sults are consistent with the standard picture of the elec-
troweak cross-over: Higgs and W modes become softer
but not critical, and the U(1) field remains massless at
all temperatures.
Overall our results are compatible with the analysis in

ref. [26] using lattice data from ref. [20]. Howeever, our
results are significantly improved numerically: we have
much larger volumes with higher statistical accuracy, the
data is extrapolated to the continuum and we include
the U(1) field in the effective theory. Thus, our results
form an important consistency and reliability check of
the earlier results.
For phenomenological applications the thermodynamic

quantities here can be combined with existing low- [37]
and high-temperature [27] perturbative results. This has
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tive mixing angle. At tree level, Aγ = 1 in the symmetric
phase and Aγ = cos2 θW in the broken phase.
The photon screening mass mγ vanishes within our

measurement accuracy at all temperatures. The projec-
tion Aγ is shown in figure 9 for βG = 9, 603 lattice. The
measurement is noisy, but we can observe that Aγ ≈ 1 in
the symmetric phase down to the cross-over temperature,
and it starts to decrase as the Higgs field expectation
value grows at lower temperatures, slowly approaching
the tree-level value.
Beyond tree-level perturbative estimates for the be-

haviour of Aγ can be obtained by calculating at 1-loop
order the residue of the 1/k2 pole in the ⟨BiBj⟩ corre-
lator. In the symmetric and broken phases one obtains
[30]

Asymm.
γ = 1−

z

48π
√
y

(25)

Abroken
γ = cos2 θW

(

1 +
11

12

g23 sin
2 θW

πmW

)

(26)

where mW is the perturbative W mass. These expres-
sions clearly anticipate the behaviour we observe on the
lattice, although they diverge as y → 0±.
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FIG. 9: The effective γ−Z mixing as a function of the temper-
ature. The dashed lines show the 1-loop perturbative results.

VII. CONCLUSIONS

We have accurately determined the Higgs field expec-
tation value and its susceptibility across the Standard
Model cross-over using lattice simulations of an effective
3-dimensional theory. Defining the cross-over temper-
ature by the maximum of the susceptibility, we obtain
Tc = 159.6 ± 0.1 ± 1.5GeV, where the first error is due
to the statistical accuracy of the lattice computation and
the second one is the estimated uncertainty of the effec-
tive theory approach [16, 26]. Following the approach of
Laine and Meyer [26], these results were used to obtain
the behaviour of basic thermodynamic quantities, includ-
ing energy density, pressure, heat capacity and the speed
of sound, across the cross-over. There is a well-defined
cross-over region where thermodynamic quantities devi-
ate from the low- or high-temperature behaviour. This
region is quite narrow, between 157 and 162GeV. The re-
sults are consistent with the standard picture of the elec-
troweak cross-over: Higgs and W modes become softer
but not critical, and the U(1) field remains massless at
all temperatures.
Overall our results are compatible with the analysis in

ref. [26] using lattice data from ref. [20]. Howeever, our
results are significantly improved numerically: we have
much larger volumes with higher statistical accuracy, the
data is extrapolated to the continuum and we include
the U(1) field in the effective theory. Thus, our results
form an important consistency and reliability check of
the earlier results.
For phenomenological applications the thermodynamic

quantities here can be combined with existing low- [37]
and high-temperature [27] perturbative results. This has

2

As discussed above, measuring the Higgs condensate is
essential for obtaining non-perturbative contributions to
thermodynamic quantities. Thus, we pay special atten-
tion to precise measurement of the gauge invariant expec-
tation value ⟨φ†φ⟩ and its susceptibility. The maximum
of the susceptibility allows us to determine the pseud-
ocritical temperature accurately, at Tc = 159.6 ± 0.1 ±
1.5GeV. The first error is due to the precision of the lat-
tice simulations and the second is a conservative estimate
of the uncertainty of the effective theory description [16].
The pseudocritical temperature is completely consistent
with the result in ref. [20].
We use the condensate and the susceptibility to obtain

several thermodynamic quantities across the cross-over:
energy density, pressure, heat capacity, speed of sound,
and equation of state parameter. For most quantities
the magnitude of the effects of the cross-over are small,
only at a percent level, but nevertheless clearly visible.
We also determine the Higgs and W 3 screening masses
and the γ − Z mixing. The emerging picture is fully
consistent with a smooth and regular cross-over. The
cross-over region, where observables deviate significantly
from low- or high-temperature behaviour, is remarkably
narrow, between 157 and 162 GeV.
This paper is organized as follows. In section II we

describe the effective theory and in section III its imple-
mentation on the lattice. The Higgs condensate and its
susceptibility are discussed in section IV, fundamental
thermodynamic observables in section V and the screen-
ing masses in section VI. We conclude in section VII.

II. EFFECTIVE THREE-DIMENSIONAL
DESCRIPTION

At temperatures of order 100GeV the gauge couplings
in the Standard Model are small, and the Euclidean path
integral contains a parametric hierarchy of energy scales:
πT , gT and g2T . While the harder scales can be reliably
treated with perturbation theory, at k ∼ g2T we have
to face the non-perturbative infrared physics [8]. The
non-perturbative physics can be captured into an effec-
tive theory for the soft k ∼ g2T scales, obtained by inte-
grating over the harder scales using well-defined pertur-
bative methods. This effective theory is purely bosonic
and three-dimensional. The detailed description of the
derivation of the theory can be found in refs. [15, 16].
The Lagrangian of the effective theory is the 3-

dimensional SU(2)×U(1) gauge theory with a Higgs field

L =
1

4
F a
ijF

a
ij +

1

4
BijBij

+ (Diφ)
†Diφ+m2

3φ
†φ+ λ3(φ

†φ)2, (1)

where

Fij = ∂iAj − ∂jAi − g3[Ai, Aj ], Ai =
1
2σaA

a
i

Bij = ∂iBj − ∂jBi (2)

Di = ∂i + ig3Ai + ig′3Bi/2.

Here Ai and Bi are the 3-dimensional SU(2) and U(1)
gauge fields, g23 and g′3

2 the dimensionful SU(2) and U(1)
couplings, and φ a complex doublet. The SU(2)×U(1)
local gauge transformation is

φ(x) → eiα(x)G(x)φ(x). (3)

The parameters appearing in the effective theory are di-
mensionful. If we take one of the parameters, say g23 , to
set the scale, the dynamics then depends on the three
dimensionless parameters x, y and z, defined as

x ≡
λ3

g23
, y ≡

m2
3

g43
, z ≡

g′23
g23

. (4)

The four parameters g23 , g
′2
3 , λ3 and m2

3 are definite per-
turbatively computable functions of the Standard Model
parameters (αS(MW ), GF , MHiggs, MW , MZ , Mtop), and
the temperature T . These have been computed through
a set of 1- and 2-loop matching relations [16], and are
shown in figure 1 as functions of the temperature. The
accuracy of the effective theory can be estimated to be
at ∼ 1% level, as discussed in refs. [16, 32].
From figure 1 we see that only y has large temperature

dependence. Indeed, from the effective theory point of
view it is natural to choose y as the temperature variable,
although we present our results in terms of the physical
temperature. The transition is expected to happen near
y = 0, which occurs at T = 162.1GeV.

III. LATTICE ACTION AND SIMULATIONS

For the lattice implementation it is convenient to in-
troduce a matrix parametrisation of the Higgs field by
writing

Φ =
1

g23

(

(φ̃)(φ)

)

≡
1

g23

(

φ∗
2 φ1

−φ∗
1 φ2

)

. (5)

Under an SU(2)×U(1) gauge transformation Φ trans-
forms according to

Φ(x) → G(x)Φe−iθ(x)σ3 . (6)

The lattice action corresponding to the continuum theory
(1) is

S = βG

∑

x

∑

i<j

[1− 1
2TrPij ] +

βG

z

∑

x

∑

i<j

1
2α

2
ij

− βH

∑

x

∑

i

1
2TrΦ

†(x)Ui(x)Φ(x + i)e−iαi(x)σ3 (7)

+ β2

∑

x

1
2TrΦ

†(x)Φ(x) + β4

∑

x

[

1
2TrΦ

†(x)Φ(x)
]2
.

Here the SU(2) and the (non-compact) U(1) plaquettes
are

Pij(x) = Ui(x)Uj(x+ î)U †
i (x+ ĵ)U †

j (x), (8)

αij(x) = αi(x) + αj(x+ î)− αi(x+ ĵ)− αj(x). (9)

A well-motivated guess: 
<latexit sha1_base64="bSaYq6MOMsxr2OgsgH9MufHNesE="></latexit>

A�(T ) = cos2 ✓e↵W (T )

: U(1) plaquette
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Slide Background Courtesy: H. Oide

To evaluate the baryon asymmetry from the hypermagnetic helicity decay, 
we need to evaluate the washout effect.  

EW sphalerons+chirality flip by electron Yukawa 

Chiral Magnetic Effect

Ohm’s current Chiral magnetic current

��BY = J = �(EY + v �BY ) +
2�Y

�
µ5BY

EY = �v �BY +
1
�

�
��BY �

2�Y

�
µ5BY

�

Ampere’s law

=>

(’80 Vilenkin, ’08 Fukushima, Kharzeev, &Warringa) 

d

dt
nf � #�Yµ� Ỹ µ�� (= �4�EY · BY �)

= #
1
�

�
�BY · (��BY )� � 2�

�
µ5�|BY |2�

�

= #
1
�

�
B2

p

�B
� 2�

�
µ5B

2
p

�

µ5 =
�

f �

(�)qR/L6y2
f �nf �/T 2

# The rate determining process does not have to be electroweak sphaleron. 
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Slide Background Courtesy: H. Oide

Schematically evolution equation is given by

MHD decay EWSB EW sphaleron   chirality-flip   CME

dnB

dt
=

�
#

B2

��
+ #�̇W �B2

�
� �w.o.nB

<latexit sha1_base64="HT/Quc64oHKcWeyZaGcYqCq6Id0="></latexit><latexit sha1_base64="e7XAbmXV357U36/X2srca0D4Gpk="></latexit><latexit sha1_base64="e7XAbmXV357U36/X2srca0D4Gpk="></latexit><latexit sha1_base64="C3sLmR0URZPbic9B77CouHNN76Q="></latexit>

Source term washout term

nB �
#B2/�� + #�̇W �B2

�w.o.
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Reaches at “terminal” asymmetry…
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FIG. 2: The Higgs expectation value as a function of tem-
perature, compared with the perturbative result [2].

sphaleron barrier (∼ sphaleron energy), and special real-
time runs are performed to calculate the dynamical pref-
actors of the tunneling process. The physical rate is then
obtained by reweighting the measurements. For details
of this intricate technique, we refer to [12, 27]. As we will
observe, in the temperature range where both methods
work, these overlap smoothly.
Simulation results: We perform the simulations using lat-
tice spacing a = 4/(9g23) (i.e. βG = 4/(g23a) = 9 in
conventional lattice units), and volume V = 323a3. In
ref. [12] we observed that the rate measured with this
lattice spacing in the symmetric phase is in practice in-
distinguishable from the continuum rate, and deep in the
broken phase it is within a factor of two of our estimate
for the continuum value, well within our accuracy goals.
In fact, algorithmic inefficiencies in multicanonical simu-
lations become severe at significantly smaller lattice spac-
ing, making simulations there very costly in the broken
phase. The simulation volume is large enough for the
finite-volume effects to be negligible [12].
The expectation value of the square of the Higgs field,

v2/T 2 = 2⟨φ†φ⟩/T (here φ is in 3d units), measures the
“turning on” of the Higgs mechanism, see Fig. 2. As
mentioned above, there is no proper phase transition and
v2(T ) behaves smoothly as a function of the tempera-
ture. Nevertheless, the cross-over is rather sharp, and
the pseudocritical temperature can be estimated to be
Tc = 159± 1GeV. If the temperature is below Tc, v2(T )
is approximately linear in T , and at T > Tc, it is close to
zero. The observable ⟨φ†φ⟩ is ultraviolet divergent and
is additively renormalized; because of additive renormal-
ization, v2(T ) can become negative.
We also show the two-loop RG-improved perturbative
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FIG. 3: The measured sphaleron rate and the fit to the broken
phase rate, Eq. (7), shown with a shaded error band. The
perturbative result is from Burnier et al. [11] with the non-
perturbative correction used there removed; see main text.
Pure gauge refers to the rate in hot SU(2) gauge theory [19].
The freeze-out temperature T∗ is solved from the crossing of
Γ and the appropriately scaled Hubble rate, shown with the
almost horizontal line.

result [2] for v2(T ) in the broken phase. Perturbation
theory reproduces Tc perfectly, and v2 is slightly larger
than the lattice measurement. In the continuum limit we
expect this difference to decrease for this observable; in
ref. [12] we extrapolated v2(T ) to the continuum at a few
temperature values and with Higgs mass 115GeV. The
continuum limit in the broken phase was observed to be
about 6% larger than the result at βG = 9. Thus, for
v2(T ) perturbation theory and lattice results match very
well.
Finally, in Fig. 3 we show the sphaleron rate as a func-

tion of temperature. The straightforward Langevin re-
sults cover the high-temperature phase, where the rate
is not too strongly suppressed by the sphaleron barrier.
In fact, we were able to extend the range of the method
through the cross-over and into the broken phase, down
to relative suppression of 10−3.
Using the multicanonical simulation methods we are

able to compute the rate 4 orders of magnitude further
down into the broken low-temperature phase. The results
nicely interpolate with the canonical simulations in the
range where both exist. In the interval 140<∼T<∼155GeV
the broken phase rate is very close to a pure exponential,
and can be parametrized as

log
ΓBroken

T 4
= (0.83± 0.01)

T

GeV
− (147.7± 1.9). (7)

The error in the second constant is completely dominated

(’14 D’Onofrio)

�W � exp[�145 + 0.8(T/GeV)]T

�e/T

Sphaleron rate
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�w.oWashout term 

High temperature (T>140 GeV): electron Yukawa or CME 
Low temperature  (T<140 GeV): EW sphaleron 
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Schematically evolution equation is given by

MHD decay EWSB EW sphaleron   chirality-flip   CME

dnB

dt
=

�
#

B2

��
+ #�̇W �B2

�
� �w.o.nB
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Source term washout term

nB �
#B2/�� + #�̇W �B2

�w.o.
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FIG. 2: The Higgs expectation value as a function of tem-
perature, compared with the perturbative result [2].

sphaleron barrier (∼ sphaleron energy), and special real-
time runs are performed to calculate the dynamical pref-
actors of the tunneling process. The physical rate is then
obtained by reweighting the measurements. For details
of this intricate technique, we refer to [12, 27]. As we will
observe, in the temperature range where both methods
work, these overlap smoothly.
Simulation results: We perform the simulations using lat-
tice spacing a = 4/(9g23) (i.e. βG = 4/(g23a) = 9 in
conventional lattice units), and volume V = 323a3. In
ref. [12] we observed that the rate measured with this
lattice spacing in the symmetric phase is in practice in-
distinguishable from the continuum rate, and deep in the
broken phase it is within a factor of two of our estimate
for the continuum value, well within our accuracy goals.
In fact, algorithmic inefficiencies in multicanonical simu-
lations become severe at significantly smaller lattice spac-
ing, making simulations there very costly in the broken
phase. The simulation volume is large enough for the
finite-volume effects to be negligible [12].
The expectation value of the square of the Higgs field,

v2/T 2 = 2⟨φ†φ⟩/T (here φ is in 3d units), measures the
“turning on” of the Higgs mechanism, see Fig. 2. As
mentioned above, there is no proper phase transition and
v2(T ) behaves smoothly as a function of the tempera-
ture. Nevertheless, the cross-over is rather sharp, and
the pseudocritical temperature can be estimated to be
Tc = 159± 1GeV. If the temperature is below Tc, v2(T )
is approximately linear in T , and at T > Tc, it is close to
zero. The observable ⟨φ†φ⟩ is ultraviolet divergent and
is additively renormalized; because of additive renormal-
ization, v2(T ) can become negative.
We also show the two-loop RG-improved perturbative
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FIG. 3: The measured sphaleron rate and the fit to the broken
phase rate, Eq. (7), shown with a shaded error band. The
perturbative result is from Burnier et al. [11] with the non-
perturbative correction used there removed; see main text.
Pure gauge refers to the rate in hot SU(2) gauge theory [19].
The freeze-out temperature T∗ is solved from the crossing of
Γ and the appropriately scaled Hubble rate, shown with the
almost horizontal line.

result [2] for v2(T ) in the broken phase. Perturbation
theory reproduces Tc perfectly, and v2 is slightly larger
than the lattice measurement. In the continuum limit we
expect this difference to decrease for this observable; in
ref. [12] we extrapolated v2(T ) to the continuum at a few
temperature values and with Higgs mass 115GeV. The
continuum limit in the broken phase was observed to be
about 6% larger than the result at βG = 9. Thus, for
v2(T ) perturbation theory and lattice results match very
well.
Finally, in Fig. 3 we show the sphaleron rate as a func-

tion of temperature. The straightforward Langevin re-
sults cover the high-temperature phase, where the rate
is not too strongly suppressed by the sphaleron barrier.
In fact, we were able to extend the range of the method
through the cross-over and into the broken phase, down
to relative suppression of 10−3.
Using the multicanonical simulation methods we are

able to compute the rate 4 orders of magnitude further
down into the broken low-temperature phase. The results
nicely interpolate with the canonical simulations in the
range where both exist. In the interval 140<∼T<∼155GeV
the broken phase rate is very close to a pure exponential,
and can be parametrized as

log
ΓBroken

T 4
= (0.83± 0.01)

T

GeV
− (147.7± 1.9). (7)

The error in the second constant is completely dominated

(’14 D’Onofrio)

�W � exp[�145 + 0.8(T/GeV)]T

�e/T

Sphaleron rate
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High temperature (T>140 GeV): electron Yukawa or CME 
Low temperature  (T<140 GeV): EW sphaleron 
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Figure 2: Evolution of the baryon asymmetry in the presence of decaying helical magnetic field.

We take B0 = 10�16 G for the field strength today, �0 = 10�2 pc for the coherence length today,

and fh$ee = fflip = 1 for the spin-flip fudge factor. The magnetic field is injected at a temperature

Tini, which ranges from 108 to 103 GeV by factors of 10. The dashed lines shown the analytic

approximations in Eqs. (3.6) and (3.10).

in some previous studies [24, 25].) In the symmetric phase, the equilibrium solution scales as

⌘B ⇠ x�4/3 for weak fields and x�2/3 for strong fields, as we showed in Eq. (3.7).

In Fig. 4 we show the relic baryon asymmetry ⌘B as a function of the magnetic field strength

today B0 while fixing the coherence length �0 with the relation in Eq. (2.67). If the field is too

weak, the corresponding source term from decaying hypermagnetic helicity is ine�cient, and the

resulting relic baryon asymmetry is suppressed. If the field is too strong, the baryon asymmetry

is suppressed instead by the chiral magnetic e↵ect. For our best estimates of the electron spin-flip

transport coe�cients, fh$ee = fflip = 1, the largest relic baryon asymmetry ⌘B ' 5 ⇥ 10�12 is

obtained for B0 ' 5⇥ 10�15 G. This is insu�cient to account for the observed baryon asymmetry

of the universe, ⌘obsB ' 1⇥10�10. Varying the transport coe�cients over a reasonable interval leads

to an O(1) change in the relic asymmetry; this indicates the robustness of our result.

The above results strongly support the validity of our analytic estimate Eq. (3.12). Figure

5 shows the magnetic field parameter space and predicted baryon asymmetry from the analytic

formula Eq. (3.12). The constraints are summarized as follows [1]. On large length scales, a

strong field B0 & 10�9 G would induce energy density inhomogeneities at a comparable level to the

primordial density perturbations. Models falling into the region of parameter space labeled “conflict

with CMB” are excluded by non-observation of these e↵ects in the cosmic microwave background.

Measurements of TeV blazar spectra display a deficit of GeV photons, which can be explained by a

su�ciently strong intergalactic magnetic field that deflects the electromagnetic cascade o↵ the line

of sight. A weak magnetic field in the region of parameter space labeled “cannot explain blazars”

cannot accommodate the blazar observations. Finally, we have already discussed that a causally-
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Figure 3: Evolution of the baryon asymmetry ⌘B during the EW crossover. The temporal coor-

dinate is x = T/H = M0/T . The four panels correspond to di↵erent values of the relic magnetic

field strength B0 and coherence length �0 today. In each panel, the five pairs of colored curves

correspond to the five parameterizations of ✓W(t) that appear in Fig. 2. The solid curves are the

result of numerically solving the Boltzmann equations, and the dashed curves evaluate the formula

in Eq. (3.6). The (gray) dotted curve corresponds to the calculation in Ref. [58].

between its asymptotic values at Tstep = 162 GeV. The sudden change in ✓W implies an abrupt

decrease in the helicity of the hypermagnetic field, and a correspondingly large source of baryon

number via the SAB term in Eq. (3.1). As predicted in Ref. [58] the baryon number grows suddenly,

but soon the hypermagnetic field is fully converted into an electromagnetic field, and the EW

sphaleron, which remains in thermal equilibrium until T ⇡ Tsph,fo ' 130 GeV, is able to wash

out the injection of baryon number. At temperatures T & 135 GeV, the analytic formula from

Eq. (3.6) (dashed curve) matches the numerical result (solid curve) very well. After EW sphaleron

freeze-out, T . 130 GeV the baryon number is fixed.

The (gray) dotted curve in Fig. 3 corresponds to the calculation of Ref. [58], which as-

sumed that the weak mixing angle changes abruptly and discontinuously at T = 162 GeV while
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Subtle issue behind that…

Early EWSB (crossover) completion, late sphaleron freeze out
=> Net BAU is suppressed (’98 Giovannini&Shaposhnikov)

Early sphaleron freeze out, late EWSB (crossover) completion
=> Net BAU is efficiently remained

✓W(t)

BY Bem

BZ

BW 3

BA

Figure 1: A graphical representation of the conversion from hypermagnetic field BY into elec-

tromagnetic field Bem during the EW crossover. The (blue) parabolas indicate the curvature of

the thermal e↵ective potential. The weak mixing angle ✓W(t) measures the separation of the flat

direction (massless field degree of freedom) and the U(1)Y axis.

evolution of the massless field degree of freedom, we have reduced the problem to a single degree

of freedom as represented by the classical vector field Aµ(x).

The Ansatz (2.3) is represented graphically in Fig. 1, which illustrates the conversion from

hypermagnetic field to electromagnetic field. Here we denote the magnetic field of a gauge field Y

as BY ⌘ r⇥Y. We have drawn the figure so as to suggest that |BA| does not decrease appreciably

during the EW crossover. As we will explain later, this is the case because Aµ evolves slowly

according to the cosmic expansion and the inverse cascade.

Having generalized the gauge field Ansatz from our earlier work, we are now prepared to

revisit the calculation of source terms (2.2). Using the Ansatz in Eq. (2.3), the source terms can

be written as

S
bkg
w =

1

2

⇣ 1

sT

1

16⇡2

⌘
g2
⇣
sin2 ✓W(t)Aµ⌫Ã

µ⌫ + 2
d✓W

dt
sin 2✓W(t)�0µA⌫Ã

µ⌫
⌘

(2.4a)

S
bkg
y =

⇣ 1

sT

1

16⇡2

⌘
g02

⇣
cos2 ✓W(t)Aµ⌫Ã

µ⌫ � 2
d✓W

dt
sin 2✓W(t)�0µA⌫Ã

µ⌫
⌘

(2.4b)

S
bkg
yw = 2

⇣ 1

sT

1

16⇡2

⌘
gg0

⇣
sin ✓W(t) cos ✓W(t)Aµ⌫Ã

µ⌫ + 2
d✓W

dt
cos 2✓W(t)�0µA⌫Ã

µ⌫
⌘

(2.4c)

where Aµ⌫ is the field strength tensor associated with Aµ(x), and Ã
µ⌫ = ✏µ⌫⇢�A⇢�/2 is the dual

7

Lattice results

Semi  
analytic (1-loop)

(’16 D’Onofrio)
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FIG. 2: The Higgs expectation value as a function of tem-
perature, compared with the perturbative result [2].

sphaleron barrier (∼ sphaleron energy), and special real-
time runs are performed to calculate the dynamical pref-
actors of the tunneling process. The physical rate is then
obtained by reweighting the measurements. For details
of this intricate technique, we refer to [12, 27]. As we will
observe, in the temperature range where both methods
work, these overlap smoothly.
Simulation results: We perform the simulations using lat-
tice spacing a = 4/(9g23) (i.e. βG = 4/(g23a) = 9 in
conventional lattice units), and volume V = 323a3. In
ref. [12] we observed that the rate measured with this
lattice spacing in the symmetric phase is in practice in-
distinguishable from the continuum rate, and deep in the
broken phase it is within a factor of two of our estimate
for the continuum value, well within our accuracy goals.
In fact, algorithmic inefficiencies in multicanonical simu-
lations become severe at significantly smaller lattice spac-
ing, making simulations there very costly in the broken
phase. The simulation volume is large enough for the
finite-volume effects to be negligible [12].
The expectation value of the square of the Higgs field,

v2/T 2 = 2⟨φ†φ⟩/T (here φ is in 3d units), measures the
“turning on” of the Higgs mechanism, see Fig. 2. As
mentioned above, there is no proper phase transition and
v2(T ) behaves smoothly as a function of the tempera-
ture. Nevertheless, the cross-over is rather sharp, and
the pseudocritical temperature can be estimated to be
Tc = 159± 1GeV. If the temperature is below Tc, v2(T )
is approximately linear in T , and at T > Tc, it is close to
zero. The observable ⟨φ†φ⟩ is ultraviolet divergent and
is additively renormalized; because of additive renormal-
ization, v2(T ) can become negative.
We also show the two-loop RG-improved perturbative

130 140 150 160 170
T / GeV

-45

-40

-35

-30

-25

-20

-15

-10

lo
g 
Γ
/Τ

4

standard
multicanonical
fit
perturbative

pure gauge

log[αH(T)/T]

FIG. 3: The measured sphaleron rate and the fit to the broken
phase rate, Eq. (7), shown with a shaded error band. The
perturbative result is from Burnier et al. [11] with the non-
perturbative correction used there removed; see main text.
Pure gauge refers to the rate in hot SU(2) gauge theory [19].
The freeze-out temperature T∗ is solved from the crossing of
Γ and the appropriately scaled Hubble rate, shown with the
almost horizontal line.

result [2] for v2(T ) in the broken phase. Perturbation
theory reproduces Tc perfectly, and v2 is slightly larger
than the lattice measurement. In the continuum limit we
expect this difference to decrease for this observable; in
ref. [12] we extrapolated v2(T ) to the continuum at a few
temperature values and with Higgs mass 115GeV. The
continuum limit in the broken phase was observed to be
about 6% larger than the result at βG = 9. Thus, for
v2(T ) perturbation theory and lattice results match very
well.
Finally, in Fig. 3 we show the sphaleron rate as a func-

tion of temperature. The straightforward Langevin re-
sults cover the high-temperature phase, where the rate
is not too strongly suppressed by the sphaleron barrier.
In fact, we were able to extend the range of the method
through the cross-over and into the broken phase, down
to relative suppression of 10−3.
Using the multicanonical simulation methods we are

able to compute the rate 4 orders of magnitude further
down into the broken low-temperature phase. The results
nicely interpolate with the canonical simulations in the
range where both exist. In the interval 140<∼T<∼155GeV
the broken phase rate is very close to a pure exponential,
and can be parametrized as

log
ΓBroken

T 4
= (0.83± 0.01)

T

GeV
− (147.7± 1.9). (7)

The error in the second constant is completely dominated

(’14 D’Onofrio)

�W � exp[�145 + 0.8(T/GeV)]T

�e/T

lattice simulations for the EW  
crossover with 125 GeV Higgs

Sphaleron rate

BAU is very likely to remain!  
Quantitative results are sensitive to �W (t)
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Finally analytic formula for the generated average baryon asymmetry is given.

<latexit sha1_base64="DemdFEPLcRDz8aEwtKmeu0lPlqE="></latexit>

f(T, ✓w) ⌘ � sin 2✓wT
d✓w
dT

(' 0.1) at T ' 135GeV

Magnetogenesis with positive helicity before EWSB.
With appropriate properties of hyper MFs, present 
BAU can be explained.

