
Fast radio bursts from magnetars

Andrei Beloborodov



   FRBs:
• GHz band

<latexit sha1_base64="Z7Gws3GedMmk+zXS0gh9YOQEiho=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCC6mJFnVZdOOygn1AE8tkOmmHzkzCzESoIfgrblwo4tb/cOffOG2z0NYDFw7n3Mu99wQxo0o7zrdVWFhcWl4prpbW1jc2t+ztnaaKEolJA0csku0AKcKoIA1NNSPtWBLEA0ZawfB67LceiFQ0End6FBOfo76gIcVIG6lr77nOfVo9y7zj1JMcEtk/UVnXLjsVZwI4T9yclEGOetf+8noRTjgRGjOkVMd1Yu2nSGqKGclKXqJIjPAQ9UnHUIE4UX46uT6Dh0bpwTCSpoSGE/X3RIq4UiMemE6O9EDNemPxP6+T6PDST6mIE00Eni4KEwZ1BMdRwB6VBGs2MgRhSc2tEA+QRFibwEomBHf25XnSPK2455XqbbVcu8rjKIJ9cACOgAsuQA3cgDpoAAwewTN4BW/Wk/VivVsf09aClc/sgj+wPn8AB/+UVQ==</latexit>

1043 erg/s

Plausible origin:  magnetars (weak FRBs have been detected 

  from a known magnetar)

Energy source:  magnetic field near the neutron star                            :
<latexit sha1_base64="hw/tVSFPLTkG1CgPCVtWj7TXbWg=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1MIiaGMZxXxA7gh7m71kyd7esTsnhJC/YWOhiK1/xs5/4ya5QhMfDDzem2FmXphKYdB1v53Cyura+kZxs7S1vbO7V94/aJok04w3WCIT3Q6p4VIo3kCBkrdTzWkcSt4Kh7dTv/XEtRGJesRRyoOY9pWIBKNoJV9fe6770PUNUt0tV9yqOwNZJl5OKpCj3i1/+b2EZTFXyCQ1puO5KQZjqlEwySclPzM8pWxI+7xjqaIxN8F4dvOEnFilR6JE21JIZurviTGNjRnFoe2MKQ7MojcV//M6GUZXwVioNEOu2HxRlEmCCZkGQHpCc4ZyZAllWthbCRtQTRnamEo2BG/x5WXSPKt6F9Xz+/NK7SaPowhHcAyn4MEl1OAO6tAABik8wyu8OZnz4rw7H/PWgpPPHMIfOJ8/9qKRAQ==</latexit>

r < 100R? (well inside                          )
<latexit sha1_base64="Q2MS1SuU+9uG8g37QwdJ3KjGD7I=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVCWoAsaKLgwMpaIPqQmR4zqthe1EtoNURR1Y+BUWBhBi5SPY+BvcNgO0HOlKR+fcq3vvCRNGlXacb6uwsrq2vlHcLG1t7+zu2fsHHRWnEpM2jlkseyFShFFB2ppqRnqJJIiHjHTD+8bU7z4QqWgsbvU4IT5HQ0EjipE2UmCXW0HmSQ6vGxNPUQ5d564GW4GnNJKBXXGqzgxwmbg5qYAczcD+8gYxTjkRGjOkVN91Eu1nSGqKGZmUvFSRBOF7NCR9QwXiRPnZ7IkJPDbKAEaxNCU0nKm/JzLElRrz0HRypEdq0ZuK/3n9VEcXfkZFkmoi8HxRlDKoYzhNBA6oJFizsSEIS2puhXiEJMLa5FYyIbiLLy+TzmnVPavWbmqV+mUeRxGUwRE4AS44B3VwBZqgDTB4BM/gFbxZT9aL9W59zFsLVj5zCP7A+vwB1ymW9A==</latexit>

RLC ⇠ 104R?

• ms duration 
• luminosities up to  

<latexit sha1_base64="iL+IdBmeCwnxBnD5NNF7Rjk96Ww=">AAACEHicbVDLSgNBEJz1bXxFPXoZDGK8hF0J6lEUwaOCSYTsssxOejeDsw9meiNhySd48Ve8eFDEq0dv/o2Tx0GNBQ01Vd1MdwWZFBpt+8uamZ2bX1hcWi6trK6tb5Q3t5o6zRWHBk9lqm4DpkGKBBooUMJtpoDFgYRWcHc+9Fs9UFqkyQ32M/BiFiUiFJyhkfzyvishxOqZX7gqpkE0cKOIXoxf96wHA1eJqIsHfrli1+wR6DRxJqRCJrjyy59uJ+V5DAlyybRuO3aGXsEUCi5hUHJzDRnjdyyCtqEJi0F7xeigAd0zSoeGqTKVIB2pPycKFmvdjwPTGTPs6r/eUPzPa+cYnniFSLIcIeHjj8JcUkzpMB3aEQo4yr4hjCthdqW8yxTjaDIsmRCcvydPk+ZhzTmq1a/rldOzSRxLZIfskipxyDE5JZfkijQIJw/kibyQV+vRerberPdx64w1mdkmv2B9fAM+Hpy9</latexit>