※Since helicity is just the difference between the right and left helicity modes, 
the sign of helicity can be the same beyond the coherence length of MFs.
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T = 105GeV

Inflation EWSBRadiation domination

<latexit sha1_base64="VM0BIE9yfQ0jXjAfwsPOWIG2QqQ=">AAACEnicbVDLSgMxFM34rPVVdekmWARXZUasuiy6cVnBPqAdSiZzp41NMkOSEcrQf3DhRj/Fnbj1B/wSt6btLGzrgcDhnHu5JydIONPGdb+dldW19Y3NwlZxe2d3b790cNjUcaooNGjMY9UOiAbOJDQMMxzaiQIiAg6tYHg78VtPoDSL5YMZJeAL0pcsYpQYKzW7YEiv2iuV3Yo7BV4mXk7KKEe9V/rphjFNBUhDOdG647mJ8TOiDKMcxsVuqiEhdEj60LFUEgHaz6Zpx/jUKiGOYmWfNHiq/t3IiNB6JAI7KYgZ6EVvIv7rBWLucqZttAGEC3FMdO1nTCapAUlnaaKUYxPjST84ZAqo4SNLCFXMfgjTAVGEGtti0TblLfayTJrnFe+yUr2/KNdu8s4K6BidoDPkoStUQ3eojhqIokf0jF7Rm/PivDsfzudsdMXJd47QHJyvXyB1nmk=</latexit>⌘5

Axion inflation can explain the BAU through  
baryogenesis from hypermagnetic helicity decay!

<latexit sha1_base64="rruzuib3+Lv8j41Bb4H+Q8xGQSo="></latexit>
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Slide Background Courtesy: H. Oide

<latexit sha1_base64="LT94UECCdIyRLfTlR+DwBNw10es=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsKfQjtUDKZO21skhmSjFCG/oMLN/op7sStP+CXuDVtZ2FbDwQO59zLPTlBwpk2rvvtFNbWNza3itulnd29/YPy4VFbx6mi0KIxj9VDQDRwJqFlmOHwkCggIuDQCUa3U7/zBEqzWDbNOAFfkIFkEaPEWKlNcK+Hm/1yxa26M+BV4uWkgnI0+uWfXhjTVIA0lBOtu56bGD8jyjDKYVLqpRoSQkdkAF1LJRGg/WyWdoLPrBLiKFb2SYNn6t+NjAitxyKwk4KYoV72puK/XiAWLmfaRhtCuBTHRNd+xmSSGpB0niZKOTYxnvaDQ6aAGj62hFDF7IcwHRJFqLEtlmxT3nIvq6R9UfUuq7X7WqV+k3dWRCfoFJ0jD12hOrpDDdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgFPA53r</latexit> a

T<latexit sha1_base64="vK7BEgZHDUNfewD73TtAefuPxjs=">AAACGXicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rIogssKfUEbymRy0w6dSeLMRCih3+HCjX6KO3Hryi9x66TNwrYeGDiccy/3zPFizpS27W+rsLa+sblV3C7t7O7tH5QPj9oqSiSFFo14JLseUcBZCC3NNIduLIEIj0PHG99mfucJpGJR2NSTGFxBhiELGCXaSG5z0BdEj6RI7zrTQbliV+0Z8CpxclJBORqD8k/fj2giINSUE6V6jh1rNyVSM8phWuonCmJCx2QIPUNDIkC56Sz0FJ8ZxcdBJM0LNZ6pfzdSIpSaCM9MZhHVspeJ/3qeWLicKhNtBP5SHB1cuykL40RDSOdpgoRjHeGsJuwzCVTziSGESmY+hOmISEK1KbNkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRPWqgFqLoET2jV/RmvVjv1of1OR8tWPnOMVqA9fULOvehsA==</latexit>

TEW
<latexit sha1_base64="BCBdodmqMhNP0z+rpi054Diad9M=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rLoxpVU6AuaUCaTm3boTBJnJkIJ/Q0XbvRT3Ilbd36JW6dtFrb1wMDhnHu5Z46fcKa0bX9bhbX1jc2t4nZpZ3dv/6B8eNRWcSoptGjMY9n1iQLOImhppjl0EwlE+Bw6/uh26neeQCoWR009TsATZBCxkFGijeQ2sauYgEcs+vf9csWu2jPgVeLkpIJyNPrlHzeIaSog0pQTpXqOnWgvI1IzymFSclMFCaEjMoCeoRERoLxslnmCz4wS4DCW5kUaz9S/GxkRSo2FbyYF0UO17E3Ffz1fLFzOlIk2hGApjg6vvYxFSaohovM0YcqxjvG0JRwwCVTzsSGESmY+hOmQSEK16bJkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRHWqgFqIoQc/oFb1ZL9a79WF9zkcLVr5zjBZgff0CX9ygow==</latexit>

T ' mN

<latexit sha1_base64="zpGqI5inYgQwpgM18DDL1OoZcgw=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9gHtWDKZ2zY0yQxJRihD/8OFG/0Ud+LWjV/i1kw7C9t6IHA4517uyQlizrRx3W+nsLa+sblV3C7t7O7tH5QPj1o6ShSFJo14pDoB0cCZhKZhhkMnVkBEwKEdjG8zv/0ESrNIPphJDL4gQ8kGjBJjpUfS7wliRkqkIMNpv1xxq+4MeJV4OamgHI1++acXRjQRIA3lROuu58bGT4kyjHKYlnqJhpjQMRlC11JJBGg/naWe4jOrhHgQKfukwTP170ZKhNYTEdjJLKNe9jLxXy8QC5dTbaONIFyKYwbXfspknBiQdJ5mkHBsIpz1hEOmgBo+sYRQxeyHMB0RRaixbZZsU95yL6ukdVH1Lqu1+1qlfpN3VkQn6BSdIw9doTq6Qw3URBQp9Ixe0Zvz4rw7H87nfLTg5DvHaAHO1y99WaJi</latexit>aend

<latexit sha1_base64="BSyKsvXFFPyylnukZVOAXytCf7M="></latexit>

⌘B ,
3g02

16⇡2

hY

s

<latexit sha1_base64="B+M+H/3DLOUEC4y2VaKPfJLX2w8=">AAACHXicbVDLSsNAFJ3UV62PRl26CRbBVUmkqBuh6MZlhb6gDWEyuWmHziRhZiKU0C9x4UY/xZ24Fb/ErZM2C9t6YOBwzr3cM8dPGJXKtr+N0sbm1vZOebeyt39wWDWPjrsyTgWBDolZLPo+lsBoBB1FFYN+IgBzn0HPn9znfu8JhKRx1FbTBFyORxENKcFKS55Zbd+2vSHHaix4JmDmmTW7bs9hrROnIDVUoOWZP8MgJimHSBGGpRw4dqLcDAtFCYNZZZhKSDCZ4BEMNI0wB+lm8+Az61wrgRXGQr9IWXP170aGuZRT7uvJPKJc9XLxX8/nS5czqaONIViJo8IbN6NRkiqIyCJNmDJLxVZelRVQAUSxqSaYCKo/ZJExFpgoXWhFN+Ws9rJOupd156reeGzUmndFZ2V0is7QBXLQNWqiB9RCHURQip7RK3ozXox348P4XIyWjGLnBC3B+PoFXE6iwQ==</latexit>

T = Tre

<latexit sha1_base64="DVyXB4FK9r5ssJ6tQQZFT2utHUE=">AAACEnicbVDLTgIxFO3gC/GFunTTSExckRlD1CXBjUtMBExgQjqdO1BpO5O2Y0Im/IMLN/op7oxbf8AvcWuBWQh4kiYn59ybe3qChDNtXPfbKaytb2xuFbdLO7t7+wflw6O2jlNFoUVjHquHgGjgTELLMMPhIVFARMChE4xupn7nCZRmsbw34wR8QQaSRYwSY6V2DwzpN/rlilt1Z8CrxMtJBeVo9ss/vTCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI7IALqWSiJA+9ks7QSfWSXEUazskwbP1L8bGRFaj0VgJwUxQ73sTcV/vUAsXM60jTaEcCmOia79jMkkNSDpPE2UcmxiPO0Hh0wBNXxsCaGK2Q9hOiSKUGNbLNmmvOVeVkn7oupdVmt3tUq9kXdWRCfoFJ0jD12hOrpFTdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgE1uJ51</latexit>⌘B

<latexit sha1_base64="D/CFiXJCvHLOYgJSi2R+OGJ58vM=">AAACMnicbVC7TsMwFHV4lvIKMLJYFARTlZSqMFawMBaJPlATIsdxGqvOQ7aDVEX5Ab6GgQX+BDbEys6K22agLUeydHTOvfK5x00YFdIw3rWl5ZXVtfXSRnlza3tnV9/b74g45Zi0ccxi3nORIIxGpC2pZKSXcIJCl5GuO7we+91HwgWNozs5SogdokFEfYqRVJKjH1s+Rzg7H5w+1PLMbEAroYrBqRw493kmckevGFVjArhIzIJUQIGWo/9YXozTkEQSMyRE3zQSaWeIS4oZyctWKkiC8BANSF/RCIVE2NnkmhyeKMWDfszViyScqH83MhQKMQpdNRkiGYh5byz+67nhzM+ZUNEC4s3Fkf6lndEoSSWJ8DSNnzIoYzjuD3qUEyzZSBGEOVUHQRwgVZZULZdVU+Z8L4ukU6uajWr9tl5pXhWdlcAhOAJnwAQXoAluQAu0AQZP4Bm8gjftRfvQPrWv6eiSVuwcgBlo378Dy6q7</latexit>

3g02

16⇡2

hY

s

<latexit sha1_base64="QsHyveqd65E76m2EsUa8zj+vhPo=">AAACIXicbVDLSgMxFM3UV62v0S7dBIvgqsyIr41QdKHLCn1BW0smvW1Dk8yQZIRh6Le4cKOf4k7ciR/i1vSxsK0HAodz7uWenCDiTBvP+3IyK6tr6xvZzdzW9s7unrt/UNNhrChUachD1QiIBs4kVA0zHBqRAiICDvVgeDv260+gNAtlxSQRtAXpS9ZjlBgrddx85dr3Hs9xSxAzUCK9g9qo4xa8ojcBXib+jBTQDOWO+9PqhjQWIA3lROum70WmnRJlGOUwyrViDRGhQ9KHpqWSCNDtdBJ+hI+t0sW9UNknDZ6ofzdSIrRORGAnxxn1ojcW//UCMXc51TbaALoLcUzvqp0yGcUGJJ2m6cUcmxCP68JdpoAanlhCqGL2Q5gOiCLU2FJztil/sZdlUjst+hfFs4ezQulm1lkWHaIjdIJ8dIlK6B6VURVRlKBn9IrenBfn3flwPqejGWe2k0dzcL5/Aedlo3U=</latexit>

T = 105GeV

Inflation EWSBRadiation domination

<latexit sha1_base64="VM0BIE9yfQ0jXjAfwsPOWIG2QqQ=">AAACEnicbVDLSgMxFM34rPVVdekmWARXZUasuiy6cVnBPqAdSiZzp41NMkOSEcrQf3DhRj/Fnbj1B/wSt6btLGzrgcDhnHu5JydIONPGdb+dldW19Y3NwlZxe2d3b790cNjUcaooNGjMY9UOiAbOJDQMMxzaiQIiAg6tYHg78VtPoDSL5YMZJeAL0pcsYpQYKzW7YEiv2iuV3Yo7BV4mXk7KKEe9V/rphjFNBUhDOdG647mJ8TOiDKMcxsVuqiEhdEj60LFUEgHaz6Zpx/jUKiGOYmWfNHiq/t3IiNB6JAI7KYgZ6EVvIv7rBWLucqZttAGEC3FMdO1nTCapAUlnaaKUYxPjST84ZAqo4SNLCFXMfgjTAVGEGtti0TblLfayTJrnFe+yUr2/KNdu8s4K6BidoDPkoStUQ3eojhqIokf0jF7Rm/PivDsfzudsdMXJd47QHJyvXyB1nmk=</latexit>⌘5

?
Axion inflation can explain the BAU through  
baryogenesis from hypermagnetic helicity decay?

<latexit sha1_base64="rruzuib3+Lv8j41Bb4H+Q8xGQSo="></latexit>
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Slide Background Courtesy: H. Oide

Baryon isocurvature constraints 
a.k.a. Uchida bound

KK, F. Uchida, J. Yokoyama (Tokyo), JCAP 04 (2021) 034 [arXiv: 2012.14435 (astro-ph.CO)]
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Slide Background Courtesy: H. Oide

Baryon asymmetry is generated  
in response to magnetic fields with a certain correlation length,  
regardless of its generation mechanism. 

=> We can give a generic constraints on magnetic fields  
     from the baryon isocurvature perturbation.  
 
     Indeed, it gives a constraint even for non-helical magnetic fields. 

17/42



Slide Background Courtesy: H. Oide

Basic idea
Baryon asymmetry evaluated thus far is the spatially-averaged one

=> We expect that it has spatial dependence (“baryon isocurvature perturbation”) 
     according to the spatial distributions of hypermagnetic fields.

<latexit sha1_base64="1jBinIJ0ohhLPWcrHTIX//pcd3k=">AAACD3icbVDLSgMxFM34rPVVdekmWARXZUYUXZa6cVnRPqQdSiZzpw1NMkOSEcrQT3DhRj/Fnbj1E/wSt6btLGzrgcDhnHu5JydIONPGdb+dldW19Y3NwlZxe2d3b790cNjUcaooNGjMY9UOiAbOJDQMMxzaiQIiAg6tYHgz8VtPoDSL5YMZJeAL0pcsYpQYK93Xeo+9UtmtuFPgZeLlpIxy1Huln24Y01SANJQTrTuemxg/I8owymFc7KYaEkKHpA8dSyURoP1sGnWMT60S4ihW9kmDp+rfjYwIrUcisJOCmIFe9Cbiv14g5i5n2kYbQLgQx0TXfsZkkhqQdJYmSjk2MZ6Ug0OmgBo+soRQxeyHMB0QRaixFRZtU95iL8ukeV7xLivu3UW5Wss7K6BjdILOkIeuUBXdojpqIIr66Bm9ojfnxXl3PpzP2eiKk+8coTk4X7+xg50V</latexit>

BY

<latexit sha1_base64="pjmv4Hi1X64QH3/l09ScoDJF9GU=">AAACE3icbVC7SgNBFL0bXzG+opY2g0GwCruiaBm0sYxgEiFZwuzsTTJkZneZmRXDko+wsNFPsRNbP8AvsXWSbGESDwwczrmXe+YEieDauO63U1hZXVvfKG6WtrZ3dvfK+wdNHaeKYYPFIlYPAdUoeIQNw43Ah0QhlYHAVjC8mfitR1Sax9G9GSXoS9qPeI8zaqzUyjqBJE/jbrniVt0pyDLxclKBHPVu+acTxiyVGBkmqNZtz02Mn1FlOBM4LnVSjQllQ9rHtqURlaj9bBp3TE6sEpJerOyLDJmqfzcyKrUeycBOSmoGetGbiP96gZy7nGkbbYDhQhzTu/IzHiWpwYjN0vRSQUxMJgWRkCtkRowsoUxx+yHCBlRRZmyNJduUt9jLMmmeVb2Lqnt3Xqld550V4QiO4RQ8uIQa3EIdGsBgCM/wCm/Oi/PufDifs9GCk+8cwhycr182up7+</latexit>x
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Slide Background Courtesy: H. Oide

Basic idea
Baryon asymmetry evaluated thus far is the spatially-averaged one

=> We expect that it has spatial dependence (“baryon isocurvature perturbation”) 
     according to the spatial distributions of hypermagnetic fields.

<latexit sha1_base64="1jBinIJ0ohhLPWcrHTIX//pcd3k=">AAACD3icbVDLSgMxFM34rPVVdekmWARXZUYUXZa6cVnRPqQdSiZzpw1NMkOSEcrQT3DhRj/Fnbj1E/wSt6btLGzrgcDhnHu5JydIONPGdb+dldW19Y3NwlZxe2d3b790cNjUcaooNGjMY9UOiAbOJDQMMxzaiQIiAg6tYHgz8VtPoDSL5YMZJeAL0pcsYpQYK93Xeo+9UtmtuFPgZeLlpIxy1Huln24Y01SANJQTrTuemxg/I8owymFc7KYaEkKHpA8dSyURoP1sGnWMT60S4ihW9kmDp+rfjYwIrUcisJOCmIFe9Cbiv14g5i5n2kYbQLgQx0TXfsZkkhqQdJYmSjk2MZ6Ug0OmgBo+soRQxeyHMB0QRaixFRZtU95iL8ukeV7xLivu3UW5Wss7K6BjdILOkIeuUBXdojpqIIr66Bm9ojfnxXl3PpzP2eiKk+8coTk4X7+xg50V</latexit>

BY

<latexit sha1_base64="pjmv4Hi1X64QH3/l09ScoDJF9GU=">AAACE3icbVC7SgNBFL0bXzG+opY2g0GwCruiaBm0sYxgEiFZwuzsTTJkZneZmRXDko+wsNFPsRNbP8AvsXWSbGESDwwczrmXe+YEieDauO63U1hZXVvfKG6WtrZ3dvfK+wdNHaeKYYPFIlYPAdUoeIQNw43Ah0QhlYHAVjC8mfitR1Sax9G9GSXoS9qPeI8zaqzUyjqBJE/jbrniVt0pyDLxclKBHPVu+acTxiyVGBkmqNZtz02Mn1FlOBM4LnVSjQllQ9rHtqURlaj9bBp3TE6sEpJerOyLDJmqfzcyKrUeycBOSmoGetGbiP96gZy7nGkbbYDhQhzTu/IzHiWpwYjN0vRSQUxMJgWRkCtkRowsoUxx+yHCBlRRZmyNJduUt9jLMmmeVb2Lqnt3Xqld550V4QiO4RQ8uIQa3EIdGsBgCM/wCm/Oi/PufDifs9GCk+8cwhycr182up7+</latexit>x

constrained by observations?

<latexit sha1_base64="pjmv4Hi1X64QH3/l09ScoDJF9GU=">AAACE3icbVC7SgNBFL0bXzG+opY2g0GwCruiaBm0sYxgEiFZwuzsTTJkZneZmRXDko+wsNFPsRNbP8AvsXWSbGESDwwczrmXe+YEieDauO63U1hZXVvfKG6WtrZ3dvfK+wdNHaeKYYPFIlYPAdUoeIQNw43Ah0QhlYHAVjC8mfitR1Sax9G9GSXoS9qPeI8zaqzUyjqBJE/jbrniVt0pyDLxclKBHPVu+acTxiyVGBkmqNZtz02Mn1FlOBM4LnVSjQllQ9rHtqURlaj9bBp3TE6sEpJerOyLDJmqfzcyKrUeycBOSmoGetGbiP96gZy7nGkbbYDhQhzTu/IzHiWpwYjN0vRSQUxMJgWRkCtkRowsoUxx+yHCBlRRZmyNJduUt9jLMmmeVb2Lqnt3Xqld550V4QiO4RQ8uIQa3EIdGsBgCM/wCm/Oi/PufDifs9GCk+8cwhycr182up7+</latexit>x

<latexit sha1_base64="EcrQCMSFG6JCPQUy5qOqmTospHU=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjOi6LLUjcsK9gHtUDKZO21skhmSjFCG/oMLN/op7sStP+CXuDVtZ2FbDwQO59zLPTlBwpk2rvvtFNbWNza3itulnd29/YPy4VFLx6mi0KQxj1UnIBo4k9A0zHDoJAqICDi0g9Ht1G8/gdIslg9mnIAvyECyiFFirNTqgSH9er9ccavuDHiVeDmpoByNfvmnF8Y0FSAN5UTrrucmxs+IMoxymJR6qYaE0BEZQNdSSQRoP5ulneAzq4Q4ipV90uCZ+ncjI0LrsQjspCBmqJe9qfivF4iFy5m20YYQLsUx0Y2fMZmkBiSdp4lSjk2Mp/3gkCmgho8tIVQx+yFMh0QRamyLJduUt9zLKmldVL2rqnt/WanV886K6ASdonPkoWtUQ3eogZqIokf0jF7Rm/PivDsfzud8tODkO8doAc7XLzQcnnA=</latexit>⌘B
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Slide Background Courtesy: H. Oide

Observational constraints on the baryon isocurvature perturbations

Mpc scales: CMB gives constraints.

FIG. 1. CMB spectra for adiabatic and isocurvature modes with cosmological parameters

Ωb = 0.06, ΩΛ = 0.69, Ωcdm = 0.25, h = 0.65, τreion = 0.1 and ns = 1.

Let us first discuss the neutrino density mode. If neutrinos and photons evolved identi-
cally, no metric perturbation would subsequently result. But as a mode enters the horizon,
the neutrinos free stream while the photons behave as a perfect fluid because of Thomson
scattering off electrons. This differential behavior leads to perturbations in the total stress-
energy, which generate metric perturbations, which in turn generate perturbations in all
components. The case of the neutrino velocity mode is similar. Initially, the momentum
densities cancel. However, because of the differential dynamics upon horizon crossing, stress-
energy perturbations arise, which then source metric perturbations, which in turn generate
perturbations in the other components. One may have suspected that this mode would be
singular because the ‘velocity’ mode in the adiabatic sector is decaying and thus singular.
But because of the cancellation initially this too is a nonsingular mode.

In Figure 1 the CMB anisotropies predicted for the various modes are indicated. The
CDM and baryon isocurvature modes predict CMB spectra of the same shape, to within
a fraction of a percent, so only the baryon isocurvature mode is shown and studied below.
Of the isocurvature modes, the baryon isocurvature and CDM isocurvature modes have
greatly suppressed power on small scales relative to large scales while the neutrino density
isocurvature mode exhibits a rise at ℓ ≈ 75 leading to a plateau before the first Doppler
peak. However, interestingly, the neutrino velocity isocurvature mode lacks these features,
rather having the same qualitative behavior as the adiabatic growing mode.

Now that we have described the five regular modes, we turn to describing the most
general primordial cosmological perturbation in a universe with the matter content given
above. We momentarily assume Gaussianity, an assumption that we will soon be able to
relax somewhat. For a single adiabatic mode describing a Gaussian random process that is
homogeneous and isotropic, the statistical properties are completely described by the power
spectrum P (k), a real valued function of wavenumber. In the case here of five modes, whose
amplitudes we indicate as Aa(k), (a = 1, ..., 5), the power spectrum generalizes to a 5 × 5,
positive-definite, real, symmetric, matrix-valued function of the wavenumber Pab(k) where

4

’00 Bucher et al.

<latexit sha1_base64="F+e0Xsu2k2C8PGY4uCvQNznGFOw="></latexit>

�iso ⌘ PII

PRR + PII
. 0.49 @k = 0.1Mpc�1

’18 Planck
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Slide Background Courtesy: H. Oide

Observational constraints on the baryon isocurvature perturbations

Mpc scales: CMB gives constraints.

FIG. 1. CMB spectra for adiabatic and isocurvature modes with cosmological parameters

Ωb = 0.06, ΩΛ = 0.69, Ωcdm = 0.25, h = 0.65, τreion = 0.1 and ns = 1.

Let us first discuss the neutrino density mode. If neutrinos and photons evolved identi-
cally, no metric perturbation would subsequently result. But as a mode enters the horizon,
the neutrinos free stream while the photons behave as a perfect fluid because of Thomson
scattering off electrons. This differential behavior leads to perturbations in the total stress-
energy, which generate metric perturbations, which in turn generate perturbations in all
components. The case of the neutrino velocity mode is similar. Initially, the momentum
densities cancel. However, because of the differential dynamics upon horizon crossing, stress-
energy perturbations arise, which then source metric perturbations, which in turn generate
perturbations in the other components. One may have suspected that this mode would be
singular because the ‘velocity’ mode in the adiabatic sector is decaying and thus singular.
But because of the cancellation initially this too is a nonsingular mode.

In Figure 1 the CMB anisotropies predicted for the various modes are indicated. The
CDM and baryon isocurvature modes predict CMB spectra of the same shape, to within
a fraction of a percent, so only the baryon isocurvature mode is shown and studied below.
Of the isocurvature modes, the baryon isocurvature and CDM isocurvature modes have
greatly suppressed power on small scales relative to large scales while the neutrino density
isocurvature mode exhibits a rise at ℓ ≈ 75 leading to a plateau before the first Doppler
peak. However, interestingly, the neutrino velocity isocurvature mode lacks these features,
rather having the same qualitative behavior as the adiabatic growing mode.

Now that we have described the five regular modes, we turn to describing the most
general primordial cosmological perturbation in a universe with the matter content given
above. We momentarily assume Gaussianity, an assumption that we will soon be able to
relax somewhat. For a single adiabatic mode describing a Gaussian random process that is
homogeneous and isotropic, the statistical properties are completely described by the power
spectrum P (k), a real valued function of wavenumber. In the case here of five modes, whose
amplitudes we indicate as Aa(k), (a = 1, ..., 5), the power spectrum generalizes to a 5 × 5,
positive-definite, real, symmetric, matrix-valued function of the wavenumber Pab(k) where
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abundance. We show how the baryonic isocurvature perturbations change the D abundance and
obtain a generic constraint on their amplitude in Sec. 3. In Sec. 4 we apply the BBN constraint
on the relaxation leptogenesis scenario. Sec. 5 is devoted for conclusions.

2 Deuterium abundance

Light elements like D, 3He and 4He are synthesized in the early Universe at temperature T '

1 MeV�0.01 MeV. This big bang nucleosynthesis predicts the abundances of light elements which
are in agreement with those inferred by observations. In particular, the deuterium abundance
has been precisely measured by observing absorption of QSO lights due to damped Lyman-↵
systems. Most recently Zavaryzin et al. [12] reported the primordial D abundance,

(D/H)p = (2.545± 0.025)⇥ 10�5
, (1)

from measurements of 13 damped Lyman-↵ systems. Here D/H is the ratio of the number den-
sities of D and H. The observed abundance should be compared with the theoretical prediction.
The D abundance produced in BBN is calculated by numerically solving the nuclear reaction
network and in the standard case the result is only dependent on the baryon density ⌦B. We
adopt the following fitting formula in Ref. [2]:

105(D/H)p = 18.754� 1534.4!B + 48656!2
B � 552670!3

B, (2)

where !B = ⌦Bh
2 and h is the Hubble constant in units of 100km/s/Mpc. This formula is

obtained using the PArthENoPE code [16] and its uncertainty is ±0.12(2�). The observational
constraint Eq. (1) and the prediction Eq. (2) are shown in Fig. 1. From the figure the BBN
prediction is consistent with the observed abundance for ⌦Bh

2
' 0.022� 0.023.

The baryon density is also precisely determined by CMB observations. The recent Plank
measurement gives

⌦Bh
2 = 0.02226± 0.00023, (3)

which is also shown in Fig. 1. It is seen that the baryon densities determined by BBN and CMB
are consistent. However, if the predicted D abundance increases by about 3% in the case with
2� uncertainties, they become inconsistent and hence any effect that increases the D abundance
is stringently constrained.

3 Baryonic isocurvature perturbations and deuterium abundance

Here we assume that only baryon number fluctuations are produced in the early universe. Such
fluctuations are called baryonic isocurvature density perturbations SB which are written as

SB =
�nB

nB

�
3

4

�⇢�

⇢�
=

�nB

nB

, (4)

where ⇢� and �⇢� are the photon energy density and its perturbation, and we have used the
above assumption of the nonexistence of photon perturbations in the last equality.

When the baryon number density has spatial fluctuations it can affect the BBN and change
the abundance of light elements. In particular, modification of the D abundance is important
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FIG. 1. CMB spectra for adiabatic and isocurvature modes with cosmological parameters

Ωb = 0.06, ΩΛ = 0.69, Ωcdm = 0.25, h = 0.65, τreion = 0.1 and ns = 1.

Let us first discuss the neutrino density mode. If neutrinos and photons evolved identi-
cally, no metric perturbation would subsequently result. But as a mode enters the horizon,
the neutrinos free stream while the photons behave as a perfect fluid because of Thomson
scattering off electrons. This differential behavior leads to perturbations in the total stress-
energy, which generate metric perturbations, which in turn generate perturbations in all
components. The case of the neutrino velocity mode is similar. Initially, the momentum
densities cancel. However, because of the differential dynamics upon horizon crossing, stress-
energy perturbations arise, which then source metric perturbations, which in turn generate
perturbations in the other components. One may have suspected that this mode would be
singular because the ‘velocity’ mode in the adiabatic sector is decaying and thus singular.
But because of the cancellation initially this too is a nonsingular mode.

In Figure 1 the CMB anisotropies predicted for the various modes are indicated. The
CDM and baryon isocurvature modes predict CMB spectra of the same shape, to within
a fraction of a percent, so only the baryon isocurvature mode is shown and studied below.
Of the isocurvature modes, the baryon isocurvature and CDM isocurvature modes have
greatly suppressed power on small scales relative to large scales while the neutrino density
isocurvature mode exhibits a rise at ℓ ≈ 75 leading to a plateau before the first Doppler
peak. However, interestingly, the neutrino velocity isocurvature mode lacks these features,
rather having the same qualitative behavior as the adiabatic growing mode.