(Bbg � Ewave)



Waves:

e±
<latexit sha1_base64="XGcq7KjDdi0W5Ve4fzbPal29DHY=">AAAB+3icbVA7T8MwGHTKq5RXKCOLRYXEVCUFCcYKFsYi0YfUhMpxnNaqHUe2g6ii/BUWBhBi5Y+w8W9w2gzQcpLl0933yecLEkaVdpxvq7K2vrG5Vd2u7ezu7R/Yh/WeEqnEpIsFE3IQIEUYjUlXU83IIJEE8YCRfjC9Kfz+I5GKivhezxLiczSOaUQx0kYa2XUvECxUM26ujDx4Cc9HdsNpOnPAVeKWpAFKdEb2lxcKnHISa8yQUkPXSbSfIakpZiSveakiCcJTNCZDQ2PEifKzefYcnholhJGQ5sQaztXfGxniqohnJjnSE7XsFeJ/3jDV0ZWf0ThJNYnx4qEoZVALWBQBQyoJ1mxmCMKSmqwQT5BEWJu6aqYEd/nLq6TXarrnzdbdRaN9XdZRBcfgBJwBF1yCNrgFHdAFGDyBZ/AK3qzcerHerY/FaMUqd47AH1ifP8Z/lOo=</latexit>

(1) O-mode

Bbg =
µ

r3
<latexit sha1_base64="JTd/fzMkXoj0jMu3k3csGPs7sZs=">AAACA3icdVDLSgMxFM3UV62vqjvdBIvgqkxase1CKHXjsoJ9QKeWTJppQ5OZIckIZRhw46+4caGIW3/CnX9jpq2gogcuHM65l3vvcUPOlLbtDyuztLyyupZdz21sbm3v5Hf32iqIJKEtEvBAdl2sKGc+bWmmOe2GkmLhctpxJxep37mlUrHAv9bTkPYFHvnMYwRrIw3yB41B7EgB3VFy7ngSk9gRURLLm3IyyBfsom3bCCGYElQ5sw2p1aolVIUotQwKYIHmIP/uDAMSCeprwrFSPWSHuh9jqRnhNMk5kaIhJhM8oj1DfSyo6sezHxJ4bJQh9AJpytdwpn6fiLFQaipc0ymwHqvfXir+5fUi7VX7MfPDSFOfzBd5EYc6gGkgcMgkJZpPDcFEMnMrJGNsktAmtpwJ4etT+D9pl4qoXCxdnRbqjUUcWXAIjsAJQKAC6uASNEELEHAHHsATeLburUfrxXqdt2asxcw++AHr7RNtS5gM</latexit>

<latexit sha1_base64="bXccc67/hDA7Mz5/S2xVVBRjKB4="></latexit>

�bg =
B2

bg

4⇡nbgmec2
⇠ 1010 r�3

8

(2) X-mode

<latexit sha1_base64="X36pCnwwsEQ0GayWIqi79x2sZ74=">AAACKnicbVDLSsNAFJ34rPUVdelmsAh1UxIp6rJWBJcV7AOaECaTaTt0JgkzE6GEfI8bf8VNF0px64c4abOorQeGOZxzL/fe48eMSmVZM2Njc2t7Z7e0V94/ODw6Nk9OOzJKBCZtHLFI9HwkCaMhaSuqGOnFgiDuM9L1xw+5330lQtIofFGTmLgcDUM6oBgpLXnmveNHLJATrr/0MXNiImJYXRbHmaMoJ3JZa2Ze6ggO/WF25ZkVq2bNAdeJXZAKKNDyzKkTRDjhJFSYISn7thUrN0VCUcxIVnYSSWKEx2hI+pqGSA930/mpGbzUSgAHkdAvVHCuLnekiMt8SV3JkRrJVS8X//P6iRrcuSkN40SREC8GDRIGVQTz3GBABcGKTTRBWFC9K8QjJBBWOt2yDsFePXmddK5r9k2t/lyvNJpFHCVwDi5AFdjgFjTAE2iBNsDgDXyAT/BlvBtTY2Z8L0o3jKLnDPyB8fMLxdmpTg==</latexit>

E ? (k ⇥Bbg)

<latexit sha1_base64="tPJ0Og5QV3+4aymbRfPrRKpqUls=">AAACLnicbVDLSsNAFJ34rPUVdelmsAh1UxIp6rJUCi4r2Ac0IUwm03boJBNmJkIJ+SI3/oouBBVx62c4abOorQeGOZxzL/fe48eMSmVZ78ba+sbm1nZpp7y7t39waB4ddyVPBCYdzBkXfR9JwmhEOooqRvqxICj0Gen5k9vc7z0SISmPHtQ0Jm6IRhEdUoyUljyz5ficBXIa6i9tZU6MBGKMMFhdNCaZo2hI5KLWzLzUESH0R9mFZ1asmjUDXCV2QSqgQNszX52A4yQkkcIMSTmwrVi5KRKKYkayspNIEiM8QSMy0DRCeribzs7N4LlWAjjkQr9IwZm62JGiUOZL6soQqbFc9nLxP2+QqOGNm9IoThSJ8HzQMGFQcZhnBwMqCFZsqgnCgupdIR7rwLDSCZd1CPbyyauke1mzr2r1+3ql0SziKIFTcAaqwAbXoAHuQBt0AAZP4AV8gE/j2XgzvozveemaUfScgD8wfn4BLjKrDA==</latexit>

E k (k ⇥Bbg)

Magnetosphere

 MHD if Larmor radius
<latexit sha1_base64="EH1YExpQZ70GsecFHWHfY075NCU=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUSKuiy6ceGign1AE8pkOmmHziPMTIQSsnLjr7hxoYhbv8Gdf+O0zUJbD1w4nHMv994TJYxq43nfztLyyuraemmjvLm1vbPr7u23tEwVJk0smVSdCGnCqCBNQw0jnUQRxCNG2tHoeuK3H4jSVIp7M05IyNFA0JhiZKzUc49ULwsUh7d5wBgMYoVwhvMskJwMUN5zK17VmwIuEr8gFVCg0XO/gr7EKSfCYIa07vpeYsIMKUMxI3k5SDVJEB6hAelaKhAnOsymb+TwxCp9GEtlSxg4VX9PZIhrPeaR7eTIDPW8NxH/87qpiS/DjIokNUTg2aI4ZdBIOMkE9qki2LCxJQgram+FeIhsFMYmV7Yh+PMvL5LWWdU/r9buapX6VRFHCRyCY3AKfHAB6uAGNEATYPAInsEreHOenBfn3fmYtS45xcwB+APn8wex+JlK</latexit>

rL ⌧ c

!



Damping of GHz bursts

  in the magnetosphere
AB 2023  (arXiv:2307.12182)

imagine a FRB source in 
the inner magnetosphere

<latexit sha1_base64="iL+IdBmeCwnxBnD5NNF7Rjk96Ww=">AAACEHicbVDLSgNBEJz1bXxFPXoZDGK8hF0J6lEUwaOCSYTsssxOejeDsw9meiNhySd48Ve8eFDEq0dv/o2Tx0GNBQ01Vd1MdwWZFBpt+8uamZ2bX1hcWi6trK6tb5Q3t5o6zRWHBk9lqm4DpkGKBBooUMJtpoDFgYRWcHc+9Fs9UFqkyQ32M/BiFiUiFJyhkfzyvishxOqZX7gqpkE0cKOIXoxf96wHA1eJqIsHfrli1+wR6DRxJqRCJrjyy59uJ+V5DAlyybRuO3aGXsEUCi5hUHJzDRnjdyyCtqEJi0F7xeigAd0zSoeGqTKVIB2pPycKFmvdjwPTGTPs6r/eUPzPa+cYnniFSLIcIeHjj8JcUkzpMB3aEQo4yr4hjCthdqW8yxTjaDIsmRCcvydPk+ZhzTmq1a/rldOzSRxLZIfskipxyDE5JZfkijQIJw/kibyQV+vRerberPdx64w1mdkmv2B9fAM+Hpy9</latexit>

(Bbg � Ewave)



Damping of GHz bursts

  in the magnetosphere
AB 2023  (arXiv:2307.12182)