Now that we have described the five regular modes, we turn to describing the most
general primordial cosmological perturbation in a universe with the matter content given
above. We momentarily assume Gaussianity, an assumption that we will soon be able to
relax somewhat. For a single adiabatic mode describing a Gaussian random process that is
homogeneous and isotropic, the statistical properties are completely described by the power
spectrum P (k), a real valued function of wavenumber. In the case here of five modes, whose
amplitudes we indicate as Aa(k), (a = 1, ..., 5), the power spectrum generalizes to a 5 × 5,
positive-definite, real, symmetric, matrix-valued function of the wavenumber Pab(k) where
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Figure 2: The same as Fig. 1, except that we show the 2� BBN prediction in the case with
hS

2
B
i = 0.016 by the gray shaded region. Note that the overlap between the region of the D

observation and BBN prediction does not necessarily mean the consistence between them.

prediction for hS
2
B
i = 0.016 is shown in Fig. 2. It is seen that the isocurvature perturbations

increase the D abundance and hence increase the baryon density accounting for the observed
abundance, which leads to inconsistency between the baryon densities inferred from CMB and
BBN. Thus we can obtain a constraint on hS

2
B
i.

In order to derive the upper bound on the isocurvature perturbations, we define the dis-
crepancy D between the observational and theoretical values in the units of standard deviation
as

D ⌘
|yobs,mean � yth,mean|q

�2
yobs

+ �2
yth

, (9)

where yobs,mean and yth,mean are the mean values of the observation and theoretical prediction
and �

2
obs and �

2
th are the standard deviations of yobs and yth. Note that yth,mean and �yth are

calculated by Eq. (8) and therefore they depend on hS
2
B
i. Imposing the conditions, D < 1 or

D < 2, we can get the constraints on the isocurvature perturbations as hS
2
B
i < 0.0020 (1�) or

hS
2
B
i < 0.016 (2�).
Let us calculate hS

2
B
i from the Fourier mode SB(~k) as
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2
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1
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d
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0
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⇤
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0)ei(
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1

(2⇡)3

Z
d
3
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2 =

Z
d ln kPSB (k), (10)
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Observational constraints on the baryon isocurvature perturbations

19/42



Slide Background Courtesy: H. Oide

Baryon isocurvature perturbations from hypermagnetic fields at EWSB
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magnetic helicity density baryon number density at EWSB baryon number density at BBN

magnetic field
baryon number density at BBNbaryon number density at EWSB

magnetic helicity density,

mode coupling
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neutron damping
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real space configurations
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Figure 2.2: The mechanism of baryon isocurvature constraint for small magnetic
coherence length. Top left: Magnetic helicity density has spatial fluctuation. Top
middle: Magnetic helicity density generates baryons during the electroweak symme-
try breaking (EWSB), and baryon isocurvature perturbations are generated. Top
right: By the big-bang nucleosynthesis, neutrons diffuse and the baryon isocurva-
ture perturbations are suppressed at small scales. Bottom Left: Suppose that the
magnetic field is localized at a scale k0. Bottom middle: Although the spectra
of magnetic helicity density and the baryon number density just after the EWSB
has a peak around ∼ k0, they have a large-scale component at ksmall ≪ kd, where
kd ∼ (10−9 Mpc)−1 is the neutron diffusion scale, because of the mode-coupling. Bot-
tom right: Baryon number density at small scale k ≫ kd is exponentially damped at
the big-bang nucleosynthesis, but the mode at ksmall still survives and affects big-bang
nucleosynthesis [27].
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Baryon isocurvature perturbations at BBN
… Neutron diffusion erases the small scale inhomogeneities. 
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Baryon isocurvature perturbations at BBN
… Neutron diffusion erases the small scale inhomogeneities. 

=> Corresponds to the treatment that the baryon asymmetry  
     is convoluted with the Gaussian window function.  
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the baryon isocurvature perturbation at BBN. 
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=> BBN constraint                      can be given  
     with respect to any MF spectra :)
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Baryon isocurvature perturbations at BBN
… Neutron diffusion erases the small scale inhomogeneities. 

=> Corresponds to the treatment that the baryon asymmetry  
     is convoluted with the Gaussian window function.  
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the baryon isocurvature perturbation at BBN. 
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Some general features:

- BBN constrains the ensemble average of baryon isocurvature perturbations 
 
 
   => perturbations at all the scales up to the present Hubble scale matters.
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- Baryon isocurvature perturbation at small scale,            , at the EWSB 
  becomes smaller by the neutron diffusion until BBN, but is not completely washed out. 
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Constraints on peaky MF spectra
- delta-function model: 

4 Specific models

In the previous sections, we have presented a formalism to explain the BAU from the hy-
permagnetic helicity decay in connection with the properties of the magnetic field both at
the EWSB and the present. It turned out that the scenario is consistent with the IGMFs
suggested by the blazar observations only when the helicity fraction is very small, ✏ . 10�9.
From baryon isocurvature perturbations, we can already constrain the magnetic field coher-
ence length roughly as ⇠c,fo . k

�1
d to avoid the deuterium overproduction. However, to apply

the more concrete constraint described in § 3.1, we need to specify the magnetic field spectra
at the EWSB. In this section, we specify specific forms of the power spectra, which enable
us to extract the general feature of the constraint. We also present appropriate constraints
in terms of the present magnetic field properties.

4.1 Delta function

Let us first investigate the simplest choice of S(k) and A(k) = ✏S(k) at the EWSB, a
monochromatic form described by the delta function.
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respectively. Note that the previous studies on the homogeneous part of the baryon asym-
metry from the hypermagnetic helicity decay [9, 11] implicitly assumes such spectra.

The baryon isocurvature perturbation at the BBN is evaluated from Eq. (3.5) as
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In this limit, the e�ect of neutron di�usion is ine�ective and the condition (3.1) is never
satisfied. In the opposite limit, D⇠

2
c,fo ⌧ 1, corresponding to small-scale magnetic fields,

which is the case we are interested in so as to maintain the condition (3.1),
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A factor ⇠2c,fo appears in the leading term, convincing us that the shorter the coherence length
of the fields is, the more suppressed the baryon isocurvature perturbations. This is because
neutrons are more likely to smear out the inhomogeneity of baryon distribution. Needless
to say, the delta-function type power spectrum in the wavenumber space does not mean a
vanishing correlation on scales larger than the corresponding scale in the position space, and

– 16 –

- power-law with exponential UV cutoff: 

The longest coherence length is obtained for the extreme choice, � = 0, (which would be hard
to realize, though), where the cascade is most e�ective. In such a case, the helicity fraction
does not change so that the smallest one is ✏0 ⇠ ✏fo ⇠ 2 ⇥ 10�6. This uniquely determines
the upper bound of the magnetic field strength and coherence length for 0  �  1 as
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(4.10)

with ⌧rec/⌧fo ' 9 ⇥ 1011 where the lower bound is for the case ✏0 = 1. The allowed region
is depicted as the green line in the right panel of Fig. 1. The constraint (4.10) falls below
the blazar constraint (Eq. (3.14)), B0 . 3 ⇥ 10�14 G on the line of the MHD turbulence
(Eq. (3.13)), by a factor of O(102).

Figure 1. Left. Constraints on the magnetic fields at the EWSB, Equations. (4.6), (4.7), (4.8), and
(4.18) are shown in terms of the physical quantities. Right. Constraints on the present magnetic fields,
Eqs. (3.15), (4.10), and (4.20) are shown. The navy thick line, with its lower side hatched, is the
lower bounds suggested by blazar observations [44]. The navy dotted lines are an extrapolation of Ref.
[44]. In both panels, the gray shaded regions above the eddy turnover scales are the parameter space
inconsistent with the MHD evolution. The green shaded region and line are the allowed parameter
regions for the delta-function model, while the yellow shaded region and line are the one for the
power-law model with ↵ = 0.

4.2 A Power-law spectrum with an exponential cuto�

Next we study a more realistic form of the spectrum, a power-law spectrum with an expo-
nential cuto�,
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In this case, characteristic properties of the magnetic fields, as well as the net baryon asym-
metry produced by the fields, are given by

Ec,fo =
1

2
B

2
c,fo, ⇠c,fo = (⇣↵k�)

�1
, hc,fo = ✏fo⇠c,foEc,fo, ⌘B = ✏foC⇠c,foB2

c,fo, (4.12)

– 18 –

<latexit sha1_base64="+DXFgKPoMfCGbYTMFcDgtKe2Xog="></latexit>

⇢B,c '
1

2
B2

c,fo, �c,fo ' k�1
� , HY = ✏fo�c,foBc,fo

<latexit sha1_base64="EWAE2MFVgddN/Tk4sOKbEJtvO8o=">AAACHXicbVDLSgMxFM3UV62Pjrp0EyxCXVhniq+VFN24rGAf0A4lk8m0oUlmSDJCGfolLtzop7gTt+KXuDVtZ2FbDwQO59zLPTl+zKjSjvNt5VZW19Y38puFre2d3aK9t99UUSIxaeCIRbLtI0UYFaShqWakHUuCuM9Iyx/eTfzWE5GKRuJRj2LicdQXNKQYaSP17GK5i1g8QPAGnl6cVU96dsmpOFPAZeJmpAQy1Hv2TzeIcMKJ0JghpTquE2svRVJTzMi40E0UiREeoj7pGCoQJ8pLp8HH8NgoAQwjaZ7QcKr+3UgRV2rEfTPJkR6oRW8i/uv5fO5yqky0AQkW4ujw2kupiBNNBJ6lCRMGdQQnVcGASoI1GxmCsKTmQxAPkERYm0ILpil3sZdl0qxW3MuK83Beqt1mneXBITgCZeCCK1AD96AOGgCDBDyDV/BmvVjv1of1ORvNWdnOAZiD9fUL+6qguQ==</latexit>

(↵ > �5/2)

23/42



Slide Background Courtesy: H. Oide

Constraints on peaky MF spectra
- delta-function model: 

4 Specific models

In the previous sections, we have presented a formalism to explain the BAU from the hy-
permagnetic helicity decay in connection with the properties of the magnetic field both at
the EWSB and the present. It turned out that the scenario is consistent with the IGMFs
suggested by the blazar observations only when the helicity fraction is very small, ✏ . 10�9.
From baryon isocurvature perturbations, we can already constrain the magnetic field coher-
ence length roughly as ⇠c,fo . k

�1
d to avoid the deuterium overproduction. However, to apply

the more concrete constraint described in § 3.1, we need to specify the magnetic field spectra
at the EWSB. In this section, we specify specific forms of the power spectra, which enable
us to extract the general feature of the constraint. We also present appropriate constraints
in terms of the present magnetic field properties.

4.1 Delta function

Let us first investigate the simplest choice of S(k) and A(k) = ✏S(k) at the EWSB, a
monochromatic form described by the delta function.
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respectively. Note that the previous studies on the homogeneous part of the baryon asym-
metry from the hypermagnetic helicity decay [9, 11] implicitly assumes such spectra.

The baryon isocurvature perturbation at the BBN is evaluated from Eq. (3.5) as
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In the limit of large coherence length, D⇠
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In this limit, the e�ect of neutron di�usion is ine�ective and the condition (3.1) is never
satisfied. In the opposite limit, D⇠

2
c,fo ⌧ 1, corresponding to small-scale magnetic fields,

which is the case we are interested in so as to maintain the condition (3.1),

S
2
B,BBN =

1

2

✓
1

✏
2
fo

+ 1

◆
D⇠

2
c,fo +O

⇣�
D⇠

2
c,fo

�2⌘
. (4.5)

A factor ⇠2c,fo appears in the leading term, convincing us that the shorter the coherence length
of the fields is, the more suppressed the baryon isocurvature perturbations. This is because
neutrons are more likely to smear out the inhomogeneity of baryon distribution. Needless
to say, the delta-function type power spectrum in the wavenumber space does not mean a
vanishing correlation on scales larger than the corresponding scale in the position space, and
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is depicted as the green line in the right panel of Fig. 1. The constraint (4.10) falls below
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In this case, characteristic properties of the magnetic fields, as well as the net baryon asym-
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would be su�cient to be the seed magnetic fields for the magnetic fields in the galaxy and
galaxy cluster [90].

Figure 3. Constraints on the magnetic fields at the EWSB, (5.3) and (5.4) in terms of the physical
quantities (Left) and those on the present magnetic fields, Eqs. (5.6) and (5.7) (Right) are shown. The
navy line in the right panel is the lower bounds of the IGMFs suggested by the blazar observations [44]
with an extrapolation (dotted line). In both panels, the gray shaded regions are the parameter spaces
that are inconsistent with the MHD. The green shaded regions are the allowed parameter spaces for
the delta-function model, while the yellow shaded regions are those for the power-law model with
↵ = 0.

Figures 3 exhibit quite di�erent allowed regions compared with Fig. 1 because the net
baryon asymmetry is fixed independently of the properties of the magnetic fields. Since
weaker magnetic fields that cannot generate the observed BAU is now allowed, viable pa-
rameter spaces are widely open. However, since the baryon isocurvature perturbation is
mainly carried by the non-helical part of the hypermagnetic fields, the constraints do not
change much for the stronger magnetic fields that can generate correct amount of the BAU,
which lie on the line that is determined by the eddy turnover scale (Eq. (3.13)).

Thus far we have not discussed the inflationary magnetogenesis that may have generated
a relatively flat spectrum ↵ < �4 up to the Mpc scales today with a comoving infrared cuto�
H0 < kIR < kd with H0 being the present Hubble parameter. In this case, we can write the
power spectrum as
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with ✏fo = 0. Here B
IR
c,fo represents the magnetic field strength at the infrared cuto�. In a

similar way that is discussed in Eq. (4.15), we can evaluate the volume average of the baryon
isocurvature perturbation as
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which is almost equal to those for the delta-function like model or the power law with expo-
nential cuto� model. Therefore, we can conclude that even in this case, the magnetic field
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4 Specific models

In the previous sections, we have presented a formalism to explain the BAU from the hy-
permagnetic helicity decay in connection with the properties of the magnetic field both at
the EWSB and the present. It turned out that the scenario is consistent with the IGMFs
suggested by the blazar observations only when the helicity fraction is very small, ✏ . 10�9.
From baryon isocurvature perturbations, we can already constrain the magnetic field coher-
ence length roughly as ⇠c,fo . k

�1
d to avoid the deuterium overproduction. However, to apply

the more concrete constraint described in § 3.1, we need to specify the magnetic field spectra
at the EWSB. In this section, we specify specific forms of the power spectra, which enable
us to extract the general feature of the constraint. We also present appropriate constraints
in terms of the present magnetic field properties.

4.1 Delta function

Let us first investigate the simplest choice of S(k) and A(k) = ✏S(k) at the EWSB, a
monochromatic form described by the delta function.
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2
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2
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�(k � k�), A(k) = ✏foS(k), (4.1)

so that the characteristic properties of the magnetic fields, as well as the net baryon asym-
metry are given by
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respectively. Note that the previous studies on the homogeneous part of the baryon asym-
metry from the hypermagnetic helicity decay [9, 11] implicitly assumes such spectra.

The baryon isocurvature perturbation at the BBN is evaluated from Eq. (3.5) as
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In the limit of large coherence length, D⇠
2
c,fo � 1,
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In this limit, the e�ect of neutron di�usion is ine�ective and the condition (3.1) is never
satisfied. In the opposite limit, D⇠

2
c,fo ⌧ 1, corresponding to small-scale magnetic fields,

which is the case we are interested in so as to maintain the condition (3.1),
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A factor ⇠2c,fo appears in the leading term, convincing us that the shorter the coherence length
of the fields is, the more suppressed the baryon isocurvature perturbations. This is because
neutrons are more likely to smear out the inhomogeneity of baryon distribution. Needless
to say, the delta-function type power spectrum in the wavenumber space does not mean a
vanishing correlation on scales larger than the corresponding scale in the position space, and
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The longest coherence length is obtained for the extreme choice, � = 0, (which would be hard
to realize, though), where the cascade is most e�ective. In such a case, the helicity fraction
does not change so that the smallest one is ✏0 ⇠ ✏fo ⇠ 2 ⇥ 10�6. This uniquely determines
the upper bound of the magnetic field strength and coherence length for 0  �  1 as
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with ⌧rec/⌧fo ' 9 ⇥ 1011 where the lower bound is for the case ✏0 = 1. The allowed region
is depicted as the green line in the right panel of Fig. 1. The constraint (4.10) falls below
the blazar constraint (Eq. (3.14)), B0 . 3 ⇥ 10�14 G on the line of the MHD turbulence
(Eq. (3.13)), by a factor of O(102).

Figure 1. Left. Constraints on the magnetic fields at the EWSB, Equations. (4.6), (4.7), (4.8), and
(4.18) are shown in terms of the physical quantities. Right. Constraints on the present magnetic fields,
Eqs. (3.15), (4.10), and (4.20) are shown. The navy thick line, with its lower side hatched, is the
lower bounds suggested by blazar observations [44]. The navy dotted lines are an extrapolation of Ref.
[44]. In both panels, the gray shaded regions above the eddy turnover scales are the parameter space
inconsistent with the MHD evolution. The green shaded region and line are the allowed parameter
regions for the delta-function model, while the yellow shaded region and line are the one for the
power-law model with ↵ = 0.

4.2 A Power-law spectrum with an exponential cuto�

Next we study a more realistic form of the spectrum, a power-law spectrum with an expo-
nential cuto�,
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In this case, characteristic properties of the magnetic fields, as well as the net baryon asym-
metry produced by the fields, are given by
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Constraints on peaky MF spectra
- delta-function model: 

- power-law with exponential UV cutoff: 

MF evolution  
with cascade  
being taken  
into account
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For more flat spectrum such as those from inflationary magnetogenesis? 

The longest coherence length is obtained for the extreme choice, � = 0, (which would be hard
to realize, though), where the cascade is most e�ective. In such a case, the helicity fraction
does not change so that the smallest one is ✏0 ⇠ ✏fo ⇠ 2 ⇥ 10�6. This uniquely determines
the upper bound of the magnetic field strength and coherence length for 0  �  1 as
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with ⌧rec/⌧fo ' 9 ⇥ 1011 where the lower bound is for the case ✏0 = 1. The allowed region
is depicted as the green line in the right panel of Fig. 1. The constraint (4.10) falls below
the blazar constraint (Eq. (3.14)), B0 . 3 ⇥ 10�14 G on the line of the MHD turbulence
(Eq. (3.13)), by a factor of O(102).

Figure 1. Left. Constraints on the magnetic fields at the EWSB, Equations. (4.6), (4.7), (4.8), and
(4.18) are shown in terms of the physical quantities. Right. Constraints on the present magnetic fields,
Eqs. (3.15), (4.10), and (4.20) are shown. The navy thick line, with its lower side hatched, is the
lower bounds suggested by blazar observations [44]. The navy dotted lines are an extrapolation of Ref.
[44]. In both panels, the gray shaded regions above the eddy turnover scales are the parameter space
inconsistent with the MHD evolution. The green shaded region and line are the allowed parameter
regions for the delta-function model, while the yellow shaded region and line are the one for the
power-law model with ↵ = 0.

4.2 A Power-law spectrum with an exponential cuto�

Next we study a more realistic form of the spectrum, a power-law spectrum with an expo-
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hS2
B,BBNi : IR divergent?

Reparameterize as

For long enough magnetogenesis during inflation,  
the IR cutoff            should be taken as 
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kIR

would be su�cient to be the seed magnetic fields for the magnetic fields in the galaxy and
galaxy cluster [90].

Figure 3. Constraints on the magnetic fields at the EWSB, (5.3) and (5.4) in terms of the physical
quantities (Left) and those on the present magnetic fields, Eqs. (5.6) and (5.7) (Right) are shown. The
navy line in the right panel is the lower bounds of the IGMFs suggested by the blazar observations [44]
with an extrapolation (dotted line). In both panels, the gray shaded regions are the parameter spaces
that are inconsistent with the MHD. The green shaded regions are the allowed parameter spaces for
the delta-function model, while the yellow shaded regions are those for the power-law model with
↵ = 0.

Figures 3 exhibit quite di�erent allowed regions compared with Fig. 1 because the net
baryon asymmetry is fixed independently of the properties of the magnetic fields. Since
weaker magnetic fields that cannot generate the observed BAU is now allowed, viable pa-
rameter spaces are widely open. However, since the baryon isocurvature perturbation is
mainly carried by the non-helical part of the hypermagnetic fields, the constraints do not
change much for the stronger magnetic fields that can generate correct amount of the BAU,
which lie on the line that is determined by the eddy turnover scale (Eq. (3.13)).

Thus far we have not discussed the inflationary magnetogenesis that may have generated
a relatively flat spectrum ↵ < �4 up to the Mpc scales today with a comoving infrared cuto�
H0 < kIR < kd with H0 being the present Hubble parameter. In this case, we can write the
power spectrum as
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with ✏fo = 0. Here B
IR
c,fo represents the magnetic field strength at the infrared cuto�. In a

similar way that is discussed in Eq. (4.15), we can evaluate the volume average of the baryon
isocurvature perturbation as
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which is almost equal to those for the delta-function like model or the power law with expo-
nential cuto� model. Therefore, we can conclude that even in this case, the magnetic field
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Cancellation by Chiral Anomaly?
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Let’s go back to pseudoscalar inflation. 

閑話休題

26/42



Slide Background Courtesy: H. Oide

<latexit sha1_base64="LT94UECCdIyRLfTlR+DwBNw10es=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsKfQjtUDKZO21skhmSjFCG/oMLN/op7sStP+CXuDVtZ2FbDwQO59zLPTlBwpk2rvvtFNbWNza3itulnd29/YPy4VFbx6mi0KIxj9VDQDRwJqFlmOHwkCggIuDQCUa3U7/zBEqzWDbNOAFfkIFkEaPEWKlNcK+Hm/1yxa26M+BV4uWkgnI0+uWfXhjTVIA0lBOtu56bGD8jyjDKYVLqpRoSQkdkAF1LJRGg/WyWdoLPrBLiKFb2SYNn6t+NjAitxyKwk4KYoV72puK/XiAWLmfaRhtCuBTHRNd+xmSSGpB0niZKOTYxnvaDQ6aAGj62hFDF7IcwHRJFqLEtlmxT3nIvq6R9UfUuq7X7WqV+k3dWRCfoFJ0jD12hOrpDDdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgFPA53r</latexit> a

T<latexit sha1_base64="vK7BEgZHDUNfewD73TtAefuPxjs=">AAACGXicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rIogssKfUEbymRy0w6dSeLMRCih3+HCjX6KO3Hryi9x66TNwrYeGDiccy/3zPFizpS27W+rsLa+sblV3C7t7O7tH5QPj9oqSiSFFo14JLseUcBZCC3NNIduLIEIj0PHG99mfucJpGJR2NSTGFxBhiELGCXaSG5z0BdEj6RI7zrTQbliV+0Z8CpxclJBORqD8k/fj2giINSUE6V6jh1rNyVSM8phWuonCmJCx2QIPUNDIkC56Sz0FJ8ZxcdBJM0LNZ6pfzdSIpSaCM9MZhHVspeJ/3qeWLicKhNtBP5SHB1cuykL40RDSOdpgoRjHeGsJuwzCVTziSGESmY+hOmISEK1KbNkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRPWqgFqLoET2jV/RmvVjv1of1OR8tWPnOMVqA9fULOvehsA==</latexit>

TEW
<latexit sha1_base64="BCBdodmqMhNP0z+rpi054Diad9M=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rLoxpVU6AuaUCaTm3boTBJnJkIJ/Q0XbvRT3Ilbd36JW6dtFrb1wMDhnHu5Z46fcKa0bX9bhbX1jc2t4nZpZ3dv/6B8eNRWcSoptGjMY9n1iQLOImhppjl0EwlE+Bw6/uh26neeQCoWR009TsATZBCxkFGijeQ2sauYgEcs+vf9csWu2jPgVeLkpIJyNPrlHzeIaSog0pQTpXqOnWgvI1IzymFSclMFCaEjMoCeoRERoLxslnmCz4wS4DCW5kUaz9S/GxkRSo2FbyYF0UO17E3Ffz1fLFzOlIk2hGApjg6vvYxFSaohovM0YcqxjvG0JRwwCVTzsSGESmY+hOmQSEK16bJkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRHWqgFqIoQc/oFb1ZL9a79WF9zkcLVr5zjBZgff0CX9ygow==</latexit>

T ' mN

<latexit sha1_base64="zpGqI5inYgQwpgM18DDL1OoZcgw=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9gHtWDKZ2zY0yQxJRihD/8OFG/0Ud+LWjV/i1kw7C9t6IHA4517uyQlizrRx3W+nsLa+sblV3C7t7O7tH5QPj1o6ShSFJo14pDoB0cCZhKZhhkMnVkBEwKEdjG8zv/0ESrNIPphJDL4gQ8kGjBJjpUfS7wliRkqkIMNpv1xxq+4MeJV4OamgHI1++acXRjQRIA3lROuu58bGT4kyjHKYlnqJhpjQMRlC11JJBGg/naWe4jOrhHgQKfukwTP170ZKhNYTEdjJLKNe9jLxXy8QC5dTbaONIFyKYwbXfspknBiQdJ5mkHBsIpz1hEOmgBo+sYRQxeyHMB0RRaixbZZsU95yL6ukdVH1Lqu1+1qlfpN3VkQn6BSdIw9doTq6Qw3URBQp9Ixe0Zvz4rw7H87nfLTg5DvHaAHO1y99WaJi</latexit>aend

<latexit sha1_base64="BSyKsvXFFPyylnukZVOAXytCf7M="></latexit>

⌘B ,
3g02

16⇡2

hY

s

<latexit sha1_base64="B+M+H/3DLOUEC4y2VaKPfJLX2w8=">AAACHXicbVDLSsNAFJ3UV62PRl26CRbBVUmkqBuh6MZlhb6gDWEyuWmHziRhZiKU0C9x4UY/xZ24Fb/ErZM2C9t6YOBwzr3cM8dPGJXKtr+N0sbm1vZOebeyt39wWDWPjrsyTgWBDolZLPo+lsBoBB1FFYN+IgBzn0HPn9znfu8JhKRx1FbTBFyORxENKcFKS55Zbd+2vSHHaix4JmDmmTW7bs9hrROnIDVUoOWZP8MgJimHSBGGpRw4dqLcDAtFCYNZZZhKSDCZ4BEMNI0wB+lm8+Az61wrgRXGQr9IWXP170aGuZRT7uvJPKJc9XLxX8/nS5czqaONIViJo8IbN6NRkiqIyCJNmDJLxVZelRVQAUSxqSaYCKo/ZJExFpgoXWhFN+Ws9rJOupd156reeGzUmndFZ2V0is7QBXLQNWqiB9RCHURQip7RK3ozXox348P4XIyWjGLnBC3B+PoFXE6iwQ==</latexit>

T = Tre

<latexit sha1_base64="DVyXB4FK9r5ssJ6tQQZFT2utHUE=">AAACEnicbVDLTgIxFO3gC/GFunTTSExckRlD1CXBjUtMBExgQjqdO1BpO5O2Y0Im/IMLN/op7oxbf8AvcWuBWQh4kiYn59ybe3qChDNtXPfbKaytb2xuFbdLO7t7+wflw6O2jlNFoUVjHquHgGjgTELLMMPhIVFARMChE4xupn7nCZRmsbw34wR8QQaSRYwSY6V2DwzpN/rlilt1Z8CrxMtJBeVo9ss/vTCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI7IALqWSiJA+9ks7QSfWSXEUazskwbP1L8bGRFaj0VgJwUxQ73sTcV/vUAsXM60jTaEcCmOia79jMkkNSDpPE2UcmxiPO0Hh0wBNXxsCaGK2Q9hOiSKUGNbLNmmvOVeVkn7oupdVmt3tUq9kXdWRCfoFJ0jD12hOrpFTdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgE1uJ51</latexit>⌘B

<latexit sha1_base64="D/CFiXJCvHLOYgJSi2R+OGJ58vM=">AAACMnicbVC7TsMwFHV4lvIKMLJYFARTlZSqMFawMBaJPlATIsdxGqvOQ7aDVEX5Ab6GgQX+BDbEys6K22agLUeydHTOvfK5x00YFdIw3rWl5ZXVtfXSRnlza3tnV9/b74g45Zi0ccxi3nORIIxGpC2pZKSXcIJCl5GuO7we+91HwgWNozs5SogdokFEfYqRVJKjH1s+Rzg7H5w+1PLMbEAroYrBqRw493kmckevGFVjArhIzIJUQIGWo/9YXozTkEQSMyRE3zQSaWeIS4oZyctWKkiC8BANSF/RCIVE2NnkmhyeKMWDfszViyScqH83MhQKMQpdNRkiGYh5byz+67nhzM+ZUNEC4s3Fkf6lndEoSSWJ8DSNnzIoYzjuD3qUEyzZSBGEOVUHQRwgVZZULZdVU+Z8L4ukU6uajWr9tl5pXhWdlcAhOAJnwAQXoAluQAu0AQZP4Bm8gjftRfvQPrWv6eiSVuwcgBlo378Dy6q7</latexit>

3g02

16⇡2

hY

s

<latexit sha1_base64="QsHyveqd65E76m2EsUa8zj+vhPo=">AAACIXicbVDLSgMxFM3UV62v0S7dBIvgqsyIr41QdKHLCn1BW0smvW1Dk8yQZIRh6Le4cKOf4k7ciR/i1vSxsK0HAodz7uWenCDiTBvP+3IyK6tr6xvZzdzW9s7unrt/UNNhrChUachD1QiIBs4kVA0zHBqRAiICDvVgeDv260+gNAtlxSQRtAXpS9ZjlBgrddx85dr3Hs9xSxAzUCK9g9qo4xa8ojcBXib+jBTQDOWO+9PqhjQWIA3lROum70WmnRJlGOUwyrViDRGhQ9KHpqWSCNDtdBJ+hI+t0sW9UNknDZ6ofzdSIrRORGAnxxn1ojcW//UCMXc51TbaALoLcUzvqp0yGcUGJJ2m6cUcmxCP68JdpoAanlhCqGL2Q5gOiCLU2FJztil/sZdlUjst+hfFs4ezQulm1lkWHaIjdIJ8dIlK6B6VURVRlKBn9IrenBfn3flwPqejGWe2k0dzcL5/Aedlo3U=</latexit>

T = 105GeV

Inflation EWSBRadiation domination

<latexit sha1_base64="VM0BIE9yfQ0jXjAfwsPOWIG2QqQ=">AAACEnicbVDLSgMxFM34rPVVdekmWARXZUasuiy6cVnBPqAdSiZzp41NMkOSEcrQf3DhRj/Fnbj1B/wSt6btLGzrgcDhnHu5JydIONPGdb+dldW19Y3NwlZxe2d3b790cNjUcaooNGjMY9UOiAbOJDQMMxzaiQIiAg6tYHg78VtPoDSL5YMZJeAL0pcsYpQYKzW7YEiv2iuV3Yo7BV4mXk7KKEe9V/rphjFNBUhDOdG647mJ8TOiDKMcxsVuqiEhdEj60LFUEgHaz6Zpx/jUKiGOYmWfNHiq/t3IiNB6JAI7KYgZ6EVvIv7rBWLucqZttAGEC3FMdO1nTCapAUlnaaKUYxPjST84ZAqo4SNLCFXMfgjTAVGEGtti0TblLfayTJrnFe+yUr2/KNdu8s4K6BidoDPkoStUQ3eojhqIokf0jF7Rm/PivDsfzudsdMXJd47QHJyvXyB1nmk=</latexit>⌘5

?
Axion inflation can explain the BAU through  
baryogenesis from hypermagnetic helicity decay?

<latexit sha1_base64="rruzuib3+Lv8j41Bb4H+Q8xGQSo="></latexit>

�⌘B =
17

296⇡2
(g2 + g02)

d✓W
d lnx

sin 2✓W
HY

a3s

����
T'135GeV

27/42



Slide Background Courtesy: H. Oide

The asymmetry generated during axion inflation is B+L  
is washed out by electroweak sphaleron just after reheating.

The assumption in the previous arguments: 
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It is not correct.

The asymmetry generated during axion inflation is B+L  
is washed out by electroweak sphaleron just after reheating.

The assumption in the previous arguments: 
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When the sphaleron washout completes?
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When the sphaleron washout completes?

… Electron Yukawa is small                and hence right-handed electron  
    number is a conserved quantity, which prevents washout from  
    being completed at                   .
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T & 105GeV (’92 Campbell+)
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When the sphaleron washout completes?

… Electron Yukawa is small                and hence right-handed electron  
    number is a conserved quantity, which prevents washout from  
    being completed at                   .
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T & 105GeV

Depending on temperature, there are several approximate conserved charges.

Figure 2: Equilibration temperatures for individual SM interactions, TÆ. Each dashed line indicates the range from 10TÆ to

TÆ, within which one can expect non-trivial effects due to partial equilibration. The solid arrows (starting from the vertical

lines) indicate that the interactions are in equilibrium for T < TÆ. At the top of the figure, we also show the decoupling

temperature of lepton number violating interaction via the dimension five Weinberg operator as a vertical line, above which

it is in equilibrium [see Eq. (5.5))]. The dashed line starts from TÆ/10 in this case, as this interaction is weaker for lower

temperature.

where ∑WS ' 24 for T = 1012 GeV.\16 Comparing the rate per unit time, ∞WS
P

i (nWS
i )2/gi = 36°WS/T 3, to

the Hubble parameter, one may estimate the equilibration temperature as

TWS ' 2.5£1012 GeV. (3.12)

Strong sphaleron. The strong sphaleron involves both left- and right-handed quarks, which are charged

under SU(3)C. The charge vector, nSS
i , is given so that

X

i
nSS

i µi =
X

f

≥
2µQ f °µu f °µd f

¥
. (3.13)

Substituting m2
D = 2g 2

3 T 2 into Eq. (3.8), we can estimate the rate per unit time-volume as

°SS =
∑SS

2
Æ5

3T 4 , (3.14)

where ∑SS ' 2.7£102 for T = 1013 GeV. Comparing the rate per unit time, ∞SS
P

i (nSS
i )2/gi = 24°SS/T 3,

to the Hubble parameter, we get the equilibration temperature:

TSS ' 2.8£1013 GeV. (3.15)
\16 This sphaleron rate is about 1.3 times larger than the one reported in Ref. [34]. If one use the latter rate, TWS is estimated

as 1.9£1012 GeV.
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Equilibrium temperature of Yukawa/sphalerons
(Figure from ’20 Domcke+)

(’92 Campbell+)
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When the sphaleron washout completes?

… Electron Yukawa is small                and hence right-handed electron  
    number is a conserved quantity, which prevents washout from  
    being completed at                   .
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Depending on temperature, there are several approximate conserved charges.

Figure 2: Equilibration temperatures for individual SM interactions, TÆ. Each dashed line indicates the range from 10TÆ to

TÆ, within which one can expect non-trivial effects due to partial equilibration. The solid arrows (starting from the vertical

lines) indicate that the interactions are in equilibrium for T < TÆ. At the top of the figure, we also show the decoupling

temperature of lepton number violating interaction via the dimension five Weinberg operator as a vertical line, above which

it is in equilibrium [see Eq. (5.5))]. The dashed line starts from TÆ/10 in this case, as this interaction is weaker for lower

temperature.

where ∑WS ' 24 for T = 1012 GeV.\16 Comparing the rate per unit time, ∞WS
P

i (nWS
i )2/gi = 36°WS/T 3, to

the Hubble parameter, one may estimate the equilibration temperature as

TWS ' 2.5£1012 GeV. (3.12)

Strong sphaleron. The strong sphaleron involves both left- and right-handed quarks, which are charged

under SU(3)C. The charge vector, nSS
i , is given so that
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i µi =
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Substituting m2
D = 2g 2

3 T 2 into Eq. (3.8), we can estimate the rate per unit time-volume as

°SS =
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3T 4 , (3.14)

where ∑SS ' 2.7£102 for T = 1013 GeV. Comparing the rate per unit time, ∞SS
P

i (nSS
i )2/gi = 24°SS/T 3,

to the Hubble parameter, we get the equilibration temperature:

TSS ' 2.8£1013 GeV. (3.15)
\16 This sphaleron rate is about 1.3 times larger than the one reported in Ref. [34]. If one use the latter rate, TWS is estimated

as 1.9£1012 GeV.
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Equilibrium temperature of Yukawa/sphalerons
(Figure from ’20 Domcke+)

is compatible with the neutrino option, which denotes the
idea that RHNs with masses of a few PeV are responsible
for radiatively generating the electroweak scale in the SM
[32–36]. Wash-in leptogenesis is also independent of the
amount of CP violation in the RHN sector, which liberates
it from the Davidson-Ibarra bound MI ≳ 109 GeV; and its
success is not jeopardized by large Yukawa couplings. In
fact, in the presence of additional conserved charges, strong
asymmetry wash-out turns into efficient asymmetry
wash-in.
Our proposal builds on earlier work, which already

partly considered some of the ideas presented here [37–
41] (see also [42]). The essential new elements of our
analysis are the following: (i) We provide a systematic
discussion spanning ten orders of magnitude in temper-
ature, T ∈ ð105; 1015Þ GeV. In doing so, we account for all
possible unconstrained charges in each temperature regime,
which allows us to develop a general toolkit for construct-
ing new baryogenesis models; see our main results in
Table II. (ii) We pay particular attention to flavor. That is,
we allow for an arbitrary flavor composition of the
primordial charge asymmetries, and we take into account
charged-lepton flavor effects in our analysis of wash-in
leptogenesis. This especially includes effects related to
flavor coherence or decoherence. (iii) We go beyond
LNV two-to-two scattering processes mediated by the

dimension-5 Weinberg operator, considering also the ordi-
nary decays and inverse decays of dynamical RHNs.
While wash-in leptogenesis can provide the basis for

numerous new baryogenesis models, it does not represent a
complete model by itself. It should rather be regarded as a
general mechanism that describes how RHN interactions
reprocess primordial charge asymmetries that were gen-
erated at higher temperatures. This includes the intriguing
possibility of creating a nonvanishing B − L asymmetry
from B − L-symmetric initial conditions. But it is agnostic
about the ultraviolet (UV) physics that is responsible for
setting these initial conditions. This is an advantage, as it
allows us to perform a model-independent analysis from a
bottom-up perspective. The remainder of this Letter is
therefore organized as follows: First, we will study wash-in
leptogenesis in the spirit of an effective field theory that
describes the evolution of its input parameters (i.e., the
primordial charge asymmetries) from some high-energy
matching scale down to low energies. Then, we will turn to
concrete UV completions that illustrate how wash-in
leptogenesis can successfully create the BAU, even if
B − L ¼ 0 initially. Specifically, we will consider the
generation of nonzero Bþ L charge during GUT baryo-
genesis and axion inflation [44–47]. A lesson from these
examples is that wash-in leptogenesis is able to resurrect
baryogenesis scenarios that would otherwise suffer from

TABLE II. Numerical coefficients xC that describe the composition of μeqB−L ¼ qeqB−L6=T
2 in terms of the conserved charges μC ¼

qC6=T2 in different temperature regimes; see Eq. (15). The ✗ symbol marks the absence of the corresponding μC due to an efficient SM
interaction. The second column indicates the active flavors lα with respect to N1 interactions; see the discussion around Eq. (13). The
last column contains nΔ⊥ , which vanishes in the case of B − L-symmetric initial conditions. P and Pτ are model dependent and encode
the flavor composition of the primordial qe;μ;τ asymmetries with respect to the N1 wash-out direction [see the text for examples and
Eqs. (S41) and (S56) [43]]. In this table and throughout the Letter, we assume vanishing global hypercharge, μY ¼ 0. For more details,
see Supplemental Material [43].

TB−L[GeV] Index α μe μ2B1−B2−B3
μu−d μd−s μB1−B2

μμ μu−c μτ μd−b μB μu μΔ⊥

(v) ð105; 106Þ e; μ; τ − 3
10

✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

(iv) ð106; 109Þ e; μ; τ − 3
17

0 − 7
17

✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

(iii) ð109; 1011−12Þ kτ; τ ð142 − 225PτÞ=247 0 − 123
247 −

82
247

123
494

ð142 − 225PτÞ=247 ✗ ✗ ✗ ✗ ✗ 225
247

(ii) ð1011−12; 1013Þ k ð−23Pþ 7Þ=30 1
5 − 3

5 − 1
6 − 3

10
ð−23Pþ 7Þ=30 3

10
ð−23Pþ 7Þ=30 − 4

15
23
90

✗ 23
30

(i) ð1013; 1015Þ k ð−3Pþ 1Þ=4 1
6 − 5

6
− 1

4 − 1
4

ð−3Pþ 1Þ=4 1
4

ð−3Pþ 1Þ=4 − 1
3

1
6

1
3

3
4

TABLE I. Decoupling of SM interactions and associated conserved charges qC. Yukawa interactions are denoted by yi and weak
(strong) sphalerons by WS (SS). The ✓ symbol marks efficient interactions. Hypercharge and the Δα asymmetries are always preserved
in the SM.

T[GeV] ye yds yd ys ysb yμ yc yτ yb WS SS yt

(v) ð105; 106Þ qe ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
(iv) ð106; 109Þ qe q2B1−B2−B3

qu−d ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

(iii) ð109; 1011−12Þ qe q2B1−B2−B3
qu−d qd−s qB1−B2

qμ ✓ ✓ ✓ ✓ ✓ ✓

(ii) ð1011−12; 1013Þ qe q2B1−B2−B3
qu−d qd−s qB1−B2

qμ qu−c qτ qd−b qB ✓ ✓

(i) ð1013; 1015Þ qe q2B1−B2−B3
qu−d qd−s qB1−B2

qμ qu−c qτ qd−b qB qu ✓
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When the sphaleron washout completes?

… Electron Yukawa is small                and hence right-handed electron  
    number is a conserved quantity, which prevents washout from  
    being completed at                   .
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Depending on temperature, there are several approximate conserved charges.

Figure 2: Equilibration temperatures for individual SM interactions, TÆ. Each dashed line indicates the range from 10TÆ to

TÆ, within which one can expect non-trivial effects due to partial equilibration. The solid arrows (starting from the vertical

lines) indicate that the interactions are in equilibrium for T < TÆ. At the top of the figure, we also show the decoupling

temperature of lepton number violating interaction via the dimension five Weinberg operator as a vertical line, above which

it is in equilibrium [see Eq. (5.5))]. The dashed line starts from TÆ/10 in this case, as this interaction is weaker for lower

temperature.

where ∑WS ' 24 for T = 1012 GeV.\16 Comparing the rate per unit time, ∞WS
P

i (nWS
i )2/gi = 36°WS/T 3, to

the Hubble parameter, one may estimate the equilibration temperature as

TWS ' 2.5£1012 GeV. (3.12)

Strong sphaleron. The strong sphaleron involves both left- and right-handed quarks, which are charged

under SU(3)C. The charge vector, nSS
i , is given so that

X

i
nSS

i µi =
X

f

≥
2µQ f °µu f °µd f

¥
. (3.13)

Substituting m2
D = 2g 2

3 T 2 into Eq. (3.8), we can estimate the rate per unit time-volume as

°SS =
∑SS

2
Æ5

3T 4 , (3.14)

where ∑SS ' 2.7£102 for T = 1013 GeV. Comparing the rate per unit time, ∞SS
P

i (nSS
i )2/gi = 24°SS/T 3,

to the Hubble parameter, we get the equilibration temperature:

TSS ' 2.8£1013 GeV. (3.15)
\16 This sphaleron rate is about 1.3 times larger than the one reported in Ref. [34]. If one use the latter rate, TWS is estimated

as 1.9£1012 GeV.
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is compatible with the neutrino option, which denotes the
idea that RHNs with masses of a few PeV are responsible
for radiatively generating the electroweak scale in the SM
[32–36]. Wash-in leptogenesis is also independent of the
amount of CP violation in the RHN sector, which liberates
it from the Davidson-Ibarra bound MI ≳ 109 GeV; and its
success is not jeopardized by large Yukawa couplings. In
fact, in the presence of additional conserved charges, strong
asymmetry wash-out turns into efficient asymmetry
wash-in.
Our proposal builds on earlier work, which already

partly considered some of the ideas presented here [37–
41] (see also [42]). The essential new elements of our
analysis are the following: (i) We provide a systematic
discussion spanning ten orders of magnitude in temper-
ature, T ∈ ð105; 1015Þ GeV. In doing so, we account for all
possible unconstrained charges in each temperature regime,
which allows us to develop a general toolkit for construct-
ing new baryogenesis models; see our main results in
Table II. (ii) We pay particular attention to flavor. That is,
we allow for an arbitrary flavor composition of the
primordial charge asymmetries, and we take into account
charged-lepton flavor effects in our analysis of wash-in
leptogenesis. This especially includes effects related to
flavor coherence or decoherence. (iii) We go beyond
LNV two-to-two scattering processes mediated by the

dimension-5 Weinberg operator, considering also the ordi-
nary decays and inverse decays of dynamical RHNs.
While wash-in leptogenesis can provide the basis for

numerous new baryogenesis models, it does not represent a
complete model by itself. It should rather be regarded as a
general mechanism that describes how RHN interactions
reprocess primordial charge asymmetries that were gen-
erated at higher temperatures. This includes the intriguing
possibility of creating a nonvanishing B − L asymmetry
from B − L-symmetric initial conditions. But it is agnostic
about the ultraviolet (UV) physics that is responsible for
setting these initial conditions. This is an advantage, as it
allows us to perform a model-independent analysis from a
bottom-up perspective. The remainder of this Letter is
therefore organized as follows: First, we will study wash-in
leptogenesis in the spirit of an effective field theory that
describes the evolution of its input parameters (i.e., the
primordial charge asymmetries) from some high-energy
matching scale down to low energies. Then, we will turn to
concrete UV completions that illustrate how wash-in
leptogenesis can successfully create the BAU, even if
B − L ¼ 0 initially. Specifically, we will consider the
generation of nonzero Bþ L charge during GUT baryo-
genesis and axion inflation [44–47]. A lesson from these
examples is that wash-in leptogenesis is able to resurrect
baryogenesis scenarios that would otherwise suffer from

TABLE II. Numerical coefficients xC that describe the composition of μeqB−L ¼ qeqB−L6=T
2 in terms of the conserved charges μC ¼

qC6=T2 in different temperature regimes; see Eq. (15). The ✗ symbol marks the absence of the corresponding μC due to an efficient SM
interaction. The second column indicates the active flavors lα with respect to N1 interactions; see the discussion around Eq. (13). The
last column contains nΔ⊥ , which vanishes in the case of B − L-symmetric initial conditions. P and Pτ are model dependent and encode
the flavor composition of the primordial qe;μ;τ asymmetries with respect to the N1 wash-out direction [see the text for examples and
Eqs. (S41) and (S56) [43]]. In this table and throughout the Letter, we assume vanishing global hypercharge, μY ¼ 0. For more details,
see Supplemental Material [43].

TB−L[GeV] Index α μe μ2B1−B2−B3
μu−d μd−s μB1−B2

μμ μu−c μτ μd−b μB μu μΔ⊥

(v) ð105; 106Þ e; μ; τ − 3
10

✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

(iv) ð106; 109Þ e; μ; τ − 3
17

0 − 7
17

✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

(iii) ð109; 1011−12Þ kτ; τ ð142 − 225PτÞ=247 0 − 123
247 −

82
247

123
494

ð142 − 225PτÞ=247 ✗ ✗ ✗ ✗ ✗ 225
247

(ii) ð1011−12; 1013Þ k ð−23Pþ 7Þ=30 1
5 − 3

5 − 1
6 − 3

10
ð−23Pþ 7Þ=30 3

10
ð−23Pþ 7Þ=30 − 4

15
23
90

✗ 23
30

(i) ð1013; 1015Þ k ð−3Pþ 1Þ=4 1
6 − 5

6
− 1

4 − 1
4

ð−3Pþ 1Þ=4 1
4

ð−3Pþ 1Þ=4 − 1
3

1
6

1
3

3
4

TABLE I. Decoupling of SM interactions and associated conserved charges qC. Yukawa interactions are denoted by yi and weak
(strong) sphalerons by WS (SS). The ✓ symbol marks efficient interactions. Hypercharge and the Δα asymmetries are always preserved
in the SM.

T[GeV] ye yds yd ys ysb yμ yc yτ yb WS SS yt

(v) ð105; 106Þ qe ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
(iv) ð106; 109Þ qe q2B1−B2−B3

qu−d ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

(iii) ð109; 1011−12Þ qe q2B1−B2−B3
qu−d qd−s qB1−B2

qμ ✓ ✓ ✓ ✓ ✓ ✓

(ii) ð1011−12; 1013Þ qe q2B1−B2−B3
qu−d qd−s qB1−B2

qμ qu−c qτ qd−b qB ✓ ✓

(i) ð1013; 1015Þ qe q2B1−B2−B3
qu−d qd−s qB1−B2

qμ qu−c qτ qd−b qB qu ✓
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We often say, “the SM has only three conserved global charges, B/3-Li”, 
but it is practically true only for 
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    number is a conserved quantity, which prevents washout from  
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Depending on temperature, there are several approximate conserved charges.

Figure 2: Equilibration temperatures for individual SM interactions, TÆ. Each dashed line indicates the range from 10TÆ to

TÆ, within which one can expect non-trivial effects due to partial equilibration. The solid arrows (starting from the vertical

lines) indicate that the interactions are in equilibrium for T < TÆ. At the top of the figure, we also show the decoupling

temperature of lepton number violating interaction via the dimension five Weinberg operator as a vertical line, above which

it is in equilibrium [see Eq. (5.5))]. The dashed line starts from TÆ/10 in this case, as this interaction is weaker for lower

temperature.

where ∑WS ' 24 for T = 1012 GeV.\16 Comparing the rate per unit time, ∞WS
P

i (nWS
i )2/gi = 36°WS/T 3, to

the Hubble parameter, one may estimate the equilibration temperature as

TWS ' 2.5£1012 GeV. (3.12)

Strong sphaleron. The strong sphaleron involves both left- and right-handed quarks, which are charged

under SU(3)C. The charge vector, nSS
i , is given so that

X

i
nSS

i µi =
X

f

≥
2µQ f °µu f °µd f

¥
. (3.13)

Substituting m2
D = 2g 2

3 T 2 into Eq. (3.8), we can estimate the rate per unit time-volume as

°SS =
∑SS

2
Æ5

3T 4 , (3.14)

where ∑SS ' 2.7£102 for T = 1013 GeV. Comparing the rate per unit time, ∞SS
P

i (nSS
i )2/gi = 24°SS/T 3,

to the Hubble parameter, we get the equilibration temperature:

TSS ' 2.8£1013 GeV. (3.15)
\16 This sphaleron rate is about 1.3 times larger than the one reported in Ref. [34]. If one use the latter rate, TWS is estimated

as 1.9£1012 GeV.
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is compatible with the neutrino option, which denotes the
idea that RHNs with masses of a few PeV are responsible
for radiatively generating the electroweak scale in the SM
[32–36]. Wash-in leptogenesis is also independent of the
amount of CP violation in the RHN sector, which liberates
it from the Davidson-Ibarra bound MI ≳ 109 GeV; and its
success is not jeopardized by large Yukawa couplings. In
fact, in the presence of additional conserved charges, strong
asymmetry wash-out turns into efficient asymmetry
wash-in.
Our proposal builds on earlier work, which already

partly considered some of the ideas presented here [37–
41] (see also [42]). The essential new elements of our
analysis are the following: (i) We provide a systematic
discussion spanning ten orders of magnitude in temper-
ature, T ∈ ð105; 1015Þ GeV. In doing so, we account for all
possible unconstrained charges in each temperature regime,
which allows us to develop a general toolkit for construct-
ing new baryogenesis models; see our main results in
Table II. (ii) We pay particular attention to flavor. That is,
we allow for an arbitrary flavor composition of the
primordial charge asymmetries, and we take into account
charged-lepton flavor effects in our analysis of wash-in
leptogenesis. This especially includes effects related to
flavor coherence or decoherence. (iii) We go beyond
LNV two-to-two scattering processes mediated by the

dimension-5 Weinberg operator, considering also the ordi-
nary decays and inverse decays of dynamical RHNs.
While wash-in leptogenesis can provide the basis for

numerous new baryogenesis models, it does not represent a
complete model by itself. It should rather be regarded as a
general mechanism that describes how RHN interactions
reprocess primordial charge asymmetries that were gen-
erated at higher temperatures. This includes the intriguing
possibility of creating a nonvanishing B − L asymmetry
from B − L-symmetric initial conditions. But it is agnostic
about the ultraviolet (UV) physics that is responsible for
setting these initial conditions. This is an advantage, as it
allows us to perform a model-independent analysis from a
bottom-up perspective. The remainder of this Letter is
therefore organized as follows: First, we will study wash-in
leptogenesis in the spirit of an effective field theory that
describes the evolution of its input parameters (i.e., the
primordial charge asymmetries) from some high-energy
matching scale down to low energies. Then, we will turn to
concrete UV completions that illustrate how wash-in
leptogenesis can successfully create the BAU, even if
B − L ¼ 0 initially. Specifically, we will consider the
generation of nonzero Bþ L charge during GUT baryo-
genesis and axion inflation [44–47]. A lesson from these
examples is that wash-in leptogenesis is able to resurrect
baryogenesis scenarios that would otherwise suffer from

TABLE II. Numerical coefficients xC that describe the composition of μeqB−L ¼ qeqB−L6=T
2 in terms of the conserved charges μC ¼

qC6=T2 in different temperature regimes; see Eq. (15). The ✗ symbol marks the absence of the corresponding μC due to an efficient SM
interaction. The second column indicates the active flavors lα with respect to N1 interactions; see the discussion around Eq. (13). The
last column contains nΔ⊥ , which vanishes in the case of B − L-symmetric initial conditions. P and Pτ are model dependent and encode
the flavor composition of the primordial qe;μ;τ asymmetries with respect to the N1 wash-out direction [see the text for examples and
Eqs. (S41) and (S56) [43]]. In this table and throughout the Letter, we assume vanishing global hypercharge, μY ¼ 0. For more details,
see Supplemental Material [43].

TB−L[GeV] Index α μe μ2B1−B2−B3
μu−d μd−s μB1−B2

μμ μu−c μτ μd−b μB μu μΔ⊥

(v) ð105; 106Þ e; μ; τ − 3
10

✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

(iv) ð106; 109Þ e; μ; τ − 3
17

0 − 7
17

✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

(iii) ð109; 1011−12Þ kτ; τ ð142 − 225PτÞ=247 0 − 123
247 −

82
247

123
494

ð142 − 225PτÞ=247 ✗ ✗ ✗ ✗ ✗ 225
247

(ii) ð1011−12; 1013Þ k ð−23Pþ 7Þ=30 1
5 − 3

5 − 1
6 − 3

10
ð−23Pþ 7Þ=30 3

10
ð−23Pþ 7Þ=30 − 4

15
23
90

✗ 23
30

(i) ð1013; 1015Þ k ð−3Pþ 1Þ=4 1
6 − 5

6
− 1

4 − 1
4

ð−3Pþ 1Þ=4 1
4

ð−3Pþ 1Þ=4 − 1
3

1
6

1
3

3
4

TABLE I. Decoupling of SM interactions and associated conserved charges qC. Yukawa interactions are denoted by yi and weak
(strong) sphalerons by WS (SS). The ✓ symbol marks efficient interactions. Hypercharge and the Δα asymmetries are always preserved
in the SM.