MHD
shocks

kinetic
stochastic particle 

  acceleration

imagine a FRB source in 
the inner magnetosphere

inclination

power

<latexit sha1_base64="s4WWitY9KoRmujBnDynAw9EBdds=">AAACEXicbVA9SwNBEN3zM8avqKXNYhBiE+4kqIVF0MbCIoJRIRfC3mYuWbJ7d+zOCeG4v2DjX7GxUMTWzs5/4+ajUOODgcd7M8zMCxIpDLrulzM3v7C4tFxYKa6urW9slra2b0ycag5NHstY3wXMgBQRNFGghLtEA1OBhNtgcD7yb+9BGxFH1zhMoK1YLxKh4Ayt1ClVfAkhVnQn87Wil/kp9UPNeMbzzI8V9Fjua9Hr40GnVHar7hh0lnhTUiZTNDqlT78b81RBhFwyY1qem2A7YxoFl5AX/dRAwviA9aBlacQUmHY2/iin+1bp0jDWtiKkY/XnRMaUMUMV2E7FsG/+eiPxP6+VYnjSzkSUpAgRnywKU0kxpqN4aFdo4CiHljCuhb2V8j6ziaANsWhD8P6+PEtuDqveUbV2VSvXz6ZxFMgu2SMV4pFjUicXpEGahJMH8kReyKvz6Dw7b877pHXOmc7skF9wPr4BrF+dkg==</latexit>⇣
rL <

c

!

⌘

<latexit sha1_base64="iL+IdBmeCwnxBnD5NNF7Rjk96Ww=">AAACEHicbVDLSgNBEJz1bXxFPXoZDGK8hF0J6lEUwaOCSYTsssxOejeDsw9meiNhySd48Ve8eFDEq0dv/o2Tx0GNBQ01Vd1MdwWZFBpt+8uamZ2bX1hcWi6trK6tb5Q3t5o6zRWHBk9lqm4DpkGKBBooUMJtpoDFgYRWcHc+9Fs9UFqkyQ32M/BiFiUiFJyhkfzyvishxOqZX7gqpkE0cKOIXoxf96wHA1eJqIsHfrli1+wR6DRxJqRCJrjyy59uJ+V5DAlyybRuO3aGXsEUCi5hUHJzDRnjdyyCtqEJi0F7xeigAd0zSoeGqTKVIB2pPycKFmvdjwPTGTPs6r/eUPzPa+cYnniFSLIcIeHjj8JcUkzpMB3aEQo4yr4hjCthdqW8yxTjaDIsmRCcvydPk+ZhzTmq1a/rldOzSRxLZIfskipxyDE5JZfkijQIJw/kibyQV+vRerberPdx64w1mdkmv2B9fAM+Hpy9</latexit>

(Bbg � Ewave)



<latexit sha1_base64="BrZzeEF+UXpLJRBgawOGK1H6uPY="></latexit>

R⇥ =

✓
cµ2

8L

◆1/4

⇡ 1.4⇥ 108 cm
<latexit sha1_base64="YIl69y0kIMjq75W5ph4B+YZTibc=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BItQLyUpRb0IpSJ4rGA/pE3LZrtpl+5uwu5GKKG/wosHRbz6c7z5b9y2OWjrg4HHezPMzPMjRpV2nG8rs7a+sbmV3c7t7O7tH+QPj5oqjCUmDRyyULZ9pAijgjQ01Yy0I0kQ9xlp+eObmd96IlLRUDzoSUQ8joaCBhQjbaTH4m2vfF3rlc/7+YJTcuawV4mbkgKkqPfzX91BiGNOhMYMKdVxnUh7CZKaYkamuW6sSITwGA1Jx1CBOFFeMj94ap8ZZWAHoTQltD1Xf08kiCs14b7p5EiP1LI3E//zOrEOrryEiijWRODFoiBmtg7t2ff2gEqCNZsYgrCk5lYbj5BEWJuMciYEd/nlVdIsl9yLUuW+UqjW0jiycAKnUAQXLqEKd1CHBmDg8Ayv8GZJ68V6tz4WrRkrnTmGP7A+fwC8KI8S</latexit>

(E2 = B2)

magnetic dipole moment 

        of the star

wave power

Damping occurs at radii                 where         drops below
<latexit sha1_base64="3G21zLkpbSaSGfDN4gPuvCqouiI=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUE8S9OIxinlgsoTZySQZMju7zPQKYclfePGgiFf/xpt/4yTZgyYWNBRV3XR3BbEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzXidRTLSrYAaLoXidRQoeSvWnIaB5M1gdDP1m09cGxGpBxzH3A/pQIm+YBSt9Kiv7rsdFCE33WLJLbszkGXiZaQEGWrd4lenF7Ek5AqZpMa0PTdGP6UaBZN8UugkhseUjeiAty1V1C7x09nFE3JilR7pR9qWQjJTf0+kNDRmHAa2M6Q4NIveVPzPayfYv/RToeIEuWLzRf1EEozI9H3SE5ozlGNLKNPC3krYkGrK0IZUsCF4iy8vk8ZZ2TsvV+4qpep1FkcejuAYTsGDC6jCLdSgDgwUPMMrvDnGeXHenY95a87JZg7hD5zPH254kMY=</latexit>