T[GeV] ye yds yd ys ysb yμ yc yτ yb WS SS yt

(v) ð105; 106Þ qe ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
(iv) ð106; 109Þ qe q2B1−B2−B3

qu−d ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

(iii) ð109; 1011−12Þ qe q2B1−B2−B3
qu−d qd−s qB1−B2

qμ ✓ ✓ ✓ ✓ ✓ ✓

(ii) ð1011−12; 1013Þ qe q2B1−B2−B3
qu−d qd−s qB1−B2

qμ qu−c qτ qd−b qB ✓ ✓

(i) ð1013; 1015Þ qe q2B1−B2−B3
qu−d qd−s qB1−B2

qμ qu−c qτ qd−b qB qu ✓

PHYSICAL REVIEW LETTERS 126, 201802 (2021)

201802-2

List of conserved charges at several temperature regime 
(’21 Domcke, KK+)

We often say, “the SM has only three conserved global charges, B/3-Li”, 
but it is practically true only for 

<latexit sha1_base64="hG3tMvczdJCHrZ+rDv0xjh6x7fQ=">AAACKnicbVC7TsMwFHV4lvIKMMJgUSExVQkqj7GCAcYi9SU1oXLc29aqnUS2g1RFXfgaBhb4FLaKlX9gxWk70JYjWTo651753BPEnCntOGNrZXVtfWMzt5Xf3tnd27cPDusqSiSFGo14JJsBUcBZCDXNNIdmLIGIgEMjGNxlfuMZpGJRWNXDGHxBeiHrMkq0kdr2SRV7HJRSTGDXebrEniC6L0V6D/VR2y44RWcCvEzcGSmgGSpt+8frRDQREGrKiVIt14m1nxKpGeUwynuJgpjQAelBy9CQCFB+OrlihM+M0sHdSJoXajxR/26kRCg1FIGZzDKqRS8T//UCMfdzqky0PnQW4ujujZ+yME40hHSapptwrCOc9YY7TALVfGgIoZKZgzDtE0moNu3mTVPuYi/LpH5RdK+KpcdSoXw76yyHjtEpOkcuukZl9IAqqIYoekGv6B19WG/WpzW2vqajK9Zs5wjNwfr+BRzApy4=</latexit>

T . 105GeV

(See also Kyohei’s talk)
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<latexit sha1_base64="IHCqoXoyAIwzD+pqFZFnQLtvHxo=">AAACGHicbVC7TsMwFHXKq5RXgZHFokJiqhIEhbGChbFIfUlNqBznprVqJ5HtIFVRf4OBBT6FDbGy8SWsuG0G2nIkS0fn3Kt7fPyEM6Vt+9sqrK1vbG4Vt0s7u3v7B+XDo7aKU0mhRWMey65PFHAWQUszzaGbSCDC59DxR3dTv/MEUrE4aupxAp4gg4iFjBJtJLeJXcUEduzHK9wvV+yqPQNeJU5OKihHo1/+cYOYpgIiTTlRqufYifYyIjWjHCYlN1WQEDoiA+gZGhEBystmmSf4zCgBDmNpXqTxTP27kRGh1Fj4ZlIQPVTL3lT81/PFwuVMmWhDCJbi6PDGy1iUpBoiOk8TphzrGE9bwgGTQDUfG0KoZOZDmA6JJFSbLkumKWe5l1XSvqg6tWrt4bJSv807K6ITdIrOkYOuUR3dowZqIYoS9Ixe0Zv1Yr1bH9bnfLRg5TvHaAHW1y/wtZ/J</latexit>

T ⇠ 105

<latexit sha1_base64="LT94UECCdIyRLfTlR+DwBNw10es=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsKfQjtUDKZO21skhmSjFCG/oMLN/op7sStP+CXuDVtZ2FbDwQO59zLPTlBwpk2rvvtFNbWNza3itulnd29/YPy4VFbx6mi0KIxj9VDQDRwJqFlmOHwkCggIuDQCUa3U7/zBEqzWDbNOAFfkIFkEaPEWKlNcK+Hm/1yxa26M+BV4uWkgnI0+uWfXhjTVIA0lBOtu56bGD8jyjDKYVLqpRoSQkdkAF1LJRGg/WyWdoLPrBLiKFb2SYNn6t+NjAitxyKwk4KYoV72puK/XiAWLmfaRhtCuBTHRNd+xmSSGpB0niZKOTYxnvaDQ6aAGj62hFDF7IcwHRJFqLEtlmxT3nIvq6R9UfUuq7X7WqV+k3dWRCfoFJ0jD12hOrpDDdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgFPA53r</latexit> a

T<latexit sha1_base64="vK7BEgZHDUNfewD73TtAefuPxjs=">AAACGXicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rIogssKfUEbymRy0w6dSeLMRCih3+HCjX6KO3Hryi9x66TNwrYeGDiccy/3zPFizpS27W+rsLa+sblV3C7t7O7tH5QPj9oqSiSFFo14JLseUcBZCC3NNIduLIEIj0PHG99mfucJpGJR2NSTGFxBhiELGCXaSG5z0BdEj6RI7zrTQbliV+0Z8CpxclJBORqD8k/fj2giINSUE6V6jh1rNyVSM8phWuonCmJCx2QIPUNDIkC56Sz0FJ8ZxcdBJM0LNZ6pfzdSIpSaCM9MZhHVspeJ/3qeWLicKhNtBP5SHB1cuykL40RDSOdpgoRjHeGsJuwzCVTziSGESmY+hOmISEK1KbNkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRPWqgFqLoET2jV/RmvVjv1of1OR8tWPnOMVqA9fULOvehsA==</latexit>

TEW
<latexit sha1_base64="BCBdodmqMhNP0z+rpi054Diad9M=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rLoxpVU6AuaUCaTm3boTBJnJkIJ/Q0XbvRT3Ilbd36JW6dtFrb1wMDhnHu5Z46fcKa0bX9bhbX1jc2t4nZpZ3dv/6B8eNRWcSoptGjMY9n1iQLOImhppjl0EwlE+Bw6/uh26neeQCoWR009TsATZBCxkFGijeQ2sauYgEcs+vf9csWu2jPgVeLkpIJyNPrlHzeIaSog0pQTpXqOnWgvI1IzymFSclMFCaEjMoCeoRERoLxslnmCz4wS4DCW5kUaz9S/GxkRSo2FbyYF0UO17E3Ffz1fLFzOlIk2hGApjg6vvYxFSaohovM0YcqxjvG0JRwwCVTzsSGESmY+hOmQSEK16bJkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRHWqgFqIoQc/oFb1ZL9a79WF9zkcLVr5zjBZgff0CX9ygow==</latexit>

T ' mN

<latexit sha1_base64="zpGqI5inYgQwpgM18DDL1OoZcgw=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9gHtWDKZ2zY0yQxJRihD/8OFG/0Ud+LWjV/i1kw7C9t6IHA4517uyQlizrRx3W+nsLa+sblV3C7t7O7tH5QPj1o6ShSFJo14pDoB0cCZhKZhhkMnVkBEwKEdjG8zv/0ESrNIPphJDL4gQ8kGjBJjpUfS7wliRkqkIMNpv1xxq+4MeJV4OamgHI1++acXRjQRIA3lROuu58bGT4kyjHKYlnqJhpjQMRlC11JJBGg/naWe4jOrhHgQKfukwTP170ZKhNYTEdjJLKNe9jLxXy8QC5dTbaONIFyKYwbXfspknBiQdJ5mkHBsIpz1hEOmgBo+sYRQxeyHMB0RRaixbZZsU95yL6ukdVH1Lqu1+1qlfpN3VkQn6BSdIw9doTq6Qw3URBQp9Ixe0Zvz4rw7H87nfLTg5DvHaAHO1y99WaJi</latexit>aend

<latexit sha1_base64="BSyKsvXFFPyylnukZVOAXytCf7M="></latexit>

⌘B ,
3g02

16⇡2

hY

s

<latexit sha1_base64="B+M+H/3DLOUEC4y2VaKPfJLX2w8=">AAACHXicbVDLSsNAFJ3UV62PRl26CRbBVUmkqBuh6MZlhb6gDWEyuWmHziRhZiKU0C9x4UY/xZ24Fb/ErZM2C9t6YOBwzr3cM8dPGJXKtr+N0sbm1vZOebeyt39wWDWPjrsyTgWBDolZLPo+lsBoBB1FFYN+IgBzn0HPn9znfu8JhKRx1FbTBFyORxENKcFKS55Zbd+2vSHHaix4JmDmmTW7bs9hrROnIDVUoOWZP8MgJimHSBGGpRw4dqLcDAtFCYNZZZhKSDCZ4BEMNI0wB+lm8+Az61wrgRXGQr9IWXP170aGuZRT7uvJPKJc9XLxX8/nS5czqaONIViJo8IbN6NRkiqIyCJNmDJLxVZelRVQAUSxqSaYCKo/ZJExFpgoXWhFN+Ws9rJOupd156reeGzUmndFZ2V0is7QBXLQNWqiB9RCHURQip7RK3ozXox348P4XIyWjGLnBC3B+PoFXE6iwQ==</latexit>

T = Tre

<latexit sha1_base64="DVyXB4FK9r5ssJ6tQQZFT2utHUE=">AAACEnicbVDLTgIxFO3gC/GFunTTSExckRlD1CXBjUtMBExgQjqdO1BpO5O2Y0Im/IMLN/op7oxbf8AvcWuBWQh4kiYn59ybe3qChDNtXPfbKaytb2xuFbdLO7t7+wflw6O2jlNFoUVjHquHgGjgTELLMMPhIVFARMChE4xupn7nCZRmsbw34wR8QQaSRYwSY6V2DwzpN/rlilt1Z8CrxMtJBeVo9ss/vTCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI7IALqWSiJA+9ks7QSfWSXEUazskwbP1L8bGRFaj0VgJwUxQ73sTcV/vUAsXM60jTaEcCmOia79jMkkNSDpPE2UcmxiPO0Hh0wBNXxsCaGK2Q9hOiSKUGNbLNmmvOVeVkn7oupdVmt3tUq9kXdWRCfoFJ0jD12hOrpFTdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgE1uJ51</latexit>⌘B

<latexit sha1_base64="D/CFiXJCvHLOYgJSi2R+OGJ58vM=">AAACMnicbVC7TsMwFHV4lvIKMLJYFARTlZSqMFawMBaJPlATIsdxGqvOQ7aDVEX5Ab6GgQX+BDbEys6K22agLUeydHTOvfK5x00YFdIw3rWl5ZXVtfXSRnlza3tnV9/b74g45Zi0ccxi3nORIIxGpC2pZKSXcIJCl5GuO7we+91HwgWNozs5SogdokFEfYqRVJKjH1s+Rzg7H5w+1PLMbEAroYrBqRw493kmckevGFVjArhIzIJUQIGWo/9YXozTkEQSMyRE3zQSaWeIS4oZyctWKkiC8BANSF/RCIVE2NnkmhyeKMWDfszViyScqH83MhQKMQpdNRkiGYh5byz+67nhzM+ZUNEC4s3Fkf6lndEoSSWJ8DSNnzIoYzjuD3qUEyzZSBGEOVUHQRwgVZZULZdVU+Z8L4ukU6uajWr9tl5pXhWdlcAhOAJnwAQXoAluQAu0AQZP4Bm8gjftRfvQPrWv6eiSVuwcgBlo378Dy6q7</latexit>

3g02

16⇡2

hY

s

<latexit sha1_base64="QsHyveqd65E76m2EsUa8zj+vhPo=">AAACIXicbVDLSgMxFM3UV62v0S7dBIvgqsyIr41QdKHLCn1BW0smvW1Dk8yQZIRh6Le4cKOf4k7ciR/i1vSxsK0HAodz7uWenCDiTBvP+3IyK6tr6xvZzdzW9s7unrt/UNNhrChUachD1QiIBs4kVA0zHBqRAiICDvVgeDv260+gNAtlxSQRtAXpS9ZjlBgrddx85dr3Hs9xSxAzUCK9g9qo4xa8ojcBXib+jBTQDOWO+9PqhjQWIA3lROum70WmnRJlGOUwyrViDRGhQ9KHpqWSCNDtdBJ+hI+t0sW9UNknDZ6ofzdSIrRORGAnxxn1ojcW//UCMXc51TbaALoLcUzvqp0yGcUGJJ2m6cUcmxCP68JdpoAanlhCqGL2Q5gOiCLU2FJztil/sZdlUjst+hfFs4ezQulm1lkWHaIjdIJ8dIlK6B6VURVRlKBn9IrenBfn3flwPqejGWe2k0dzcL5/Aedlo3U=</latexit>

T = 105GeV

Inflation EWSBRadiation domination

<latexit sha1_base64="VM0BIE9yfQ0jXjAfwsPOWIG2QqQ=">AAACEnicbVDLSgMxFM34rPVVdekmWARXZUasuiy6cVnBPqAdSiZzp41NMkOSEcrQf3DhRj/Fnbj1B/wSt6btLGzrgcDhnHu5JydIONPGdb+dldW19Y3NwlZxe2d3b790cNjUcaooNGjMY9UOiAbOJDQMMxzaiQIiAg6tYHg78VtPoDSL5YMZJeAL0pcsYpQYKzW7YEiv2iuV3Yo7BV4mXk7KKEe9V/rphjFNBUhDOdG647mJ8TOiDKMcxsVuqiEhdEj60LFUEgHaz6Zpx/jUKiGOYmWfNHiq/t3IiNB6JAI7KYgZ6EVvIv7rBWLucqZttAGEC3FMdO1nTCapAUlnaaKUYxPjST84ZAqo4SNLCFXMfgjTAVGEGtti0TblLfayTJrnFe+yUr2/KNdu8s4K6BidoDPkoStUQ3eojhqIokf0jF7Rm/PivDsfzudsdMXJd47QHJyvXyB1nmk=</latexit>⌘5

<latexit sha1_base64="IHCqoXoyAIwzD+pqFZFnQLtvHxo=">AAACGHicbVC7TsMwFHXKq5RXgZHFokJiqhIEhbGChbFIfUlNqBznprVqJ5HtIFVRf4OBBT6FDbGy8SWsuG0G2nIkS0fn3Kt7fPyEM6Vt+9sqrK1vbG4Vt0s7u3v7B+XDo7aKU0mhRWMey65PFHAWQUszzaGbSCDC59DxR3dTv/MEUrE4aupxAp4gg4iFjBJtJLeJXcUEduzHK9wvV+yqPQNeJU5OKihHo1/+cYOYpgIiTTlRqufYifYyIjWjHCYlN1WQEDoiA+gZGhEBystmmSf4zCgBDmNpXqTxTP27kRGh1Fj4ZlIQPVTL3lT81/PFwuVMmWhDCJbi6PDGy1iUpBoiOk8TphzrGE9bwgGTQDUfG0KoZOZDmA6JJFSbLkumKWe5l1XSvqg6tWrt4bJSv807K6ITdIrOkYOuUR3dowZqIYoS9Ixe0Zv1Yr1bH9bnfLRg5TvHaAHW1y/wtZ/J</latexit>

T ⇠ 105GeV

Baryon number changes, but is not washed away until             GeV.
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<latexit sha1_base64="LT94UECCdIyRLfTlR+DwBNw10es=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsKfQjtUDKZO21skhmSjFCG/oMLN/op7sStP+CXuDVtZ2FbDwQO59zLPTlBwpk2rvvtFNbWNza3itulnd29/YPy4VFbx6mi0KIxj9VDQDRwJqFlmOHwkCggIuDQCUa3U7/zBEqzWDbNOAFfkIFkEaPEWKlNcK+Hm/1yxa26M+BV4uWkgnI0+uWfXhjTVIA0lBOtu56bGD8jyjDKYVLqpRoSQkdkAF1LJRGg/WyWdoLPrBLiKFb2SYNn6t+NjAitxyKwk4KYoV72puK/XiAWLmfaRhtCuBTHRNd+xmSSGpB0niZKOTYxnvaDQ6aAGj62hFDF7IcwHRJFqLEtlmxT3nIvq6R9UfUuq7X7WqV+k3dWRCfoFJ0jD12hOrpDDdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgFPA53r</latexit> a

T<latexit sha1_base64="vK7BEgZHDUNfewD73TtAefuPxjs=">AAACGXicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rIogssKfUEbymRy0w6dSeLMRCih3+HCjX6KO3Hryi9x66TNwrYeGDiccy/3zPFizpS27W+rsLa+sblV3C7t7O7tH5QPj9oqSiSFFo14JLseUcBZCC3NNIduLIEIj0PHG99mfucJpGJR2NSTGFxBhiELGCXaSG5z0BdEj6RI7zrTQbliV+0Z8CpxclJBORqD8k/fj2giINSUE6V6jh1rNyVSM8phWuonCmJCx2QIPUNDIkC56Sz0FJ8ZxcdBJM0LNZ6pfzdSIpSaCM9MZhHVspeJ/3qeWLicKhNtBP5SHB1cuykL40RDSOdpgoRjHeGsJuwzCVTziSGESmY+hOmISEK1KbNkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRPWqgFqLoET2jV/RmvVjv1of1OR8tWPnOMVqA9fULOvehsA==</latexit>

TEW
<latexit sha1_base64="BCBdodmqMhNP0z+rpi054Diad9M=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rLoxpVU6AuaUCaTm3boTBJnJkIJ/Q0XbvRT3Ilbd36JW6dtFrb1wMDhnHu5Z46fcKa0bX9bhbX1jc2t4nZpZ3dv/6B8eNRWcSoptGjMY9n1iQLOImhppjl0EwlE+Bw6/uh26neeQCoWR009TsATZBCxkFGijeQ2sauYgEcs+vf9csWu2jPgVeLkpIJyNPrlHzeIaSog0pQTpXqOnWgvI1IzymFSclMFCaEjMoCeoRERoLxslnmCz4wS4DCW5kUaz9S/GxkRSo2FbyYF0UO17E3Ffz1fLFzOlIk2hGApjg6vvYxFSaohovM0YcqxjvG0JRwwCVTzsSGESmY+hOmQSEK16bJkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRHWqgFqIoQc/oFb1ZL9a79WF9zkcLVr5zjBZgff0CX9ygow==</latexit>

T ' mN

<latexit sha1_base64="zpGqI5inYgQwpgM18DDL1OoZcgw=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9gHtWDKZ2zY0yQxJRihD/8OFG/0Ud+LWjV/i1kw7C9t6IHA4517uyQlizrRx3W+nsLa+sblV3C7t7O7tH5QPj1o6ShSFJo14pDoB0cCZhKZhhkMnVkBEwKEdjG8zv/0ESrNIPphJDL4gQ8kGjBJjpUfS7wliRkqkIMNpv1xxq+4MeJV4OamgHI1++acXRjQRIA3lROuu58bGT4kyjHKYlnqJhpjQMRlC11JJBGg/naWe4jOrhHgQKfukwTP170ZKhNYTEdjJLKNe9jLxXy8QC5dTbaONIFyKYwbXfspknBiQdJ5mkHBsIpz1hEOmgBo+sYRQxeyHMB0RRaixbZZsU95yL6ukdVH1Lqu1+1qlfpN3VkQn6BSdIw9doTq6Qw3URBQp9Ixe0Zvz4rw7H87nfLTg5DvHaAHO1y99WaJi</latexit>aend

<latexit sha1_base64="BSyKsvXFFPyylnukZVOAXytCf7M="></latexit>

⌘B ,
3g02

16⇡2

hY

s

<latexit sha1_base64="B+M+H/3DLOUEC4y2VaKPfJLX2w8=">AAACHXicbVDLSsNAFJ3UV62PRl26CRbBVUmkqBuh6MZlhb6gDWEyuWmHziRhZiKU0C9x4UY/xZ24Fb/ErZM2C9t6YOBwzr3cM8dPGJXKtr+N0sbm1vZOebeyt39wWDWPjrsyTgWBDolZLPo+lsBoBB1FFYN+IgBzn0HPn9znfu8JhKRx1FbTBFyORxENKcFKS55Zbd+2vSHHaix4JmDmmTW7bs9hrROnIDVUoOWZP8MgJimHSBGGpRw4dqLcDAtFCYNZZZhKSDCZ4BEMNI0wB+lm8+Az61wrgRXGQr9IWXP170aGuZRT7uvJPKJc9XLxX8/nS5czqaONIViJo8IbN6NRkiqIyCJNmDJLxVZelRVQAUSxqSaYCKo/ZJExFpgoXWhFN+Ws9rJOupd156reeGzUmndFZ2V0is7QBXLQNWqiB9RCHURQip7RK3ozXox348P4XIyWjGLnBC3B+PoFXE6iwQ==</latexit>

T = Tre

<latexit sha1_base64="DVyXB4FK9r5ssJ6tQQZFT2utHUE=">AAACEnicbVDLTgIxFO3gC/GFunTTSExckRlD1CXBjUtMBExgQjqdO1BpO5O2Y0Im/IMLN/op7oxbf8AvcWuBWQh4kiYn59ybe3qChDNtXPfbKaytb2xuFbdLO7t7+wflw6O2jlNFoUVjHquHgGjgTELLMMPhIVFARMChE4xupn7nCZRmsbw34wR8QQaSRYwSY6V2DwzpN/rlilt1Z8CrxMtJBeVo9ss/vTCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI7IALqWSiJA+9ks7QSfWSXEUazskwbP1L8bGRFaj0VgJwUxQ73sTcV/vUAsXM60jTaEcCmOia79jMkkNSDpPE2UcmxiPO0Hh0wBNXxsCaGK2Q9hOiSKUGNbLNmmvOVeVkn7oupdVmt3tUq9kXdWRCfoFJ0jD12hOrpFTdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgE1uJ51</latexit>⌘B

<latexit sha1_base64="D/CFiXJCvHLOYgJSi2R+OGJ58vM=">AAACMnicbVC7TsMwFHV4lvIKMLJYFARTlZSqMFawMBaJPlATIsdxGqvOQ7aDVEX5Ab6GgQX+BDbEys6K22agLUeydHTOvfK5x00YFdIw3rWl5ZXVtfXSRnlza3tnV9/b74g45Zi0ccxi3nORIIxGpC2pZKSXcIJCl5GuO7we+91HwgWNozs5SogdokFEfYqRVJKjH1s+Rzg7H5w+1PLMbEAroYrBqRw493kmckevGFVjArhIzIJUQIGWo/9YXozTkEQSMyRE3zQSaWeIS4oZyctWKkiC8BANSF/RCIVE2NnkmhyeKMWDfszViyScqH83MhQKMQpdNRkiGYh5byz+67nhzM+ZUNEC4s3Fkf6lndEoSSWJ8DSNnzIoYzjuD3qUEyzZSBGEOVUHQRwgVZZULZdVU+Z8L4ukU6uajWr9tl5pXhWdlcAhOAJnwAQXoAluQAu0AQZP4Bm8gjftRfvQPrWv6eiSVuwcgBlo378Dy6q7</latexit>

3g02

16⇡2

hY

s

<latexit sha1_base64="QsHyveqd65E76m2EsUa8zj+vhPo=">AAACIXicbVDLSgMxFM3UV62v0S7dBIvgqsyIr41QdKHLCn1BW0smvW1Dk8yQZIRh6Le4cKOf4k7ciR/i1vSxsK0HAodz7uWenCDiTBvP+3IyK6tr6xvZzdzW9s7unrt/UNNhrChUachD1QiIBs4kVA0zHBqRAiICDvVgeDv260+gNAtlxSQRtAXpS9ZjlBgrddx85dr3Hs9xSxAzUCK9g9qo4xa8ojcBXib+jBTQDOWO+9PqhjQWIA3lROum70WmnRJlGOUwyrViDRGhQ9KHpqWSCNDtdBJ+hI+t0sW9UNknDZ6ofzdSIrRORGAnxxn1ojcW//UCMXc51TbaALoLcUzvqp0yGcUGJJ2m6cUcmxCP68JdpoAanlhCqGL2Q5gOiCLU2FJztil/sZdlUjst+hfFs4ezQulm1lkWHaIjdIJ8dIlK6B6VURVRlKBn9IrenBfn3flwPqejGWe2k0dzcL5/Aedlo3U=</latexit>

T = 105GeV

Inflation EWSBRadiation domination

<latexit sha1_base64="VM0BIE9yfQ0jXjAfwsPOWIG2QqQ=">AAACEnicbVDLSgMxFM34rPVVdekmWARXZUasuiy6cVnBPqAdSiZzp41NMkOSEcrQf3DhRj/Fnbj1B/wSt6btLGzrgcDhnHu5JydIONPGdb+dldW19Y3NwlZxe2d3b790cNjUcaooNGjMY9UOiAbOJDQMMxzaiQIiAg6tYHg78VtPoDSL5YMZJeAL0pcsYpQYKzW7YEiv2iuV3Yo7BV4mXk7KKEe9V/rphjFNBUhDOdG647mJ8TOiDKMcxsVuqiEhdEj60LFUEgHaz6Zpx/jUKiGOYmWfNHiq/t3IiNB6JAI7KYgZ6EVvIv7rBWLucqZttAGEC3FMdO1nTCapAUlnaaKUYxPjST84ZAqo4SNLCFXMfgjTAVGEGtti0TblLfayTJrnFe+yUr2/KNdu8s4K6BidoDPkoStUQ3eojhqIokf0jF7Rm/PivDsfzudsdMXJd47QHJyvXyB1nmk=</latexit>⌘5

Baryon number changes, but is not washed away until             GeV.
<latexit sha1_base64="IHCqoXoyAIwzD+pqFZFnQLtvHxo=">AAACGHicbVC7TsMwFHXKq5RXgZHFokJiqhIEhbGChbFIfUlNqBznprVqJ5HtIFVRf4OBBT6FDbGy8SWsuG0G2nIkS0fn3Kt7fPyEM6Vt+9sqrK1vbG4Vt0s7u3v7B+XDo7aKU0mhRWMey65PFHAWQUszzaGbSCDC59DxR3dTv/MEUrE4aupxAp4gg4iFjBJtJLeJXcUEduzHK9wvV+yqPQNeJU5OKihHo1/+cYOYpgIiTTlRqufYifYyIjWjHCYlN1WQEDoiA+gZGhEBystmmSf4zCgBDmNpXqTxTP27kRGh1Fj4ZlIQPVTL3lT81/PFwuVMmWhDCJbi6PDGy1iUpBoiOk8TphzrGE9bwgGTQDUfG0KoZOZDmA6JJFSbLkumKWe5l1XSvqg6tWrt4bJSv807K6ITdIrOkYOuUR3dowZqIYoS9Ixe0Zv1Yr1bH9bnfLRg5TvHaAHW1y/wtZ/J</latexit>

T ⇠ 105

<latexit sha1_base64="IHCqoXoyAIwzD+pqFZFnQLtvHxo=">AAACGHicbVC7TsMwFHXKq5RXgZHFokJiqhIEhbGChbFIfUlNqBznprVqJ5HtIFVRf4OBBT6FDbGy8SWsuG0G2nIkS0fn3Kt7fPyEM6Vt+9sqrK1vbG4Vt0s7u3v7B+XDo7aKU0mhRWMey65PFHAWQUszzaGbSCDC59DxR3dTv/MEUrE4aupxAp4gg4iFjBJtJLeJXcUEduzHK9wvV+yqPQNeJU5OKihHo1/+cYOYpgIiTTlRqufYifYyIjWjHCYlN1WQEDoiA+gZGhEBystmmSf4zCgBDmNpXqTxTP27kRGh1Fj4ZlIQPVTL3lT81/PFwuVMmWhDCJbi6PDGy1iUpBoiOk8TphzrGE9bwgGTQDUfG0KoZOZDmA6JJFSbLkumKWe5l1XSvqg6tWrt4bJSv807K6ITdIrOkYOuUR3dowZqIYoS9Ixe0Zv1Yr1bH9bnfLRg5TvHaAHW1y/wtZ/J</latexit>

T ⇠ 105GeV

What’s wrong?
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Slide Background Courtesy: H. Oide

<latexit sha1_base64="LT94UECCdIyRLfTlR+DwBNw10es=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsKfQjtUDKZO21skhmSjFCG/oMLN/op7sStP+CXuDVtZ2FbDwQO59zLPTlBwpk2rvvtFNbWNza3itulnd29/YPy4VFbx6mi0KIxj9VDQDRwJqFlmOHwkCggIuDQCUa3U7/zBEqzWDbNOAFfkIFkEaPEWKlNcK+Hm/1yxa26M+BV4uWkgnI0+uWfXhjTVIA0lBOtu56bGD8jyjDKYVLqpRoSQkdkAF1LJRGg/WyWdoLPrBLiKFb2SYNn6t+NjAitxyKwk4KYoV72puK/XiAWLmfaRhtCuBTHRNd+xmSSGpB0niZKOTYxnvaDQ6aAGj62hFDF7IcwHRJFqLEtlmxT3nIvq6R9UfUuq7X7WqV+k3dWRCfoFJ0jD12hOrpDDdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgFPA53r</latexit> a

T<latexit sha1_base64="vK7BEgZHDUNfewD73TtAefuPxjs=">AAACGXicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rIogssKfUEbymRy0w6dSeLMRCih3+HCjX6KO3Hryi9x66TNwrYeGDiccy/3zPFizpS27W+rsLa+sblV3C7t7O7tH5QPj9oqSiSFFo14JLseUcBZCC3NNIduLIEIj0PHG99mfucJpGJR2NSTGFxBhiELGCXaSG5z0BdEj6RI7zrTQbliV+0Z8CpxclJBORqD8k/fj2giINSUE6V6jh1rNyVSM8phWuonCmJCx2QIPUNDIkC56Sz0FJ8ZxcdBJM0LNZ6pfzdSIpSaCM9MZhHVspeJ/3qeWLicKhNtBP5SHB1cuykL40RDSOdpgoRjHeGsJuwzCVTziSGESmY+hOmISEK1KbNkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRPWqgFqLoET2jV/RmvVjv1of1OR8tWPnOMVqA9fULOvehsA==</latexit>

TEW
<latexit sha1_base64="BCBdodmqMhNP0z+rpi054Diad9M=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rLoxpVU6AuaUCaTm3boTBJnJkIJ/Q0XbvRT3Ilbd36JW6dtFrb1wMDhnHu5Z46fcKa0bX9bhbX1jc2t4nZpZ3dv/6B8eNRWcSoptGjMY9n1iQLOImhppjl0EwlE+Bw6/uh26neeQCoWR009TsATZBCxkFGijeQ2sauYgEcs+vf9csWu2jPgVeLkpIJyNPrlHzeIaSog0pQTpXqOnWgvI1IzymFSclMFCaEjMoCeoRERoLxslnmCz4wS4DCW5kUaz9S/GxkRSo2FbyYF0UO17E3Ffz1fLFzOlIk2hGApjg6vvYxFSaohovM0YcqxjvG0JRwwCVTzsSGESmY+hOmQSEK16bJkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRHWqgFqIoQc/oFb1ZL9a79WF9zkcLVr5zjBZgff0CX9ygow==</latexit>

T ' mN

<latexit sha1_base64="zpGqI5inYgQwpgM18DDL1OoZcgw=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9gHtWDKZ2zY0yQxJRihD/8OFG/0Ud+LWjV/i1kw7C9t6IHA4517uyQlizrRx3W+nsLa+sblV3C7t7O7tH5QPj1o6ShSFJo14pDoB0cCZhKZhhkMnVkBEwKEdjG8zv/0ESrNIPphJDL4gQ8kGjBJjpUfS7wliRkqkIMNpv1xxq+4MeJV4OamgHI1++acXRjQRIA3lROuu58bGT4kyjHKYlnqJhpjQMRlC11JJBGg/naWe4jOrhHgQKfukwTP170ZKhNYTEdjJLKNe9jLxXy8QC5dTbaONIFyKYwbXfspknBiQdJ5mkHBsIpz1hEOmgBo+sYRQxeyHMB0RRaixbZZsU95yL6ukdVH1Lqu1+1qlfpN3VkQn6BSdIw9doTq6Qw3URBQp9Ixe0Zvz4rw7H87nfLTg5DvHaAHO1y99WaJi</latexit>aend

<latexit sha1_base64="BSyKsvXFFPyylnukZVOAXytCf7M="></latexit>

⌘B ,
3g02

16⇡2

hY

s

<latexit sha1_base64="B+M+H/3DLOUEC4y2VaKPfJLX2w8=">AAACHXicbVDLSsNAFJ3UV62PRl26CRbBVUmkqBuh6MZlhb6gDWEyuWmHziRhZiKU0C9x4UY/xZ24Fb/ErZM2C9t6YOBwzr3cM8dPGJXKtr+N0sbm1vZOebeyt39wWDWPjrsyTgWBDolZLPo+lsBoBB1FFYN+IgBzn0HPn9znfu8JhKRx1FbTBFyORxENKcFKS55Zbd+2vSHHaix4JmDmmTW7bs9hrROnIDVUoOWZP8MgJimHSBGGpRw4dqLcDAtFCYNZZZhKSDCZ4BEMNI0wB+lm8+Az61wrgRXGQr9IWXP170aGuZRT7uvJPKJc9XLxX8/nS5czqaONIViJo8IbN6NRkiqIyCJNmDJLxVZelRVQAUSxqSaYCKo/ZJExFpgoXWhFN+Ws9rJOupd156reeGzUmndFZ2V0is7QBXLQNWqiB9RCHURQip7RK3ozXox348P4XIyWjGLnBC3B+PoFXE6iwQ==</latexit>

T = Tre

<latexit sha1_base64="DVyXB4FK9r5ssJ6tQQZFT2utHUE=">AAACEnicbVDLTgIxFO3gC/GFunTTSExckRlD1CXBjUtMBExgQjqdO1BpO5O2Y0Im/IMLN/op7oxbf8AvcWuBWQh4kiYn59ybe3qChDNtXPfbKaytb2xuFbdLO7t7+wflw6O2jlNFoUVjHquHgGjgTELLMMPhIVFARMChE4xupn7nCZRmsbw34wR8QQaSRYwSY6V2DwzpN/rlilt1Z8CrxMtJBeVo9ss/vTCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI7IALqWSiJA+9ks7QSfWSXEUazskwbP1L8bGRFaj0VgJwUxQ73sTcV/vUAsXM60jTaEcCmOia79jMkkNSDpPE2UcmxiPO0Hh0wBNXxsCaGK2Q9hOiSKUGNbLNmmvOVeVkn7oupdVmt3tUq9kXdWRCfoFJ0jD12hOrpFTdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgE1uJ51</latexit>⌘B

<latexit sha1_base64="D/CFiXJCvHLOYgJSi2R+OGJ58vM=">AAACMnicbVC7TsMwFHV4lvIKMLJYFARTlZSqMFawMBaJPlATIsdxGqvOQ7aDVEX5Ab6GgQX+BDbEys6K22agLUeydHTOvfK5x00YFdIw3rWl5ZXVtfXSRnlza3tnV9/b74g45Zi0ccxi3nORIIxGpC2pZKSXcIJCl5GuO7we+91HwgWNozs5SogdokFEfYqRVJKjH1s+Rzg7H5w+1PLMbEAroYrBqRw493kmckevGFVjArhIzIJUQIGWo/9YXozTkEQSMyRE3zQSaWeIS4oZyctWKkiC8BANSF/RCIVE2NnkmhyeKMWDfszViyScqH83MhQKMQpdNRkiGYh5byz+67nhzM+ZUNEC4s3Fkf6lndEoSSWJ8DSNnzIoYzjuD3qUEyzZSBGEOVUHQRwgVZZULZdVU+Z8L4ukU6uajWr9tl5pXhWdlcAhOAJnwAQXoAluQAu0AQZP4Bm8gjftRfvQPrWv6eiSVuwcgBlo378Dy6q7</latexit>

3g02

16⇡2

hY

s

<latexit sha1_base64="QsHyveqd65E76m2EsUa8zj+vhPo=">AAACIXicbVDLSgMxFM3UV62v0S7dBIvgqsyIr41QdKHLCn1BW0smvW1Dk8yQZIRh6Le4cKOf4k7ciR/i1vSxsK0HAodz7uWenCDiTBvP+3IyK6tr6xvZzdzW9s7unrt/UNNhrChUachD1QiIBs4kVA0zHBqRAiICDvVgeDv260+gNAtlxSQRtAXpS9ZjlBgrddx85dr3Hs9xSxAzUCK9g9qo4xa8ojcBXib+jBTQDOWO+9PqhjQWIA3lROum70WmnRJlGOUwyrViDRGhQ9KHpqWSCNDtdBJ+hI+t0sW9UNknDZ6ofzdSIrRORGAnxxn1ojcW//UCMXc51TbaALoLcUzvqp0yGcUGJJ2m6cUcmxCP68JdpoAanlhCqGL2Q5gOiCLU2FJztil/sZdlUjst+hfFs4ezQulm1lkWHaIjdIJ8dIlK6B6VURVRlKBn9IrenBfn3flwPqejGWe2k0dzcL5/Aedlo3U=</latexit>

T = 105GeV

Inflation EWSBRadiation domination

<latexit sha1_base64="VM0BIE9yfQ0jXjAfwsPOWIG2QqQ=">AAACEnicbVDLSgMxFM34rPVVdekmWARXZUasuiy6cVnBPqAdSiZzp41NMkOSEcrQf3DhRj/Fnbj1B/wSt6btLGzrgcDhnHu5JydIONPGdb+dldW19Y3NwlZxe2d3b790cNjUcaooNGjMY9UOiAbOJDQMMxzaiQIiAg6tYHg78VtPoDSL5YMZJeAL0pcsYpQYKzW7YEiv2iuV3Yo7BV4mXk7KKEe9V/rphjFNBUhDOdG647mJ8TOiDKMcxsVuqiEhdEj60LFUEgHaz6Zpx/jUKiGOYmWfNHiq/t3IiNB6JAI7KYgZ6EVvIv7rBWLucqZttAGEC3FMdO1nTCapAUlnaaKUYxPjST84ZAqo4SNLCFXMfgjTAVGEGtti0TblLfayTJrnFe+yUr2/KNdu8s4K6BidoDPkoStUQ3eojhqIokf0jF7Rm/PivDsfzudsdMXJd47QHJyvXyB1nmk=</latexit>⌘5

Baryon number changes, but is not washed away until             GeV.
<latexit sha1_base64="IHCqoXoyAIwzD+pqFZFnQLtvHxo=">AAACGHicbVC7TsMwFHXKq5RXgZHFokJiqhIEhbGChbFIfUlNqBznprVqJ5HtIFVRf4OBBT6FDbGy8SWsuG0G2nIkS0fn3Kt7fPyEM6Vt+9sqrK1vbG4Vt0s7u3v7B+XDo7aKU0mhRWMey65PFHAWQUszzaGbSCDC59DxR3dTv/MEUrE4aupxAp4gg4iFjBJtJLeJXcUEduzHK9wvV+yqPQNeJU5OKihHo1/+cYOYpgIiTTlRqufYifYyIjWjHCYlN1WQEDoiA+gZGhEBystmmSf4zCgBDmNpXqTxTP27kRGh1Fj4ZlIQPVTL3lT81/PFwuVMmWhDCJbi6PDGy1iUpBoiOk8TphzrGE9bwgGTQDUfG0KoZOZDmA6JJFSbLkumKWe5l1XSvqg6tWrt4bJSv807K6ITdIrOkYOuUR3dowZqIYoS9Ixe0Zv1Yr1bH9bnfLRg5TvHaAHW1y/wtZ/J</latexit>

T ⇠ 105

<latexit sha1_base64="IHCqoXoyAIwzD+pqFZFnQLtvHxo=">AAACGHicbVC7TsMwFHXKq5RXgZHFokJiqhIEhbGChbFIfUlNqBznprVqJ5HtIFVRf4OBBT6FDbGy8SWsuG0G2nIkS0fn3Kt7fPyEM6Vt+9sqrK1vbG4Vt0s7u3v7B+XDo7aKU0mhRWMey65PFHAWQUszzaGbSCDC59DxR3dTv/MEUrE4aupxAp4gg4iFjBJtJLeJXcUEduzHK9wvV+yqPQNeJU5OKihHo1/+cYOYpgIiTTlRqufYifYyIjWjHCYlN1WQEDoiA+gZGhEBystmmSf4zCgBDmNpXqTxTP27kRGh1Fj4ZlIQPVTL3lT81/PFwuVMmWhDCJbi6PDGy1iUpBoiOk8TphzrGE9bwgGTQDUfG0KoZOZDmA6JJFSbLkumKWe5l1XSvqg6tWrt4bJSv807K6ITdIrOkYOuUR3dowZqIYoS9Ixe0Zv1Yr1bH9bnfLRg5TvHaAHW1y/wtZ/J</latexit>

T ⇠ 105GeV

What’s wrong?

There can be an annihilation of baryon/chiral asymmetry 
and hypermagnetic helicity. 
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Slide Background Courtesy: H. Oide

Anomaly equation = conservation of total chirality
Even after baryon number is redistributed by the sphaleron and 
Yukawa interactions, cancellation always holds until             GeV. 

<latexit sha1_base64="IHCqoXoyAIwzD+pqFZFnQLtvHxo=">AAACGHicbVC7TsMwFHXKq5RXgZHFokJiqhIEhbGChbFIfUlNqBznprVqJ5HtIFVRf4OBBT6FDbGy8SWsuG0G2nIkS0fn3Kt7fPyEM6Vt+9sqrK1vbG4Vt0s7u3v7B+XDo7aKU0mhRWMey65PFHAWQUszzaGbSCDC59DxR3dTv/MEUrE4aupxAp4gg4iFjBJtJLeJXcUEduzHK9wvV+yqPQNeJU5OKihHo1/+cYOYpgIiTTlRqufYifYyIjWjHCYlN1WQEDoiA+gZGhEBystmmSf4zCgBDmNpXqTxTP27kRGh1Fj4ZlIQPVTL3lT81/PFwuVMmWhDCJbi6PDGy1iUpBoiOk8TphzrGE9bwgGTQDUfG0KoZOZDmA6JJFSbLkumKWe5l1XSvqg6tWrt4bJSv807K6ITdIrOkYOuUR3dowZqIYoS9Ixe0Zv1Yr1bH9bnfLRg5TvHaAHW1y/wtZ/J</latexit>

T ⇠ 105

(’18, ‘19 Domcke+, ’24 Domcke, KK+)

<latexit sha1_base64="b3tz3fKS7NBIaDLw9xhuuL7XSfA=">AAACJ3icbVDLSsNAFJ34rPUVdSVuBosgCCUpWl0W3bisYB/QhDCZTJqhk0mcmQglFL/GhRv9FHeiS7/CrdM2C9t6YOBwzr3MucdPGZXKsr6MpeWV1bX10kZ5c2t7Z9fc22/LJBOYtHDCEtH1kSSMctJSVDHSTQVBsc9Ixx/cjP3OIxGSJvxeDVPixqjPaUgxUlryzEMnFAjnDmJphEZ5zUnpCEZnD96FZ1asqjUBXCR2QSqgQNMzf5wgwVlMuMIMSdmzrVS5ORKKYkZGZSeTJEV4gPqkpylHMZFuPjlhBE+0EsAwEfpxBSfq340cxVIOY19PxkhFct4bi/96fjzzcy51tIgEc3FUeOXmlKeZIhxP04QZgyqB49JgQAXBig01QVhQfRDEEdLFKV1tWTdlz/eySNq1ql2v1u/OK43rorMSOALH4BTY4BI0wC1oghbA4Ak8g1fwZrwY78aH8TkdXTKKnQMwA+P7F9lpppg=</latexit> ↵

2⇡
h+ q5
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Slide Background Courtesy: H. Oide

Anomaly equation = conservation of total chirality
Even after baryon number is redistributed by the sphaleron and 
Yukawa interactions, cancellation always holds until             GeV. 

<latexit sha1_base64="IHCqoXoyAIwzD+pqFZFnQLtvHxo=">AAACGHicbVC7TsMwFHXKq5RXgZHFokJiqhIEhbGChbFIfUlNqBznprVqJ5HtIFVRf4OBBT6FDbGy8SWsuG0G2nIkS0fn3Kt7fPyEM6Vt+9sqrK1vbG4Vt0s7u3v7B+XDo7aKU0mhRWMey65PFHAWQUszzaGbSCDC59DxR3dTv/MEUrE4aupxAp4gg4iFjBJtJLeJXcUEduzHK9wvV+yqPQNeJU5OKihHo1/+cYOYpgIiTTlRqufYifYyIjWjHCYlN1WQEDoiA+gZGhEBystmmSf4zCgBDmNpXqTxTP27kRGh1Fj4ZlIQPVTL3lT81/PFwuVMmWhDCJbi6PDGy1iUpBoiOk8TphzrGE9bwgGTQDUfG0KoZOZDmA6JJFSbLkumKWe5l1XSvqg6tWrt4bJSv807K6ITdIrOkYOuUR3dowZqIYoS9Ixe0Zv1Yr1bH9bnfLRg5TvHaAHW1y/wtZ/J</latexit>

T ⇠ 105

(’18, ‘19 Domcke+, ’24 Domcke, KK+)

<latexit sha1_base64="LT94UECCdIyRLfTlR+DwBNw10es=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsKfQjtUDKZO21skhmSjFCG/oMLN/op7sStP+CXuDVtZ2FbDwQO59zLPTlBwpk2rvvtFNbWNza3itulnd29/YPy4VFbx6mi0KIxj9VDQDRwJqFlmOHwkCggIuDQCUa3U7/zBEqzWDbNOAFfkIFkEaPEWKlNcK+Hm/1yxa26M+BV4uWkgnI0+uWfXhjTVIA0lBOtu56bGD8jyjDKYVLqpRoSQkdkAF1LJRGg/WyWdoLPrBLiKFb2SYNn6t+NjAitxyKwk4KYoV72puK/XiAWLmfaRhtCuBTHRNd+xmSSGpB0niZKOTYxnvaDQ6aAGj62hFDF7IcwHRJFqLEtlmxT3nIvq6R9UfUuq7X7WqV+k3dWRCfoFJ0jD12hOrpDDdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgFPA53r</latexit> a

T<latexit sha1_base64="vK7BEgZHDUNfewD73TtAefuPxjs=">AAACGXicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rIogssKfUEbymRy0w6dSeLMRCih3+HCjX6KO3Hryi9x66TNwrYeGDiccy/3zPFizpS27W+rsLa+sblV3C7t7O7tH5QPj9oqSiSFFo14JLseUcBZCC3NNIduLIEIj0PHG99mfucJpGJR2NSTGFxBhiELGCXaSG5z0BdEj6RI7zrTQbliV+0Z8CpxclJBORqD8k/fj2giINSUE6V6jh1rNyVSM8phWuonCmJCx2QIPUNDIkC56Sz0FJ8ZxcdBJM0LNZ6pfzdSIpSaCM9MZhHVspeJ/3qeWLicKhNtBP5SHB1cuykL40RDSOdpgoRjHeGsJuwzCVTziSGESmY+hOmISEK1KbNkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRPWqgFqLoET2jV/RmvVjv1of1OR8tWPnOMVqA9fULOvehsA==</latexit>

TEW
<latexit sha1_base64="BCBdodmqMhNP0z+rpi054Diad9M=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rLoxpVU6AuaUCaTm3boTBJnJkIJ/Q0XbvRT3Ilbd36JW6dtFrb1wMDhnHu5Z46fcKa0bX9bhbX1jc2t4nZpZ3dv/6B8eNRWcSoptGjMY9n1iQLOImhppjl0EwlE+Bw6/uh26neeQCoWR009TsATZBCxkFGijeQ2sauYgEcs+vf9csWu2jPgVeLkpIJyNPrlHzeIaSog0pQTpXqOnWgvI1IzymFSclMFCaEjMoCeoRERoLxslnmCz4wS4DCW5kUaz9S/GxkRSo2FbyYF0UO17E3Ffz1fLFzOlIk2hGApjg6vvYxFSaohovM0YcqxjvG0JRwwCVTzsSGESmY+hOmQSEK16bJkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRHWqgFqIoQc/oFb1ZL9a79WF9zkcLVr5zjBZgff0CX9ygow==</latexit>

T ' mN

<latexit sha1_base64="zpGqI5inYgQwpgM18DDL1OoZcgw=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9gHtWDKZ2zY0yQxJRihD/8OFG/0Ud+LWjV/i1kw7C9t6IHA4517uyQlizrRx3W+nsLa+sblV3C7t7O7tH5QPj1o6ShSFJo14pDoB0cCZhKZhhkMnVkBEwKEdjG8zv/0ESrNIPphJDL4gQ8kGjBJjpUfS7wliRkqkIMNpv1xxq+4MeJV4OamgHI1++acXRjQRIA3lROuu58bGT4kyjHKYlnqJhpjQMRlC11JJBGg/naWe4jOrhHgQKfukwTP170ZKhNYTEdjJLKNe9jLxXy8QC5dTbaONIFyKYwbXfspknBiQdJ5mkHBsIpz1hEOmgBo+sYRQxeyHMB0RRaixbZZsU95yL6ukdVH1Lqu1+1qlfpN3VkQn6BSdIw9doTq6Qw3URBQp9Ixe0Zvz4rw7H87nfLTg5DvHaAHO1y99WaJi</latexit>aend

<latexit sha1_base64="BSyKsvXFFPyylnukZVOAXytCf7M="></latexit>

⌘B ,
3g02

16⇡2

hY

s

<latexit sha1_base64="B+M+H/3DLOUEC4y2VaKPfJLX2w8=">AAACHXicbVDLSsNAFJ3UV62PRl26CRbBVUmkqBuh6MZlhb6gDWEyuWmHziRhZiKU0C9x4UY/xZ24Fb/ErZM2C9t6YOBwzr3cM8dPGJXKtr+N0sbm1vZOebeyt39wWDWPjrsyTgWBDolZLPo+lsBoBB1FFYN+IgBzn0HPn9znfu8JhKRx1FbTBFyORxENKcFKS55Zbd+2vSHHaix4JmDmmTW7bs9hrROnIDVUoOWZP8MgJimHSBGGpRw4dqLcDAtFCYNZZZhKSDCZ4BEMNI0wB+lm8+Az61wrgRXGQr9IWXP170aGuZRT7uvJPKJc9XLxX8/nS5czqaONIViJo8IbN6NRkiqIyCJNmDJLxVZelRVQAUSxqSaYCKo/ZJExFpgoXWhFN+Ws9rJOupd156reeGzUmndFZ2V0is7QBXLQNWqiB9RCHURQip7RK3ozXox348P4XIyWjGLnBC3B+PoFXE6iwQ==</latexit>

T = Tre

<latexit sha1_base64="DVyXB4FK9r5ssJ6tQQZFT2utHUE=">AAACEnicbVDLTgIxFO3gC/GFunTTSExckRlD1CXBjUtMBExgQjqdO1BpO5O2Y0Im/IMLN/op7oxbf8AvcWuBWQh4kiYn59ybe3qChDNtXPfbKaytb2xuFbdLO7t7+wflw6O2jlNFoUVjHquHgGjgTELLMMPhIVFARMChE4xupn7nCZRmsbw34wR8QQaSRYwSY6V2DwzpN/rlilt1Z8CrxMtJBeVo9ss/vTCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI7IALqWSiJA+9ks7QSfWSXEUazskwbP1L8bGRFaj0VgJwUxQ73sTcV/vUAsXM60jTaEcCmOia79jMkkNSDpPE2UcmxiPO0Hh0wBNXxsCaGK2Q9hOiSKUGNbLNmmvOVeVkn7oupdVmt3tUq9kXdWRCfoFJ0jD12hOrpFTdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgE1uJ51</latexit>⌘B

<latexit sha1_base64="D/CFiXJCvHLOYgJSi2R+OGJ58vM=">AAACMnicbVC7TsMwFHV4lvIKMLJYFARTlZSqMFawMBaJPlATIsdxGqvOQ7aDVEX5Ab6GgQX+BDbEys6K22agLUeydHTOvfK5x00YFdIw3rWl5ZXVtfXSRnlza3tnV9/b74g45Zi0ccxi3nORIIxGpC2pZKSXcIJCl5GuO7we+91HwgWNozs5SogdokFEfYqRVJKjH1s+Rzg7H5w+1PLMbEAroYrBqRw493kmckevGFVjArhIzIJUQIGWo/9YXozTkEQSMyRE3zQSaWeIS4oZyctWKkiC8BANSF/RCIVE2NnkmhyeKMWDfszViyScqH83MhQKMQpdNRkiGYh5byz+67nhzM+ZUNEC4s3Fkf6lndEoSSWJ8DSNnzIoYzjuD3qUEyzZSBGEOVUHQRwgVZZULZdVU+Z8L4ukU6uajWr9tl5pXhWdlcAhOAJnwAQXoAluQAu0AQZP4Bm8gjftRfvQPrWv6eiSVuwcgBlo378Dy6q7</latexit>

3g02

16⇡2

hY

s

<latexit sha1_base64="QsHyveqd65E76m2EsUa8zj+vhPo=">AAACIXicbVDLSgMxFM3UV62v0S7dBIvgqsyIr41QdKHLCn1BW0smvW1Dk8yQZIRh6Le4cKOf4k7ciR/i1vSxsK0HAodz7uWenCDiTBvP+3IyK6tr6xvZzdzW9s7unrt/UNNhrChUachD1QiIBs4kVA0zHBqRAiICDvVgeDv260+gNAtlxSQRtAXpS9ZjlBgrddx85dr3Hs9xSxAzUCK9g9qo4xa8ojcBXib+jBTQDOWO+9PqhjQWIA3lROum70WmnRJlGOUwyrViDRGhQ9KHpqWSCNDtdBJ+hI+t0sW9UNknDZ6ofzdSIrRORGAnxxn1ojcW//UCMXc51TbaALoLcUzvqp0yGcUGJJ2m6cUcmxCP68JdpoAanlhCqGL2Q5gOiCLU2FJztil/sZdlUjst+hfFs4ezQulm1lkWHaIjdIJ8dIlK6B6VURVRlKBn9IrenBfn3flwPqejGWe2k0dzcL5/Aedlo3U=</latexit>

T = 105GeV

Inflation EWRadiation 

<latexit sha1_base64="VM0BIE9yfQ0jXjAfwsPOWIG2QqQ=">AAACEnicbVDLSgMxFM34rPVVdekmWARXZUasuiy6cVnBPqAdSiZzp41NMkOSEcrQf3DhRj/Fnbj1B/wSt6btLGzrgcDhnHu5JydIONPGdb+dldW19Y3NwlZxe2d3b790cNjUcaooNGjMY9UOiAbOJDQMMxzaiQIiAg6tYHg78VtPoDSL5YMZJeAL0pcsYpQYKzW7YEiv2iuV3Yo7BV4mXk7KKEe9V/rphjFNBUhDOdG647mJ8TOiDKMcxsVuqiEhdEj60LFUEgHaz6Zpx/jUKiGOYmWfNHiq/t3IiNB6JAI7KYgZ6EVvIv7rBWLucqZttAGEC3FMdO1nTCapAUlnaaKUYxPjST84ZAqo4SNLCFXMfgjTAVGEGtti0TblLfayTJrnFe+yUr2/KNdu8s4K6BidoDPkoStUQ3eojhqIokf0jF7Rm/PivDsfzudsdMXJd47QHJyvXyB1nmk=</latexit>⌘5

<latexit sha1_base64="IHCqoXoyAIwzD+pqFZFnQLtvHxo=">AAACGHicbVC7TsMwFHXKq5RXgZHFokJiqhIEhbGChbFIfUlNqBznprVqJ5HtIFVRf4OBBT6FDbGy8SWsuG0G2nIkS0fn3Kt7fPyEM6Vt+9sqrK1vbG4Vt0s7u3v7B+XDo7aKU0mhRWMey65PFHAWQUszzaGbSCDC59DxR3dTv/MEUrE4aupxAp4gg4iFjBJtJLeJXcUEduzHK9wvV+yqPQNeJU5OKihHo1/+cYOYpgIiTTlRqufYifYyIjWjHCYlN1WQEDoiA+gZGhEBystmmSf4zCgBDmNpXqTxTP27kRGh1Fj4ZlIQPVTL3lT81/PFwuVMmWhDCJbi6PDGy1iUpBoiOk8TphzrGE9bwgGTQDUfG0KoZOZDmA6JJFSbLkumKWe5l1XSvqg6tWrt4bJSv807K6ITdIrOkYOuUR3dowZqIYoS9Ixe0Zv1Yr1bH9bnfLRg5TvHaAHW1y/wtZ/J</latexit>

T ⇠ 105GeV

? How can such a process  
be investigated?

<latexit sha1_base64="b3tz3fKS7NBIaDLw9xhuuL7XSfA=">AAACJ3icbVDLSsNAFJ34rPUVdSVuBosgCCUpWl0W3bisYB/QhDCZTJqhk0mcmQglFL/GhRv9FHeiS7/CrdM2C9t6YOBwzr3MucdPGZXKsr6MpeWV1bX10kZ5c2t7Z9fc22/LJBOYtHDCEtH1kSSMctJSVDHSTQVBsc9Ixx/cjP3OIxGSJvxeDVPixqjPaUgxUlryzEMnFAjnDmJphEZ5zUnpCEZnD96FZ1asqjUBXCR2QSqgQNMzf5wgwVlMuMIMSdmzrVS5ORKKYkZGZSeTJEV4gPqkpylHMZFuPjlhBE+0EsAwEfpxBSfq340cxVIOY19PxkhFct4bi/96fjzzcy51tIgEc3FUeOXmlKeZIhxP04QZgyqB49JgQAXBig01QVhQfRDEEdLFKV1tWTdlz/eySNq1ql2v1u/OK43rorMSOALH4BTY4BI0wC1oghbA4Ak8g1fwZrwY78aH8TkdXTKKnQMwA+P7F9lpppg=</latexit> ↵

2⇡
h+ q5

31/42



Slide Background Courtesy: H. Oide

Anomaly equation = conservation of total chirality
Even after baryon number is redistributed by the sphaleron and 
Yukawa interactions, cancellation always holds until             GeV. 