r > R⇥
<latexit sha1_base64="UfUbHUtNVX0nEL+lqNcpqqqID+w=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMcQLx4jmAcmS5idzCZD5rHMzAphyV948aCIV//Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyc91vtZTwsUDaf9csWv+nOgVRLkpAI5Gv3yV2+gSCqotIRjY7qBn9gww9oywum01EsNTTAZ4yHtOiqxoCbM5hdP0ZlTBihW2pW0aK7+nsiwMGYiItcpsB2ZZW8m/ud1UxvfhBmTSWqpJItFccqRVWj2PhowTYnlE0cw0czdisgIa0ysC6nkQgiWX14lrYtqcFW9vL+s1Op5HEU4gVM4hwCuoQZ30IAmEJDwDK/w5hnvxXv3PhatBS+fOYY/8D5/ADq4kKQ=</latexit>

Bbg
<latexit sha1_base64="GcIWZeYNcp276HnzUTI+hGwONgk=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGiroRSkVwWcE+oB2GTJppQ5PMkGQqZShu/BU3LhRx61e4829M21nU1gMXTs65l9x7gphRpR3nx8qtrK6tb+Q3C1vbO7t79v5BQ0WJxKSOIxbJVoAUYVSQuqaakVYsCeIBI81gcDPxm0MiFY3Egx7FxOOoJ2hIMdJG8u2jqp92JIePaEjG17dzD98uOiVnCrhM3IwUQYaab393uhFOOBEaM6RU23Vi7aVIaooZGRc6iSIxwgPUI21DBeJEeen0hDE8NUoXhpE0JTScqvMTKeJKjXhgOjnSfbXoTcT/vHaiwysvpSJONBF49lGYMKgjOMkDdqkkWLORIQhLanaFuI8kwtqkVjAhuIsnL5PGecm9KJXvy8VKNYsjD47BCTgDLrgEFXAHaqAOMHgCL+ANvFvP1qv1YX3OWnNWNnMI/sD6+gUQPZc8</latexit>

Bwave = Ewave

PIC simulation:

Chen et al. 2022                       

MHD: 

AB 2022                       



L = 1042 erg/s
<latexit sha1_base64="K+q6oHLrkQpsr+CjHkTj7pkNwVI=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLCTuxoA2QtDGwiKCeUB2DbOTSTJkZnaZmRXCuoW/YmOhiK2/YeffOEm20MQDFw7n3Mu99wQRo0o7zreVW1hcWl7JrxbW1jc2t+ztnYYKY4lJHYcslK0AKcKoIHVNNSOtSBLEA0aawfBq7DcfiFQ0FHd6FBGfo76gPYqRNlLH3ru5cJ37pFJOvePEkxwS2T9RaccuOiVnAjhP3IwUQYZax/7yuiGOOREaM6RU23Ui7SdIaooZSQterEiE8BD1SdtQgThRfjK5P4WHRunCXihNCQ0n6u+JBHGlRjwwnRzpgZr1xuJ/XjvWvXM/oSKKNRF4uqgXM6hDOA4DdqkkWLORIQhLam6FeIAkwtpEVjAhuLMvz5NGueSelsq3lWL1MosjD/bBATgCLjgDVXANaqAOMHgEz+AVvFlP1ov1bn1MW3NWNrML/sD6/AEp1JTs</latexit>

Example:

<latexit sha1_base64="0RW7Rwy9r99aTOLcP7Rlz8RVWxg=">AAACC3icbZDLSgMxFIYz9VbrbdSlm9giVJAyU7x0IxTduKxiL9AZSyZN29BkZkgyQhm6dyO+iRsXirgSfAF3Poh7004X2vpD4OM/53Byfi9kVCrL+jJSc/MLi0vp5czK6tr6hrm5VZNBJDCp4oAFouEhSRj1SVVRxUgjFARxj5G61z8f1eu3REga+NdqEBKXo65POxQjpa2Wmb1qOYpyIk+LhSOYILStm5JzEDuCQ8yHLTNnFayx4CzYE8iVd/Pf7w/OfqVlfjrtAEec+AozJGXTtkLlxkgoihkZZpxIkhDhPuqSpkYf6Z1uPL5lCPe004adQOjnKzh2f0/EiEs54J7u5Ej15HRtZP5Xa0aqU3Jj6oeRIj5OFnUiBlUAR8HANhUEKzbQgLCg+q8Q95BAWOn4MjoEe/rkWagVC/Zx4fBSp3EGEqXBDsiCPLDBCSiDC1ABVYDBHXgEz+DFuDeejFfjLWlNGZOZbfBHxscP5wacuQ==</latexit>