<latexit sha1_base64="IHCqoXoyAIwzD+pqFZFnQLtvHxo=">AAACGHicbVC7TsMwFHXKq5RXgZHFokJiqhIEhbGChbFIfUlNqBznprVqJ5HtIFVRf4OBBT6FDbGy8SWsuG0G2nIkS0fn3Kt7fPyEM6Vt+9sqrK1vbG4Vt0s7u3v7B+XDo7aKU0mhRWMey65PFHAWQUszzaGbSCDC59DxR3dTv/MEUrE4aupxAp4gg4iFjBJtJLeJXcUEduzHK9wvV+yqPQNeJU5OKihHo1/+cYOYpgIiTTlRqufYifYyIjWjHCYlN1WQEDoiA+gZGhEBystmmSf4zCgBDmNpXqTxTP27kRGh1Fj4ZlIQPVTL3lT81/PFwuVMmWhDCJbi6PDGy1iUpBoiOk8TphzrGE9bwgGTQDUfG0KoZOZDmA6JJFSbLkumKWe5l1XSvqg6tWrt4bJSv807K6ITdIrOkYOuUR3dowZqIYoS9Ixe0Zv1Yr1bH9bnfLRg5TvHaAHW1y/wtZ/J</latexit>

T ⇠ 105

(’18, ‘19 Domcke+, ’24 Domcke, KK+)

<latexit sha1_base64="LT94UECCdIyRLfTlR+DwBNw10es=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsKfQjtUDKZO21skhmSjFCG/oMLN/op7sStP+CXuDVtZ2FbDwQO59zLPTlBwpk2rvvtFNbWNza3itulnd29/YPy4VFbx6mi0KIxj9VDQDRwJqFlmOHwkCggIuDQCUa3U7/zBEqzWDbNOAFfkIFkEaPEWKlNcK+Hm/1yxa26M+BV4uWkgnI0+uWfXhjTVIA0lBOtu56bGD8jyjDKYVLqpRoSQkdkAF1LJRGg/WyWdoLPrBLiKFb2SYNn6t+NjAitxyKwk4KYoV72puK/XiAWLmfaRhtCuBTHRNd+xmSSGpB0niZKOTYxnvaDQ6aAGj62hFDF7IcwHRJFqLEtlmxT3nIvq6R9UfUuq7X7WqV+k3dWRCfoFJ0jD12hOrpDDdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgFPA53r</latexit> a

T<latexit sha1_base64="vK7BEgZHDUNfewD73TtAefuPxjs=">AAACGXicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rIogssKfUEbymRy0w6dSeLMRCih3+HCjX6KO3Hryi9x66TNwrYeGDiccy/3zPFizpS27W+rsLa+sblV3C7t7O7tH5QPj9oqSiSFFo14JLseUcBZCC3NNIduLIEIj0PHG99mfucJpGJR2NSTGFxBhiELGCXaSG5z0BdEj6RI7zrTQbliV+0Z8CpxclJBORqD8k/fj2giINSUE6V6jh1rNyVSM8phWuonCmJCx2QIPUNDIkC56Sz0FJ8ZxcdBJM0LNZ6pfzdSIpSaCM9MZhHVspeJ/3qeWLicKhNtBP5SHB1cuykL40RDSOdpgoRjHeGsJuwzCVTziSGESmY+hOmISEK1KbNkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRPWqgFqLoET2jV/RmvVjv1of1OR8tWPnOMVqA9fULOvehsA==</latexit>

TEW
<latexit sha1_base64="BCBdodmqMhNP0z+rpi054Diad9M=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rLoxpVU6AuaUCaTm3boTBJnJkIJ/Q0XbvRT3Ilbd36JW6dtFrb1wMDhnHu5Z46fcKa0bX9bhbX1jc2t4nZpZ3dv/6B8eNRWcSoptGjMY9n1iQLOImhppjl0EwlE+Bw6/uh26neeQCoWR009TsATZBCxkFGijeQ2sauYgEcs+vf9csWu2jPgVeLkpIJyNPrlHzeIaSog0pQTpXqOnWgvI1IzymFSclMFCaEjMoCeoRERoLxslnmCz4wS4DCW5kUaz9S/GxkRSo2FbyYF0UO17E3Ffz1fLFzOlIk2hGApjg6vvYxFSaohovM0YcqxjvG0JRwwCVTzsSGESmY+hOmQSEK16bJkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRHWqgFqIoQc/oFb1ZL9a79WF9zkcLVr5zjBZgff0CX9ygow==</latexit>

T ' mN

<latexit sha1_base64="zpGqI5inYgQwpgM18DDL1OoZcgw=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9gHtWDKZ2zY0yQxJRihD/8OFG/0Ud+LWjV/i1kw7C9t6IHA4517uyQlizrRx3W+nsLa+sblV3C7t7O7tH5QPj1o6ShSFJo14pDoB0cCZhKZhhkMnVkBEwKEdjG8zv/0ESrNIPphJDL4gQ8kGjBJjpUfS7wliRkqkIMNpv1xxq+4MeJV4OamgHI1++acXRjQRIA3lROuu58bGT4kyjHKYlnqJhpjQMRlC11JJBGg/naWe4jOrhHgQKfukwTP170ZKhNYTEdjJLKNe9jLxXy8QC5dTbaONIFyKYwbXfspknBiQdJ5mkHBsIpz1hEOmgBo+sYRQxeyHMB0RRaixbZZsU95yL6ukdVH1Lqu1+1qlfpN3VkQn6BSdIw9doTq6Qw3URBQp9Ixe0Zvz4rw7H87nfLTg5DvHaAHO1y99WaJi</latexit>aend

<latexit sha1_base64="BSyKsvXFFPyylnukZVOAXytCf7M="></latexit>

⌘B ,
3g02

16⇡2

hY

s

<latexit sha1_base64="B+M+H/3DLOUEC4y2VaKPfJLX2w8=">AAACHXicbVDLSsNAFJ3UV62PRl26CRbBVUmkqBuh6MZlhb6gDWEyuWmHziRhZiKU0C9x4UY/xZ24Fb/ErZM2C9t6YOBwzr3cM8dPGJXKtr+N0sbm1vZOebeyt39wWDWPjrsyTgWBDolZLPo+lsBoBB1FFYN+IgBzn0HPn9znfu8JhKRx1FbTBFyORxENKcFKS55Zbd+2vSHHaix4JmDmmTW7bs9hrROnIDVUoOWZP8MgJimHSBGGpRw4dqLcDAtFCYNZZZhKSDCZ4BEMNI0wB+lm8+Az61wrgRXGQr9IWXP170aGuZRT7uvJPKJc9XLxX8/nS5czqaONIViJo8IbN6NRkiqIyCJNmDJLxVZelRVQAUSxqSaYCKo/ZJExFpgoXWhFN+Ws9rJOupd156reeGzUmndFZ2V0is7QBXLQNWqiB9RCHURQip7RK3ozXox348P4XIyWjGLnBC3B+PoFXE6iwQ==</latexit>

T = Tre

<latexit sha1_base64="DVyXB4FK9r5ssJ6tQQZFT2utHUE=">AAACEnicbVDLTgIxFO3gC/GFunTTSExckRlD1CXBjUtMBExgQjqdO1BpO5O2Y0Im/IMLN/op7oxbf8AvcWuBWQh4kiYn59ybe3qChDNtXPfbKaytb2xuFbdLO7t7+wflw6O2jlNFoUVjHquHgGjgTELLMMPhIVFARMChE4xupn7nCZRmsbw34wR8QQaSRYwSY6V2DwzpN/rlilt1Z8CrxMtJBeVo9ss/vTCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI7IALqWSiJA+9ks7QSfWSXEUazskwbP1L8bGRFaj0VgJwUxQ73sTcV/vUAsXM60jTaEcCmOia79jMkkNSDpPE2UcmxiPO0Hh0wBNXxsCaGK2Q9hOiSKUGNbLNmmvOVeVkn7oupdVmt3tUq9kXdWRCfoFJ0jD12hOrpFTdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgE1uJ51</latexit>⌘B

<latexit sha1_base64="D/CFiXJCvHLOYgJSi2R+OGJ58vM=">AAACMnicbVC7TsMwFHV4lvIKMLJYFARTlZSqMFawMBaJPlATIsdxGqvOQ7aDVEX5Ab6GgQX+BDbEys6K22agLUeydHTOvfK5x00YFdIw3rWl5ZXVtfXSRnlza3tnV9/b74g45Zi0ccxi3nORIIxGpC2pZKSXcIJCl5GuO7we+91HwgWNozs5SogdokFEfYqRVJKjH1s+Rzg7H5w+1PLMbEAroYrBqRw493kmckevGFVjArhIzIJUQIGWo/9YXozTkEQSMyRE3zQSaWeIS4oZyctWKkiC8BANSF/RCIVE2NnkmhyeKMWDfszViyScqH83MhQKMQpdNRkiGYh5byz+67nhzM+ZUNEC4s3Fkf6lndEoSSWJ8DSNnzIoYzjuD3qUEyzZSBGEOVUHQRwgVZZULZdVU+Z8L4ukU6uajWr9tl5pXhWdlcAhOAJnwAQXoAluQAu0AQZP4Bm8gjftRfvQPrWv6eiSVuwcgBlo378Dy6q7</latexit>

3g02

16⇡2

hY

s

<latexit sha1_base64="QsHyveqd65E76m2EsUa8zj+vhPo=">AAACIXicbVDLSgMxFM3UV62v0S7dBIvgqsyIr41QdKHLCn1BW0smvW1Dk8yQZIRh6Le4cKOf4k7ciR/i1vSxsK0HAodz7uWenCDiTBvP+3IyK6tr6xvZzdzW9s7unrt/UNNhrChUachD1QiIBs4kVA0zHBqRAiICDvVgeDv260+gNAtlxSQRtAXpS9ZjlBgrddx85dr3Hs9xSxAzUCK9g9qo4xa8ojcBXib+jBTQDOWO+9PqhjQWIA3lROum70WmnRJlGOUwyrViDRGhQ9KHpqWSCNDtdBJ+hI+t0sW9UNknDZ6ofzdSIrRORGAnxxn1ojcW//UCMXc51TbaALoLcUzvqp0yGcUGJJ2m6cUcmxCP68JdpoAanlhCqGL2Q5gOiCLU2FJztil/sZdlUjst+hfFs4ezQulm1lkWHaIjdIJ8dIlK6B6VURVRlKBn9IrenBfn3flwPqejGWe2k0dzcL5/Aedlo3U=</latexit>

T = 105GeV

Inflation EWRadiation 

<latexit sha1_base64="VM0BIE9yfQ0jXjAfwsPOWIG2QqQ=">AAACEnicbVDLSgMxFM34rPVVdekmWARXZUasuiy6cVnBPqAdSiZzp41NMkOSEcrQf3DhRj/Fnbj1B/wSt6btLGzrgcDhnHu5JydIONPGdb+dldW19Y3NwlZxe2d3b790cNjUcaooNGjMY9UOiAbOJDQMMxzaiQIiAg6tYHg78VtPoDSL5YMZJeAL0pcsYpQYKzW7YEiv2iuV3Yo7BV4mXk7KKEe9V/rphjFNBUhDOdG647mJ8TOiDKMcxsVuqiEhdEj60LFUEgHaz6Zpx/jUKiGOYmWfNHiq/t3IiNB6JAI7KYgZ6EVvIv7rBWLucqZttAGEC3FMdO1nTCapAUlnaaKUYxPjST84ZAqo4SNLCFXMfgjTAVGEGtti0TblLfayTJrnFe+yUr2/KNdu8s4K6BidoDPkoStUQ3eojhqIokf0jF7Rm/PivDsfzudsdMXJd47QHJyvXyB1nmk=</latexit>⌘5

<latexit sha1_base64="IHCqoXoyAIwzD+pqFZFnQLtvHxo=">AAACGHicbVC7TsMwFHXKq5RXgZHFokJiqhIEhbGChbFIfUlNqBznprVqJ5HtIFVRf4OBBT6FDbGy8SWsuG0G2nIkS0fn3Kt7fPyEM6Vt+9sqrK1vbG4Vt0s7u3v7B+XDo7aKU0mhRWMey65PFHAWQUszzaGbSCDC59DxR3dTv/MEUrE4aupxAp4gg4iFjBJtJLeJXcUEduzHK9wvV+yqPQNeJU5OKihHo1/+cYOYpgIiTTlRqufYifYyIjWjHCYlN1WQEDoiA+gZGhEBystmmSf4zCgBDmNpXqTxTP27kRGh1Fj4ZlIQPVTL3lT81/PFwuVMmWhDCJbi6PDGy1iUpBoiOk8TphzrGE9bwgGTQDUfG0KoZOZDmA6JJFSbLkumKWe5l1XSvqg6tWrt4bJSv807K6ITdIrOkYOuUR3dowZqIYoS9Ixe0Zv1Yr1bH9bnfLRg5TvHaAHW1y/wtZ/J</latexit>

T ⇠ 105GeV

? How can such a process  
be investigated?

Write down the evolution eq.  
of the system with chiral anomaly. 

= chiral MHD

<latexit sha1_base64="b3tz3fKS7NBIaDLw9xhuuL7XSfA=">AAACJ3icbVDLSsNAFJ34rPUVdSVuBosgCCUpWl0W3bisYB/QhDCZTJqhk0mcmQglFL/GhRv9FHeiS7/CrdM2C9t6YOBwzr3MucdPGZXKsr6MpeWV1bX10kZ5c2t7Z9fc22/LJBOYtHDCEtH1kSSMctJSVDHSTQVBsc9Ixx/cjP3OIxGSJvxeDVPixqjPaUgxUlryzEMnFAjnDmJphEZ5zUnpCEZnD96FZ1asqjUBXCR2QSqgQNMzf5wgwVlMuMIMSdmzrVS5ORKKYkZGZSeTJEV4gPqkpylHMZFuPjlhBE+0EsAwEfpxBSfq340cxVIOY19PxkhFct4bi/96fjzzcy51tIgEc3FUeOXmlKeZIhxP04QZgyqB49JgQAXBig01QVhQfRDEEdLFKV1tWTdlz/eySNq1ql2v1u/OK43rorMSOALH4BTY4BI0wC1oghbA4Ak8g1fwZrwY78aH8TkdXTKKnQMwA+P7F9lpppg=</latexit> ↵

2⇡
h+ q5
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No, for usual media. Parity doesn’t allow it.
<latexit sha1_base64="SlDR77cgwi1A0wei1QUS4Hs/qZY="></latexit>

j ! �j, E ! �E, B ! BP: 

Q: Isn’t electric current induced by magnetic field?
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j =
2↵

⇡
µ5B
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Slide Background Courtesy: H. Oide

The relevance of the CME and chiral anomaly
can be seen by looking at the Landau level

Volume 130B, number 6 PIIYSICS LETTERS 3 November 1983 

[ _ ( 3 / 3 x l ) 2  + (eH)2(xl + P2/eH) + (1o3) 2 + eHo3] cb 

= co2@ , 

with 03 = + 1. The energy levels are given by the 
Landau levels, 

co(n, 03, P3) = -+ [2eH(n + ~-) + (/°3) 2 + eHo 3 ] 1/2 

(n : 0 ,  1 , 2 ,  ...) 

except for the n = 0 and 03 = - 1  mode where 

co(n = 0, cr 3 = - 1  ,P3) = -+P3 • 

The eigenfunction takes the form 

qbncr3(X ) = Nno  3 exp(- iP2x2 - ie3x3 ) 

(7) 

(s) 

n~2 ~ n:n[:O 

~ P3 

n=2 

Fig. 2. Dispersion law for the  RH Weyl fermion in 3 + l di- 
mensions in the presence of  a magnetic  field in the x 3-direc- 
tion. 

× exp[-~eH(x 1 +P2/eH)2IHn(X 1 +P2/eH)x(o3),  
(9) 

with Nno 3 as the normalization constant.  Here X(o3) 
denotes the eigenfunctions of  the Pauli spin o 3 which 
carl be taken as X(1) = (1) and X(-1)  = (~). The solu- 
tion of  (4) is obtained by inserting (9) into (6). This 
leads to the relations 

~J~ff +1'O3= 1) =(jWn+l,o.3=_l/N,tr3=l)l~/(R t'/'O'3=1), 

for n = 0, 1 . . . . .  

amt 

~ ( n = 0 , o 3 = - l )  = 0, with co = - P 3  • 
R 

Thus the energy levels o f  CR are (4) and 

co(r/ = 0, a 3 = --1 ,P3)  =P3 " (10) 

The dispersion laws (7) and (10) are shown in fig. 2. 
Next a uniform electric field is turned on along the 

third direction parallel to H. As for the zero mode 
(n = 0, a 3 = - 1 )  the dispersion law is the same as 
that for 1 + 1 dimensions and the creation rate of  the 
particles is calculated in a similar manner. It should 
be noticed that when E is on adiabatically there is no 
particle creation in the n v s 0 modes. The density of  
the state per length L isLeH/4zr 2 and the creation 
rate (the ABJ anomaly) is given by 

NR = L -  l(LeH/47r2)cofs(n = 0, o 3 = - 1  ' P3 )  

= (e2[4rr2)EH, (11) 

which equals to OR'  

For  the LH fermions the annihilation rate of  the 
LH particles is 

NL = -(e2/41r2)EH' (12) 

and the creation rate of  the LH antiparticles is 

NL = (e2 /47r2)EH , (13) 

which is 0 L . 
We then have for the Dirac field 

X;R + NL = (e2/2,~2)~/-/. 
that gives 0 5  = (eZ/2rr2)EH. 

3. Consider next  the hamiltonian version of  a 
general lattice regularized two-component  chiral fer- 
mion theory described by an N component  fermion 
field ffk. We further assume the locality and hermici- 
ty conditions for the hamiltonian. The action is given 
by 

N 
S - i f d t ~  ~ + = ~k (na) ~/k(na) 

n k=l  

- f d ,  1 3 2  Z:  - n m k l  
Here n denotes the set o f  integers, a the lattice spacing 
and H a local and harmitian N × N hamiltonian. A 
characteristic feature of  the lattice fermion theory is 
that,  because S is invariant under a lattice translation 
with ~ sitting on the lattice sites, the momentum 
space forms a hypertorus,  T 3 , which is the Brillouin 
zone. 
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Left-handed fermion

E
<latexit sha1_base64="HSS18LLF34NFvqOEGqMyXbGpWxU=">AAACE3icbVC7SgNBFJ2Nr7i+opY2g0GwCrux0EYMimAZwTwgWcLs7N1kyMzuMjMrhCUfYWGjpZ9hJ4KVtfgltk4ehUk8MHA4517umeMnnCntON9Wbml5ZXUtv25vbG5t7xR29+oqTiWFGo15LJs+UcBZBDXNNIdmIoEIn0PD71+N/MY9SMXi6E4PEvAE6UYsZJRoIzWyti/w9bBTKDolZwy8SNwpKV582OfJy5dd7RR+2kFMUwGRppwo1XKdRHsZkZpRDkO7nSpICO2TLrQMjYgA5WXjuEN8ZJQAh7E0L9J4rP7dyIhQaiB8MymI7ql5byT+6/li5nKmTLQeBHNxdHjmZSxKUg0RnaQJU451jEcF4YBJoJoPDCFUMvMhTHtEEqpNjbZpyp3vZZHUyyX3pFS+dYqVSzRBHh2gQ3SMXHSKKugGVVENUdRHD+gJPVuP1qv1Zr1PRnPWdGcfzcD6/AW5xKII</latexit>
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µ5/2
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The number of states with 
is large for right-handed fermions  
with charge +e and vice versa 
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pz > 0

positive current in z-direction

Landau degeneracy factoer: 
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ni =
eB

2⇡

(’83 Nielsen&Ninomiya)
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can be seen by looking at the Landau level
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Next a uniform electric field is turned on along the 

third direction parallel to H. As for the zero mode 
(n = 0, a 3 = - 1 )  the dispersion law is the same as 
that for 1 + 1 dimensions and the creation rate of  the 
particles is calculated in a similar manner. It should 
be noticed that when E is on adiabatically there is no 
particle creation in the n v s 0 modes. The density of  
the state per length L isLeH/4zr 2 and the creation 
rate (the ABJ anomaly) is given by 
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which is 0 L . 
We then have for the Dirac field 

X;R + NL = (e2/2,~2)~/-/. 
that gives 0 5  = (eZ/2rr2)EH. 

3. Consider next  the hamiltonian version of  a 
general lattice regularized two-component  chiral fer- 
mion theory described by an N component  fermion 
field ffk. We further assume the locality and hermici- 
ty conditions for the hamiltonian. The action is given 
by 
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S - i f d t ~  ~ + = ~k (na) ~/k(na) 
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Here n denotes the set o f  integers, a the lattice spacing 
and H a local and harmitian N × N hamiltonian. A 
characteristic feature of  the lattice fermion theory is 
that,  because S is invariant under a lattice translation 
with ~ sitting on the lattice sites, the momentum 
space forms a hypertorus,  T 3 , which is the Brillouin 
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co(n = 0, cr 3 = - 1  ,P3) = -+P3 • 

The eigenfunction takes the form 

qbncr3(X ) = Nno  3 exp(- iP2x2 - ie3x3 ) 

(7) 

(s) 

n~2 ~ n:n[:O 

~ P3 

n=2 

Fig. 2. Dispersion law for the  RH Weyl fermion in 3 + l di- 
mensions in the presence of  a magnetic  field in the x 3-direc- 
tion. 

× exp[-~eH(x 1 +P2/eH)2IHn(X 1 +P2/eH)x(o3),  
(9) 

with Nno 3 as the normalization constant.  Here X(o3) 
denotes the eigenfunctions of  the Pauli spin o 3 which 
carl be taken as X(1) = (1) and X(-1)  = (~). The solu- 
tion of  (4) is obtained by inserting (9) into (6). This 
leads to the relations 

~J~ff +1'O3= 1) =(jWn+l,o.3=_l/N,tr3=l)l~/(R t'/'O'3=1), 

for n = 0, 1 . . . . .  

amt 

~ ( n = 0 , o 3 = - l )  = 0, with co = - P 3  • 
R 

Thus the energy levels o f  CR are (4) and 

co(r/ = 0, a 3 = --1 ,P3)  =P3 " (10) 

The dispersion laws (7) and (10) are shown in fig. 2. 
Next a uniform electric field is turned on along the 

third direction parallel to H. As for the zero mode 
(n = 0, a 3 = - 1 )  the dispersion law is the same as 
that for 1 + 1 dimensions and the creation rate of  the 
particles is calculated in a similar manner. It should 
be noticed that when E is on adiabatically there is no 
particle creation in the n v s 0 modes. The density of  
the state per length L isLeH/4zr 2 and the creation 
rate (the ABJ anomaly) is given by 

NR = L -  l(LeH/47r2)cofs(n = 0, o 3 = - 1  ' P3 )  

= (e2[4rr2)EH, (11) 

which equals to OR'  

For  the LH fermions the annihilation rate of  the 
LH particles is 

NL = -(e2/41r2)EH' (12) 

and the creation rate of  the LH antiparticles is 

NL = (e2 /47r2)EH , (13) 

which is 0 L . 
We then have for the Dirac field 

X;R + NL = (e2/2,~2)~/-/. 
that gives 0 5  = (eZ/2rr2)EH. 

3. Consider next  the hamiltonian version of  a 
general lattice regularized two-component  chiral fer- 
mion theory described by an N component  fermion 
field ffk. We further assume the locality and hermici- 
ty conditions for the hamiltonian. The action is given 
by 

N 
S - i f d t ~  ~ + = ~k (na) ~/k(na) 

n k=l  

- f d ,  1 3 2  Z:  - n m k l  
Here n denotes the set o f  integers, a the lattice spacing 
and H a local and harmitian N × N hamiltonian. A 
characteristic feature of  the lattice fermion theory is 
that,  because S is invariant under a lattice translation 
with ~ sitting on the lattice sites, the momentum 
space forms a hypertorus,  T 3 , which is the Brillouin 
zone. 
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MHD equations with chiral magnetic effect = chiral MHD
The dynamical degrees of freedom: 
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Maxwell eq. : 

Navier-Stokes eq. :

Continuity eq. :
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MHD equations with chiral magnetic effect = chiral MHD
The dynamical degrees of freedom: 
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Solve them in the initial condition,  
 - Magnetic fields … Maximally helical, peaked at a relatively large scale. 
 - chiral asymmetry … opposite sign to the magnetic helicity to cancel. 
                                  uniformly distributed.  
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A typical evolution we obtained.
9

FIG. 3. Magnetic energy (solid lines) and normalized helicity
spectra kHM(k)/2 (dotted lines with red and blue symbols for
positive and negative helicity spectra, respectively) for Run O
at times η = 0.3, 460, 1500, 4600, 15,000, and 46,000. The
peaks kI (peaks of the red curves) and kII (peaks of the blue
curves) evolve underneath the envelopes ∝ k3/2 and ∝ k8/3,
respectively.

FIG. 4. Comparison of kI (red), k± (orange), and kII (blue)
for Run O. The dashed-dotted line indicates η−4/9. The green
dashed line shows ⟨µ5⟩ and the green dotted line shows the
rms value µrms

5 .

we change kI and keep k50 fixed, and others where we
change k50 and keep k0 fixed. It both cases, of course,
since we want to satisfy ⟨µ5⟩+ ⟨µM⟩ = const, we need to
adjust the amplitude of the initial magnetic field corre-
spondingly. The results are summarized in Table II and
plotted in Figs. 6 and 7.

One may presume that η(i)± is roughly estimated by
ηCPI since the grow of negative helicity modes becomes

effective at that time. We see, however, that, while η(i)±

decreases quadratically with increasing |µ50|, the depen-
dence on ηCPI = σµ−2

50 is shallower than linear and fol-

lows approximately an η2/3CPI scaling; see Fig. 6. Thus,
kII starts to decline more rapidly when |µ50| is large, al-

FIG. 5. Similarly to Fig. 4, but for Run I. The red dashed-
dotted line indicates here the η−1/3 scaling, which describes
the kI scaling better than the η−4/9 scaling indicated by the
red dotted line. The orange and red dots indicate the cross-
ings of the extrapolated tangents on which the times η(i)

± , ηI,

and η(ii)
± are based.

FIG. 6. Dependence of η(i)
± , ηI, and η(ii)

± on ηCPI. η
(i)
± shows

an approximate η2/3
CPI dependence along two branches that are

separated by a factor of about 6. ηI and η(ii)
± are essentially

independent of ηCPI. The inset shows that η(i)
± scales inverse

quadratically with |µ50|.

though it is unclear why this exponent is here ≈ 2/3.
On the other hand, we see that the five data points with
k1 = 0.01 (Runs L, M, N, J, and J” with smaller |µ50|)
lie on another η2/3CPI line that is shifted upward by a fac-
tor of about 6 relative to the runs with larger k1. The
reason for this is that for large values of ηCPI, it became
necessary to decrease the value of k1. This decreased
the Nyquist wave number since N remained unchanged,
which can cause artifacts in the values of k±. Small val-
ues of k1 also facilitates the η4/9 scaling of ξM and related
length scales; see the comparison between Runs N and N’

(’23 Brandenburg, KK+)
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FIG. 7. Dependence of ηI ≈ η(ii)
± and η(i)

± on (a) ηturb and
(b) ηλ, as well as (c) the dependence of ηturb on ηλ.

in Table II. This shows that η(i)± is currently very sensi-
tive to these restrictions which will be alleviated in future
with larger computational power. Nevertheless, there is

clearly a trend for an uprise in the dependence of η(i)± on
ηCPI for large values.

Next, we examine the dependence of ηI and η(ii)± on k0
and µ50. Figure 6 shows that the time ηI of the onset of
the decline of kI does not strongly depend on the value of

µ50. Likewise, the time η(ii)± when the decay of kII slows
down, does not strongly depend on µ50. Again, however,
there is an upward shift of data points for the four runs,
for which k1 = 0.01. As discussed in Sec. II E, we expect
that ηI is close to ηturb and ηλ. The upper two panels of

Fig. 7 show the dependence of η(i)± , ηI, and η(ii)± on ηturb
and ηλ, respectively. From these plots, we estimate that

ηI ≈ 1.4 ηturb ≈ 2.2 ηλ. (34)

In the lowest panel of Fig. 7, we also show the relation
between ηturb and ηλ, i.e.,

ηturb ≈ 1.6 ηλ, (35)

which shows the validity of the estimate of umax
rms in terms

of ṽλ. Equation (34) is useful for estimating the prop-
erties of magnetic field strength and coherence length at
later times. Therefore, we conclude that the numerical

FIG. 8. Comparison of ⟨µ±

M⟩ for Run II (red lines), Run J
(blue lines), and Run G (orange lines). The times ηACC are
marked by the correspondingly colored filled symbol at the
crossing points of the extrapolated η−2/3 decay law with the
initially constant values, indicated by dotted line. The η−4/3

decay law ⟨µ−

M⟩ is shown as the dashed-dotted line.

results support, at least for a moderate scale separation,
1 < |µ50|/k0 ! O(10), the theoretical estimate for the
evolution of the characteristic scales given in Sec. II E
with a more accurate determination of the time of the
onset of the scaling evolution, Eq. (34).

D. Evolution of ⟨µ5⟩ and ⟨µ±

M⟩

We now discuss how the chirality of the system evolves.
Using Eqs. (18) and (19), we divide the magnetic helicity
into ⟨µ+

M⟩ and ⟨µ−

M⟩. The typical evolution of ⟨µ5⟩ and
⟨µ±

M⟩ is as follows. (i) ⟨µ5⟩ and ⟨µ+
M⟩ stay constant until

the time η = ηµ+
M
, when the ACC commences exhibiting

a power law decay. (ii) ⟨µ−

M⟩ grows until the time η = ηµ−
M

and then decays.
As discussed in Sec. II E, the decay of ⟨µ5⟩ and ⟨µ+

M⟩
due to the ACC is expected to be like η−2/3. In Fig. 8,
we have overplotted the asymptotic η−2/3 decay laws of
magnetic helicity with results of some of the representa-
tive numerical runs (Runs II, J, and G), which clearly
shows that the numerical results support the theoretical
prediction.
The decay of ⟨µ−

M⟩ is faster than that of ⟨µ5⟩ and ⟨µ+
M⟩

and follows an approximate η−4/3 law, resulting in a de-
cay of the ratio ⟨µ−

M⟩/⟨µ+
M⟩ ∝ η−2/3. Therefore, unless

⟨µ−

M⟩ becomes comparable to ⟨µ+
M⟩ when the grow stops,

a complete cancellation between ⟨µ−

M⟩ and ⟨µ+
M⟩ never

occurs.
The production of ⟨µ−

M⟩ is expected to be a result of
the CPI. We now address the question of how much ⟨µ−

M⟩
is being produced and what its maximum value depends
on. Figure 8 shows that ⟨µ−

M⟩ is generally rather small,

(’23 Brandenburg, KK+)
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A typical evolution we obtained.
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positive and negative helicity spectra, respectively) for Run O
at times η = 0.3, 460, 1500, 4600, 15,000, and 46,000. The
peaks kI (peaks of the red curves) and kII (peaks of the blue
curves) evolve underneath the envelopes ∝ k3/2 and ∝ k8/3,
respectively.

FIG. 4. Comparison of kI (red), k± (orange), and kII (blue)
for Run O. The dashed-dotted line indicates η−4/9. The green
dashed line shows ⟨µ5⟩ and the green dotted line shows the
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we change kI and keep k50 fixed, and others where we
change k50 and keep k0 fixed. It both cases, of course,
since we want to satisfy ⟨µ5⟩+ ⟨µM⟩ = const, we need to
adjust the amplitude of the initial magnetic field corre-
spondingly. The results are summarized in Table II and
plotted in Figs. 6 and 7.

One may presume that η(i)± is roughly estimated by
ηCPI since the grow of negative helicity modes becomes

effective at that time. We see, however, that, while η(i)±

decreases quadratically with increasing |µ50|, the depen-
dence on ηCPI = σµ−2
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lows approximately an η2/3CPI scaling; see Fig. 6. Thus,
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CPI dependence along two branches that are
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± are essentially

independent of ηCPI. The inset shows that η(i)
± scales inverse

quadratically with |µ50|.

though it is unclear why this exponent is here ≈ 2/3.
On the other hand, we see that the five data points with
k1 = 0.01 (Runs L, M, N, J, and J” with smaller |µ50|)
lie on another η2/3CPI line that is shifted upward by a fac-
tor of about 6 relative to the runs with larger k1. The
reason for this is that for large values of ηCPI, it became
necessary to decrease the value of k1. This decreased
the Nyquist wave number since N remained unchanged,
which can cause artifacts in the values of k±. Small val-
ues of k1 also facilitates the η4/9 scaling of ξM and related
length scales; see the comparison between Runs N and N’
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in Table II. This shows that η(i)± is currently very sensi-
tive to these restrictions which will be alleviated in future
with larger computational power. Nevertheless, there is

clearly a trend for an uprise in the dependence of η(i)± on
ηCPI for large values.

Next, we examine the dependence of ηI and η(ii)± on k0
and µ50. Figure 6 shows that the time ηI of the onset of
the decline of kI does not strongly depend on the value of

µ50. Likewise, the time η(ii)± when the decay of kII slows
down, does not strongly depend on µ50. Again, however,
there is an upward shift of data points for the four runs,
for which k1 = 0.01. As discussed in Sec. II E, we expect
that ηI is close to ηturb and ηλ. The upper two panels of

Fig. 7 show the dependence of η(i)± , ηI, and η(ii)± on ηturb
and ηλ, respectively. From these plots, we estimate that

ηI ≈ 1.4 ηturb ≈ 2.2 ηλ. (34)

In the lowest panel of Fig. 7, we also show the relation
between ηturb and ηλ, i.e.,

ηturb ≈ 1.6 ηλ, (35)

which shows the validity of the estimate of umax
rms in terms

of ṽλ. Equation (34) is useful for estimating the prop-
erties of magnetic field strength and coherence length at
later times. Therefore, we conclude that the numerical

FIG. 8. Comparison of ⟨µ±
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crossing points of the extrapolated η−2/3 decay law with the
initially constant values, indicated by dotted line. The η−4/3

decay law ⟨µ−

M⟩ is shown as the dashed-dotted line.

results support, at least for a moderate scale separation,
1 < |µ50|/k0 ! O(10), the theoretical estimate for the
evolution of the characteristic scales given in Sec. II E
with a more accurate determination of the time of the
onset of the scaling evolution, Eq. (34).

D. Evolution of ⟨µ5⟩ and ⟨µ±

M⟩

We now discuss how the chirality of the system evolves.
Using Eqs. (18) and (19), we divide the magnetic helicity
into ⟨µ+

M⟩ and ⟨µ−

M⟩. The typical evolution of ⟨µ5⟩ and
⟨µ±

M⟩ is as follows. (i) ⟨µ5⟩ and ⟨µ+
M⟩ stay constant until

the time η = ηµ+
M
, when the ACC commences exhibiting

a power law decay. (ii) ⟨µ−

M⟩ grows until the time η = ηµ−
M

and then decays.
As discussed in Sec. II E, the decay of ⟨µ5⟩ and ⟨µ+

M⟩
due to the ACC is expected to be like η−2/3. In Fig. 8,
we have overplotted the asymptotic η−2/3 decay laws of
magnetic helicity with results of some of the representa-
tive numerical runs (Runs II, J, and G), which clearly
shows that the numerical results support the theoretical
prediction.
The decay of ⟨µ−

M⟩ is faster than that of ⟨µ5⟩ and ⟨µ+
M⟩

and follows an approximate η−4/3 law, resulting in a de-
cay of the ratio ⟨µ−

M⟩/⟨µ+
M⟩ ∝ η−2/3. Therefore, unless

⟨µ−

M⟩ becomes comparable to ⟨µ+
M⟩ when the grow stops,

a complete cancellation between ⟨µ−

M⟩ and ⟨µ+
M⟩ never

occurs.
The production of ⟨µ−

M⟩ is expected to be a result of
the CPI. We now address the question of how much ⟨µ−

M⟩
is being produced and what its maximum value depends
on. Figure 8 shows that ⟨µ−

M⟩ is generally rather small,

(’23 Brandenburg, KK+)

- Negative helicity modes are amplified similar to the chiral plasma instability, but weak.  
- Inverse cascade for long-wave length positive helicity mode  
  with the conservation of (adapted) Hosking integral 
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Hosking integral and use it as finite, gauge-invariant, and conserved quantity for the case hhi = 0. Its gauge-
invariance and conservation are observed numerically in Ref. [36], where they identify IHV,W

as Hosking integral, by taking V to be the simulation box size and W to be a sufficiently
large volume. As is clear from the above discussion for the justification, Hosking integral IH
quantifies the local fluctuations of magnetic helicity from zero, as seen in Fig. 13.

Volume-filling factor

hV

�h� = 0 measured by IH
� B2�M

(a) (b)

Figure 13: (a) The probability distribution or the volume-filling factor of magnetic helicity
density. It fluctuates around the expectation value hhi. The deviation from hhi is typically of
the order of B2

⇠M, as shown in Eq. (C.30). When hhi = 0, Hosking integral IH has a physical
meaning that it measures the fluctuation. (b) Spatial distribution of magnetic helicity density.
Local structures such as links or anti-links contribute to positive or negative magnetic helicity
density in the local regions.

One can estimate the value of IH in terms of B and ⇠M [33]. Since the two-point function
of magnetic helicity density in the integrand of the expression (C.18) is essentially the four-
point function of the magnetic field, we can decompose it into products of two-point functions
of the magnetic field that are characterized by B and ⇠M if we assume quasi-Gaussianity in
the Fourier space [22]. By inserting volume averaging that does not affect ensemble averaging,
which is position-independent, we find an expression in the Fourier space,

IH =

Z
d
3
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(2⇡)3
hAi(k)Bi(�k)Aj(p)Bj(�p)i, (C.23)

where V = (2⇡)2�3(k = 0) formally denotes the volume of the whole space. By assuming
quasi-Gaussianity and using isotropy, Eqs. (??) and (??), the integrand of Eq. (C.23) is
decomposed as

hAi(k)Bi(�k)Aj(p)Bj(�p)i = hAi(k)Bi(�k)ihAj(p)Bj(�p)i
+ hAi(k)Aj(p)ihBi(�k)Bj(�p)i
+ hAi(k)Bj(�p)ihBi(�k)Aj(p)i

– 52 –

~ Two-point function of helicity
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peak = const.
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Its conservation explains the inverse cascade for the non-helical MFs

3

FIG. 1: EK(k, t) for different t in HD DNS (a), compared with EM (solid red) and EK (dashed blue) in MHD without helicity
(b), and with (c). Panels (d)–(f) show collapsed spectra using β = 3 (d), β = 1 (e), and β = 0 (f).

FIG. 2: pq diagrams for cases (i)–(iii). Open (closed) symbols correspond to i = K (M) and their sizes increase with time.

law with p = 6/5, corresponding to q = 2/5 and β = 2
has been favored by Saffman [29], while experiments and
simulations suggest p = 5/4 [26, 30].
In case (ii), the solution evolves along β = 1 toward

q = 1/2; see Figs. 2(b) and (e). This is compatible with
the conservation of ⟨A2

2D⟩, where A2D is the component
of A which describes the 2D magnetic field in the plane

TABLE I: Scaling exponents and relation to physical invari-
ants and their dimensions.

β p q inv. dim.

4 10/7 ≈ 1.43 2/7 ≈ 0.286 L [x]7[t]−2

3 8/6 ≈ 1.33 2/6 ≈ 0.333

2 6/5 = 1.20 2/5 = 0.400

1 4/4 = 1.00 2/4 = 0.500 ⟨A2
2D⟩ [x]4[t]−2

0 2/3 ≈ 0.67 2/3 ≈ 0.667 ⟨A ·B⟩ [x]3[t]−2

−1 0/2 = 0.00 2/1 = 1.000

perpendicular to the local intermediate eigenvector of the
rate-of-strain matrix S; see the supplemental material of
[23] for details, and also [31]. The motivation for apply-
ing 2D arguments to 3D comes from the fact that for
sufficiently strong magnetic fields the dynamics tends to
become locally 2D in the plane perpendicular to the lo-
cal field. This allows one to compute A in a gauge that
projects out contributions perpendicular to the interme-
diate eigenvector of S.

In case (iii) the solution evolves along β = 0 toward
q = 2/3; see Figs. 2(c) and (f). This means that the spec-
trum shifts just in k, while the amplitude of EM does not
change, as can be seen from Fig. 1(c). This is consistent
with the invariance of ⟨A ·B⟩; see Ref. [3].

Next, we investigate cases with α < 4. In the helical
case with α = 2 we see that the subinertial range spec-
trum quickly steepens and approaches α∗ = 4 ̸= α; see
Figs. 3(a)–(c). For α = −1, which is a scale-invariant
spectrum, the spectral energy remains nearly unchanged
at small k, but the magnetic energy still decays due to

’17 Brandenburg & Kahniashvili
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Hosking integral and use it as finite, gauge-invariant, and conserved quantity for the case hhi = 0. Its gauge-
invariance and conservation are observed numerically in Ref. [36], where they identify IHV,W

as Hosking integral, by taking V to be the simulation box size and W to be a sufficiently
large volume. As is clear from the above discussion for the justification, Hosking integral IH
quantifies the local fluctuations of magnetic helicity from zero, as seen in Fig. 13.
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Figure 13: (a) The probability distribution or the volume-filling factor of magnetic helicity
density. It fluctuates around the expectation value hhi. The deviation from hhi is typically of
the order of B2

⇠M, as shown in Eq. (C.30). When hhi = 0, Hosking integral IH has a physical
meaning that it measures the fluctuation. (b) Spatial distribution of magnetic helicity density.
Local structures such as links or anti-links contribute to positive or negative magnetic helicity
density in the local regions.

One can estimate the value of IH in terms of B and ⇠M [33]. Since the two-point function
of magnetic helicity density in the integrand of the expression (C.18) is essentially the four-
point function of the magnetic field, we can decompose it into products of two-point functions
of the magnetic field that are characterized by B and ⇠M if we assume quasi-Gaussianity in
the Fourier space [22]. By inserting volume averaging that does not affect ensemble averaging,
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where V = (2⇡)2�3(k = 0) formally denotes the volume of the whole space. By assuming
quasi-Gaussianity and using isotropy, Eqs. (??) and (??), the integrand of Eq. (C.23) is
decomposed as

hAi(k)Bi(�k)Aj(p)Bj(�p)i = hAi(k)Bi(�k)ihAj(p)Bj(�p)i
+ hAi(k)Aj(p)ihBi(�k)Bj(�p)i
+ hAi(k)Bj(�p)ihBi(�k)Aj(p)i
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~ Two-point function of helicity
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Its conservation explains the inverse cascade for the non-helical MFs
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FIG. 3. Magnetic energy (solid lines) and normalized helicity
spectra kHM(k)/2 (dotted lines with red and blue symbols for
positive and negative helicity spectra, respectively) for Run O
at times η = 0.3, 460, 1500, 4600, 15,000, and 46,000. The
peaks kI (peaks of the red curves) and kII (peaks of the blue
curves) evolve underneath the envelopes ∝ k3/2 and ∝ k8/3,
respectively.

FIG. 4. Comparison of kI (red), k± (orange), and kII (blue)
for Run O. The dashed-dotted line indicates η−4/9. The green
dashed line shows ⟨µ5⟩ and the green dotted line shows the
rms value µrms

5 .

we change kI and keep k50 fixed, and others where we
change k50 and keep k0 fixed. It both cases, of course,
since we want to satisfy ⟨µ5⟩+ ⟨µM⟩ = const, we need to
adjust the amplitude of the initial magnetic field corre-
spondingly. The results are summarized in Table II and
plotted in Figs. 6 and 7.

One may presume that η(i)± is roughly estimated by
ηCPI since the grow of negative helicity modes becomes

effective at that time. We see, however, that, while η(i)±

decreases quadratically with increasing |µ50|, the depen-
dence on ηCPI = σµ−2

50 is shallower than linear and fol-

lows approximately an η2/3CPI scaling; see Fig. 6. Thus,
kII starts to decline more rapidly when |µ50| is large, al-

FIG. 5. Similarly to Fig. 4, but for Run I. The red dashed-
dotted line indicates here the η−1/3 scaling, which describes
the kI scaling better than the η−4/9 scaling indicated by the
red dotted line. The orange and red dots indicate the cross-
ings of the extrapolated tangents on which the times η(i)

± , ηI,

and η(ii)
± are based.

FIG. 6. Dependence of η(i)
± , ηI, and η(ii)

± on ηCPI. η
(i)
± shows

an approximate η2/3
CPI dependence along two branches that are

separated by a factor of about 6. ηI and η(ii)
± are essentially

independent of ηCPI. The inset shows that η(i)
± scales inverse

quadratically with |µ50|.

though it is unclear why this exponent is here ≈ 2/3.
On the other hand, we see that the five data points with
k1 = 0.01 (Runs L, M, N, J, and J” with smaller |µ50|)
lie on another η2/3CPI line that is shifted upward by a fac-
tor of about 6 relative to the runs with larger k1. The
reason for this is that for large values of ηCPI, it became
necessary to decrease the value of k1. This decreased
the Nyquist wave number since N remained unchanged,
which can cause artifacts in the values of k±. Small val-
ues of k1 also facilitates the η4/9 scaling of ξM and related
length scales; see the comparison between Runs N and N’

(’23 Brandenburg, KK+)

At large scale, magnetic helicity is not conserved,  
but Hosking integral for the total chirality             is conserved.
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A typical evolution we obtained.
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FIG. 3. Magnetic energy (solid lines) and normalized helicity
spectra kHM(k)/2 (dotted lines with red and blue symbols for
positive and negative helicity spectra, respectively) for Run O
at times η = 0.3, 460, 1500, 4600, 15,000, and 46,000. The
peaks kI (peaks of the red curves) and kII (peaks of the blue
curves) evolve underneath the envelopes ∝ k3/2 and ∝ k8/3,
respectively.

FIG. 4. Comparison of kI (red), k± (orange), and kII (blue)
for Run O. The dashed-dotted line indicates η−4/9. The green
dashed line shows ⟨µ5⟩ and the green dotted line shows the
rms value µrms
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we change kI and keep k50 fixed, and others where we
change k50 and keep k0 fixed. It both cases, of course,
since we want to satisfy ⟨µ5⟩+ ⟨µM⟩ = const, we need to
adjust the amplitude of the initial magnetic field corre-
spondingly. The results are summarized in Table II and
plotted in Figs. 6 and 7.

One may presume that η(i)± is roughly estimated by
ηCPI since the grow of negative helicity modes becomes

effective at that time. We see, however, that, while η(i)±

decreases quadratically with increasing |µ50|, the depen-
dence on ηCPI = σµ−2

50 is shallower than linear and fol-

lows approximately an η2/3CPI scaling; see Fig. 6. Thus,
kII starts to decline more rapidly when |µ50| is large, al-

FIG. 5. Similarly to Fig. 4, but for Run I. The red dashed-
dotted line indicates here the η−1/3 scaling, which describes
the kI scaling better than the η−4/9 scaling indicated by the
red dotted line. The orange and red dots indicate the cross-
ings of the extrapolated tangents on which the times η(i)

± , ηI,

and η(ii)
± are based.

FIG. 6. Dependence of η(i)
± , ηI, and η(ii)

± on ηCPI. η
(i)
± shows

an approximate η2/3
CPI dependence along two branches that are

separated by a factor of about 6. ηI and η(ii)
± are essentially

independent of ηCPI. The inset shows that η(i)
± scales inverse

quadratically with |µ50|.

though it is unclear why this exponent is here ≈ 2/3.
On the other hand, we see that the five data points with
k1 = 0.01 (Runs L, M, N, J, and J” with smaller |µ50|)
lie on another η2/3CPI line that is shifted upward by a fac-
tor of about 6 relative to the runs with larger k1. The
reason for this is that for large values of ηCPI, it became
necessary to decrease the value of k1. This decreased
the Nyquist wave number since N remained unchanged,
which can cause artifacts in the values of k±. Small val-
ues of k1 also facilitates the η4/9 scaling of ξM and related
length scales; see the comparison between Runs N and N’

(’23 Brandenburg, KK+)
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FIG. 7. Dependence of ηI ≈ η(ii)
± and η(i)

± on (a) ηturb and
(b) ηλ, as well as (c) the dependence of ηturb on ηλ.

in Table II. This shows that η(i)± is currently very sensi-
tive to these restrictions which will be alleviated in future
with larger computational power. Nevertheless, there is

clearly a trend for an uprise in the dependence of η(i)± on
ηCPI for large values.

Next, we examine the dependence of ηI and η(ii)± on k0
and µ50. Figure 6 shows that the time ηI of the onset of
the decline of kI does not strongly depend on the value of

µ50. Likewise, the time η(ii)± when the decay of kII slows
down, does not strongly depend on µ50. Again, however,
there is an upward shift of data points for the four runs,
for which k1 = 0.01. As discussed in Sec. II E, we expect
that ηI is close to ηturb and ηλ. The upper two panels of

Fig. 7 show the dependence of η(i)± , ηI, and η(ii)± on ηturb
and ηλ, respectively. From these plots, we estimate that

ηI ≈ 1.4 ηturb ≈ 2.2 ηλ. (34)

In the lowest panel of Fig. 7, we also show the relation
between ηturb and ηλ, i.e.,

ηturb ≈ 1.6 ηλ, (35)

which shows the validity of the estimate of umax
rms in terms

of ṽλ. Equation (34) is useful for estimating the prop-
erties of magnetic field strength and coherence length at
later times. Therefore, we conclude that the numerical

FIG. 8. Comparison of ⟨µ±

M⟩ for Run II (red lines), Run J
(blue lines), and Run G (orange lines). The times ηACC are
marked by the correspondingly colored filled symbol at the
crossing points of the extrapolated η−2/3 decay law with the
initially constant values, indicated by dotted line. The η−4/3

decay law ⟨µ−

M⟩ is shown as the dashed-dotted line.

results support, at least for a moderate scale separation,
1 < |µ50|/k0 ! O(10), the theoretical estimate for the
evolution of the characteristic scales given in Sec. II E
with a more accurate determination of the time of the
onset of the scaling evolution, Eq. (34).

D. Evolution of ⟨µ5⟩ and ⟨µ±

M⟩

We now discuss how the chirality of the system evolves.
Using Eqs. (18) and (19), we divide the magnetic helicity
into ⟨µ+

M⟩ and ⟨µ−

M⟩. The typical evolution of ⟨µ5⟩ and
⟨µ±

M⟩ is as follows. (i) ⟨µ5⟩ and ⟨µ+
M⟩ stay constant until

the time η = ηµ+
M
, when the ACC commences exhibiting

a power law decay. (ii) ⟨µ−

M⟩ grows until the time η = ηµ−
M

and then decays.
As discussed in Sec. II E, the decay of ⟨µ5⟩ and ⟨µ+

M⟩
due to the ACC is expected to be like η−2/3. In Fig. 8,
we have overplotted the asymptotic η−2/3 decay laws of
magnetic helicity with results of some of the representa-
tive numerical runs (Runs II, J, and G), which clearly
shows that the numerical results support the theoretical
prediction.
The decay of ⟨µ−

M⟩ is faster than that of ⟨µ5⟩ and ⟨µ+
M⟩

and follows an approximate η−4/3 law, resulting in a de-
cay of the ratio ⟨µ−

M⟩/⟨µ+
M⟩ ∝ η−2/3. Therefore, unless

⟨µ−

M⟩ becomes comparable to ⟨µ+
M⟩ when the grow stops,

a complete cancellation between ⟨µ−

M⟩ and ⟨µ+
M⟩ never

occurs.
The production of ⟨µ−

M⟩ is expected to be a result of
the CPI. We now address the question of how much ⟨µ−

M⟩
is being produced and what its maximum value depends
on. Figure 8 shows that ⟨µ−

M⟩ is generally rather small,

(’23 Brandenburg, KK+)

- The magnetic helicity and chirality shows a power-law decay  
- The power-law decay starts at               when the CME part for the initial spectrum  
  becomes important in Maxwell eq.
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For the typical parameter BAU is solely explained by helicity decay
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Figure 1: A graphical representation of the conversion from hypermagnetic field BY into elec-

tromagnetic field Bem during the EW crossover. The (blue) parabolas indicate the curvature of

the thermal e↵ective potential. The weak mixing angle ✓W(t) measures the separation of the flat

direction (massless field degree of freedom) and the U(1)Y axis.

evolution of the massless field degree of freedom, we have reduced the problem to a single degree

of freedom as represented by the classical vector field Aµ(x).

The Ansatz (2.3) is represented graphically in Fig. 1, which illustrates the conversion from

hypermagnetic field to electromagnetic field. Here we denote the magnetic field of a gauge field Y

as BY ⌘ r⇥Y. We have drawn the figure so as to suggest that |BA| does not decrease appreciably

during the EW crossover. As we will explain later, this is the case because Aµ evolves slowly

according to the cosmic expansion and the inverse cascade.

Having generalized the gauge field Ansatz from our earlier work, we are now prepared to

revisit the calculation of source terms (2.2). Using the Ansatz in Eq. (2.3), the source terms can

be written as
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µ⌫ + 2
d✓W

dt
cos 2✓W(t)�0µA⌫Ã

µ⌫
⌘

(2.4c)

where Aµ⌫ is the field strength tensor associated with Aµ(x), and Ã
µ⌫ = ✏µ⌫⇢�A⇢�/2 is the dual
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Figure 1: A graphical representation of the conversion from hypermagnetic field BY into elec-

tromagnetic field Bem during the EW crossover. The (blue) parabolas indicate the curvature of

the thermal e↵ective potential. The weak mixing angle ✓W(t) measures the separation of the flat

direction (massless field degree of freedom) and the U(1)Y axis.

evolution of the massless field degree of freedom, we have reduced the problem to a single degree

of freedom as represented by the classical vector field Aµ(x).

The Ansatz (2.3) is represented graphically in Fig. 1, which illustrates the conversion from

hypermagnetic field to electromagnetic field. Here we denote the magnetic field of a gauge field Y

as BY ⌘ r⇥Y. We have drawn the figure so as to suggest that |BA| does not decrease appreciably

during the EW crossover. As we will explain later, this is the case because Aµ evolves slowly

according to the cosmic expansion and the inverse cascade.

Having generalized the gauge field Ansatz from our earlier work, we are now prepared to

revisit the calculation of source terms (2.2). Using the Ansatz in Eq. (2.3), the source terms can

be written as
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where Aµ⌫ is the field strength tensor associated with Aµ(x), and Ã
µ⌫ = ✏µ⌫⇢�A⇢�/2 is the dual
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Figure 1: Estimates of the parameter region where the yield parameter ¬ [see Eqs. (2.25) and (2.31)] is of the right order of magnitude

for successful baryogenesis (see Secs. 4.2 and 4.3). The contour lines indicate where in parameter space we expect ¬= 10°7.5, while

the shaded bands cover the corresponding range from ¬= 10°8 to ¬= 10°7. Here, larger values of Hend correspond to larger values

of ¬, according to the scaling law ¬/ H
3/2
end for fixed ª [see Eqs. (2.23) and (2.31)]. We compare the equilibrium estimate (blue) and

maximal estimate (red) in the magnetic picture [36] to the GEF estimate (black) in the electric picture [38] for different values of the

damping factor ¢ [see Eq. (2.36)]. The reheating temperature Trh follows from the Hubble rate Hend according to Eq. (2.23).

this set of equations can be solved numerically in order to obtain an estimate for hE ·Bi. The outcome of this

exercise is shown in Fig. 1, which illustrates the dependence of the equilibrium estimate for the dimensionless

yield parameter ¬ on the gauge-field production parameter ª and Hubble rate H , where we used that

¬ª° ÆY

3º
hE ·Bi
a4HT 3

ØØØØ
end

. (2.31)

Our numerical results shown in Fig. 1 also take into account the running of the SM hypercharge gauge cou-

pling constant gY in a self-consistent way, such that gY in Eq. (2.29) is always evaluated at the appropriate

renormalization scale characterizing the energy content of the gauge field, µ=
°
E

2/2+B
2/2

¢1/4 /a.

In addition, we include in Fig. 1 a second estimate that can be derived in the magnetic picture and which

we will refer to as the maximal estimate [36]. This estimate is based on the evolution equation for the energy

density of the electromagnetic field, which contains an additional source term in the presence of the axion,

µ
1
a
@ø+4H

∂
E

2 +B
2

2a4 = 2H
ªeff EB

a4 . (2.32)
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would be su�cient to be the seed magnetic fields for the magnetic fields in the galaxy and
galaxy cluster [90].

Figure 3. Constraints on the magnetic fields at the EWSB, (5.3) and (5.4) in terms of the physical
quantities (Left) and those on the present magnetic fields, Eqs. (5.6) and (5.7) (Right) are shown. The
navy line in the right panel is the lower bounds of the IGMFs suggested by the blazar observations [44]
with an extrapolation (dotted line). In both panels, the gray shaded regions are the parameter spaces
that are inconsistent with the MHD. The green shaded regions are the allowed parameter spaces for
the delta-function model, while the yellow shaded regions are those for the power-law model with
↵ = 0.

Figures 3 exhibit quite di�erent allowed regions compared with Fig. 1 because the net
baryon asymmetry is fixed independently of the properties of the magnetic fields. Since
weaker magnetic fields that cannot generate the observed BAU is now allowed, viable pa-
rameter spaces are widely open. However, since the baryon isocurvature perturbation is
mainly carried by the non-helical part of the hypermagnetic fields, the constraints do not
change much for the stronger magnetic fields that can generate correct amount of the BAU,
which lie on the line that is determined by the eddy turnover scale (Eq. (3.13)).

Thus far we have not discussed the inflationary magnetogenesis that may have generated
a relatively flat spectrum ↵ < �4 up to the Mpc scales today with a comoving infrared cuto�
H0 < kIR < kd with H0 being the present Hubble parameter. In this case, we can write the
power spectrum as

S(k) =
(BIR

c,fo)
2

k
5
IR

✓
k

kIR

◆↵

exp

"
�
✓

k

k�

◆2
#
. (5.8)

with ✏fo = 0. Here B
IR
c,fo represents the magnetic field strength at the infrared cuto�. In a

similar way that is discussed in Eq. (4.15), we can evaluate the volume average of the baryon
isocurvature perturbation as

S
2
B,BBN ⇠

C2(BIR
c,fo)

4

⌘
2
Bk

2
IR

, (5.9)

which is almost equal to those for the delta-function like model or the power law with expo-
nential cuto� model. Therefore, we can conclude that even in this case, the magnetic field

– 24 –
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Still difficult to reconcile the BAU and intergalactic MFs…

’16 KK & Long, ’24 Uchida, KK+ to appear 

But primordial MFs are interesting as the origin of BAU. 
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Summary
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- B+L genesis has been thought not to be a viable baryogenesis model  
  due to the sphaleron washout.

- Pseudoscalar inflation with helical hyper magnetogenesis generates  
  B+L asymmetry. But it is irrelevant for the present BAU?  

- No. BAU can be generated by the hypermagnetic helicity decay.

(- Baryogenesis from hypermagnetic helicity decay also predicts the baryon  
    isocurvature perturbation, which constrains even non-helical magnetogenesis.)

- BAU-helicity annihilation is a possible night-mare in this scenario,  
  but it seems to be so worrisome. 

- Definite prediction to the IGMFs, but lower than the blazar lower bound. 
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- Baryogenesis/Leptogenesis from helical GWs? 
See, however, my new paper with Jun’ya Kume @Padua