R⇥ = 2.5⇥ 108 cm
<latexit sha1_base64="Hoc/xPRAFuWJpGYSJU/Fa7b+ohU=">AAAB/XicbVDLSgMxFM34rPU1PnDjJlgEF1JmiqjLUjcuW7EP6AxDJs20oZlkSDJiLcVfceNCUbf+gF/gzo3fYvpYaOuBC4dz7uXee8KEUaUd58uam19YXFrOrGRX19Y3Nu2t7ZoSqcSkigUTshEiRRjlpKqpZqSRSILikJF62L0Y+vUbIhUV/Fr3EuLHqM1pRDHSRgrsXQ8liRS3sOA43vFV4CmNZGDnnLwzApwl7oTkinuVb/pa+igH9qfXEjiNCdeYIaWarpNov4+kppiRQdZLFUkQ7qI2aRrKUUyU3x9dP4CHRmnBSEhTXMOR+nuij2KlenFoOmOkO2raG4r/ec1UR+d+n/Ik1YTj8aIoZVALOIwCtqgkWLOeIQhLam6FuIMkwtoEljUhuNMvz5JaIe+e5k8qJo0SGCMD9sEBOAIuOANFcAnKoAowuAMP4Ak8W/fWo/VivY1b56zJzA74A+v9BxnAmBA=</latexit>

⇡ 200R?

MHD regime

⇠ ⌘ t� r

c
<latexit sha1_base64="/UmcXRZpED+F5OvTWCsdykwYsmI=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8GJJqqDHohePFewHNKVstpN26WYTdzfFEnLxr3jxoIhXf4Y3/43bNgdtfTDweG+GmXl+zJnSjvNtLS2vrK6tFzaKm1vbO7v23n5DRYmkUKcRj2TLJwo4E1DXTHNoxRJI6HNo+sObid8cgVQsEvd6HEMnJH3BAkaJNlLXPvQemQcPCRthfeYFktBUZinNunbJKTtT4EXi5qSEctS69pfXi2gSgtCUE6XarhPrTkqkZpRDVvQSBTGhQ9KHtqGChKA66fSBDJ8YpYeDSJoSGk/V3xMpCZUah77pDIkeqHlvIv7ntRMdXHVSJuJEg6CzRUHCsY7wJA3cYxKo5mNDCJXM3IrpgJgUtMmsaEJw519eJI1K2T0vV+4uStXrPI4COkLH6BS56BJV0S2qoTqiKEPP6BW9WU/Wi/Vufcxal6x85gD9gfX5A0JPltY=</latexit>

Beginning of 

  GHz wave

  with power
GHz wave   



Evolution of a GHz wave train with r

L = 1042 erg/s
<latexit sha1_base64="K+q6oHLrkQpsr+CjHkTj7pkNwVI=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLCTuxoA2QtDGwiKCeUB2DbOTSTJkZnaZmRXCuoW/YmOhiK2/YeffOEm20MQDFw7n3Mu99wQRo0o7zreVW1hcWl7JrxbW1jc2t+ztnYYKY4lJHYcslK0AKcKoIHVNNSOtSBLEA0aawfBq7DcfiFQ0FHd6FBGfo76gPYqRNlLH3ru5cJ37pFJOvePEkxwS2T9RaccuOiVnAjhP3IwUQYZax/7yuiGOOREaM6RU23Ui7SdIaooZSQterEiE8BD1SdtQgThRfjK5P4WHRunCXihNCQ0n6u+JBHGlRjwwnRzpgZr1xuJ/XjvWvXM/oSKKNRF4uqgXM6hDOA4DdqkkWLORIQhLam6FeIAkwtpEVjAhuLMvz5NGueSelsq3lWL1MosjD/bBATgCLjgDVXANaqAOMHgEz+AVvFlP1ov1bn1MW3NWNrML/sD6/AEp1JTs</latexit>

  with power
GHz wave   

Example:

<latexit sha1_base64="0RW7Rwy9r99aTOLcP7Rlz8RVWxg=">AAACC3icbZDLSgMxFIYz9VbrbdSlm9giVJAyU7x0IxTduKxiL9AZSyZN29BkZkgyQhm6dyO+iRsXirgSfAF3Poh7004X2vpD4OM/53Byfi9kVCrL+jJSc/MLi0vp5czK6tr6hrm5VZNBJDCp4oAFouEhSRj1SVVRxUgjFARxj5G61z8f1eu3REga+NdqEBKXo65POxQjpa2Wmb1qOYpyIk+LhSOYILStm5JzEDuCQ8yHLTNnFayx4CzYE8iVd/Pf7w/OfqVlfjrtAEec+AozJGXTtkLlxkgoihkZZpxIkhDhPuqSpkYf6Z1uPL5lCPe004adQOjnKzh2f0/EiEs54J7u5Ej15HRtZP5Xa0aqU3Jj6oeRIj5OFnUiBlUAR8HANhUEKzbQgLCg+q8Q95BAWOn4MjoEe/rkWagVC/Zx4fBSp3EGEqXBDsiCPLDBCSiDC1ABVYDBHXgEz+DFuDeejFfjLWlNGZOZbfBHxscP5wacuQ==</latexit>

R⇥ = 2.5⇥ 108 cm
<latexit sha1_base64="Hoc/xPRAFuWJpGYSJU/Fa7b+ohU=">AAAB/XicbVDLSgMxFM34rPU1PnDjJlgEF1JmiqjLUjcuW7EP6AxDJs20oZlkSDJiLcVfceNCUbf+gF/gzo3fYvpYaOuBC4dz7uXee8KEUaUd58uam19YXFrOrGRX19Y3Nu2t7ZoSqcSkigUTshEiRRjlpKqpZqSRSILikJF62L0Y+vUbIhUV/Fr3EuLHqM1pRDHSRgrsXQ8liRS3sOA43vFV4CmNZGDnnLwzApwl7oTkinuVb/pa+igH9qfXEjiNCdeYIaWarpNov4+kppiRQdZLFUkQ7qI2aRrKUUyU3x9dP4CHRmnBSEhTXMOR+nuij2KlenFoOmOkO2raG4r/ec1UR+d+n/Ik1YTj8aIoZVALOIwCtqgkWLOeIQhLam6FuIMkwtoEljUhuNMvz5JaIe+e5k8qJo0SGCMD9sEBOAIuOANFcAnKoAowuAMP4Ak8W/fWo/VivY1b56zJzA74A+v9BxnAmBA=</latexit>

⇡ 200R?

<latexit sha1_base64="fYlx4UlfnaT1FglOO+mGA+y2ePo=">AAAB83icbVDLSsNAFL2pr1pfVZduRotQNyER8bErunFZxT6gCWUynbRDJ5MwMxFK6De4c+NCEbf+hJ/gzg9x7/Sx0NYDFw7n3Mu99wQJZ0o7zpeVW1hcWl7JrxbW1jc2t4rbO3UVp5LQGol5LJsBVpQzQWuaaU6biaQ4CjhtBP2rkd+4p1KxWNzpQUL9CHcFCxnB2kieY1+g27anWURVu1hybGcMNE/cKSlV9svfHw/eUbVd/PQ6MUkjKjThWKmW6yTaz7DUjHA6LHipogkmfdylLUMFNkv8bHzzEB0apYPCWJoSGo3V3xMZjpQaRIHpjLDuqVlvJP7ntVIdnvsZE0mqqSCTRWHKkY7RKADUYZISzQeGYCKZuRWRHpaYaBNTwYTgzr48T+rHtntqn9yYNC5hgjzswQGUwYUzqMA1VKEGBBJ4hGd4sVLryXq13iatOWs6swt/YL3/ADy+lDE=</latexit>

0.9R⇥
<latexit sha1_base64="veEMLPrP0UTGxwFWNGihi27XmR0=">AAAB83icbVC5TsNAEB2HK4QrQEmzECGFxrIRVxlBQxkQOaTYitabdbLKem3trpEiK99AR0MBQrT8BJ9Ax4fQszkKSHjSSE/vzWhmXpBwprTjfFm5hcWl5ZX8amFtfWNzq7i9U1dxKgmtkZjHshlgRTkTtKaZ5rSZSIqjgNNG0L8a+Y17KhWLxZ0eJNSPcFewkBGsjeS59im6bXuaRVS1iyXHdsZA88SdklJlv/z98eAdVdvFT68TkzSiQhOOlWq5TqL9DEvNCKfDgpcqmmDSx13aMlRgs8TPxjcP0aFROiiMpSmh0Vj9PZHhSKlBFJjOCOuemvVG4n9eK9XhhZ8xkaSaCjJZFKYc6RiNAkAdJinRfGAIJpKZWxHpYYmJNjEVTAju7MvzpH5su2f2yY1J4xImyMMeHEAZXDiHClxDFWpAIIFHeIYXK7WerFfrbdKas6Yzu/AH1vsPOBmULg==</latexit>

1.5R⇥

<latexit sha1_base64="lGuWdrGvrTbfM9pqahmFGarDrNs=">AAAB83icbVC7TsNAEDzzDOEVoKQ5iJBCY9kBAWUEDWVA5CHFVnS+nJNTzmfrbo0UWfkGOhoKEKLlJ/gEOj6EnsujgISRVhrN7Gp3J0gE1+A4X9bC4tLyympuLb++sbm1XdjZres4VZTVaCxi1QyIZoJLVgMOgjUTxUgUCNYI+lcjv3HPlOaxvINBwvyIdCUPOSVgJO/ELuPbtgc8YrpdKDq2MwaeJ+6UFCsHpe+PB++42i58ep2YphGTQAXRuuU6CfgZUcCpYMO8l2qWENonXdYyVBKzxM/GNw/xkVE6OIyVKQl4rP6eyEik9SAKTGdEoKdnvZH4n9dKIbzwMy6TFJikk0VhKjDEeBQA7nDFKIiBIYQqbm7FtEcUoWBiypsQ3NmX50m9bLtn9umNSeMSTZBD++gQlZCLzlEFXaMqqiGKEvSIntGLlVpP1qv1NmldsKYze+gPrPcfNpCULQ==</latexit>

3.2R⇥
<latexit sha1_base64="7mUnTmArvwaj6KAUQguOO3dmuns=">AAAB8nicbVDLSsNAFJ34rPVVdelmtAh1U5IiPnZFNy6r2AckoUymk3boZBJmboQS+g2u3LhQxK1f4Se480PcO30stPXAhcM593LvPUEiuAbb/rIWFpeWV1Zza/n1jc2t7cLObkPHqaKsTmMRq1ZANBNcsjpwEKyVKEaiQLBm0L8a+c17pjSP5R0MEuZHpCt5yCkBI7mVC3zb9oBHTLcLRbtsj4HniTMlxepB6fvjwTuutQufXiemacQkUEG0dh07AT8jCjgVbJj3Us0SQvuky1xDJTFL/Gx88hAfGaWDw1iZkoDH6u+JjERaD6LAdEYEenrWG4n/eW4K4bmfcZmkwCSdLApTgSHGo/9xhytGQQwMIVRxcyumPaIIBZNS3oTgzL48TxqVsnNaPrkxaVyiCXJoHx2iEnLQGaqia1RDdURRjB7RM3qxwHqyXq23SeuCNZ3ZQ39gvf8A0x+T+w==</latexit>

29R⇥

⇠ ⌘ t� r

c
<latexit sha1_base64="/UmcXRZpED+F5OvTWCsdykwYsmI=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8GJJqqDHohePFewHNKVstpN26WYTdzfFEnLxr3jxoIhXf4Y3/43bNgdtfTDweG+GmXl+zJnSjvNtLS2vrK6tFzaKm1vbO7v23n5DRYmkUKcRj2TLJwo4E1DXTHNoxRJI6HNo+sObid8cgVQsEvd6HEMnJH3BAkaJNlLXPvQemQcPCRthfeYFktBUZinNunbJKTtT4EXi5qSEctS69pfXi2gSgtCUE6XarhPrTkqkZpRDVvQSBTGhQ9KHtqGChKA66fSBDJ8YpYeDSJoSGk/V3xMpCZUah77pDIkeqHlvIv7ntRMdXHVSJuJEg6CzRUHCsY7wJA3cYxKo5mNDCJXM3IrpgJgUtMmsaEJw519eJI1K2T0vV+4uStXrPI4COkLH6BS56BJV0S2qoTqiKEPP6BW9WU/Wi/Vufcxal6x85gD9gfX5A0JPltY=</latexit>

MHD regime



synchrotron cooling 


balances shock heating 


at high temperature T

Shock heating in the GHz wave train

L = 1042 erg/s
<latexit sha1_base64="K+q6oHLrkQpsr+CjHkTj7pkNwVI=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLCTuxoA2QtDGwiKCeUB2DbOTSTJkZnaZmRXCuoW/YmOhiK2/YeffOEm20MQDFw7n3Mu99wQRo0o7zreVW1hcWl7JrxbW1jc2t+ztnYYKY4lJHYcslK0AKcKoIHVNNSOtSBLEA0aawfBq7DcfiFQ0FHd6FBGfo76gPYqRNlLH3ru5cJ37pFJOvePEkxwS2T9RaccuOiVnAjhP3IwUQYZax/7yuiGOOREaM6RU23Ui7SdIaooZSQterEiE8BD1SdtQgThRfjK5P4WHRunCXihNCQ0n6u+JBHGlRjwwnRzpgZr1xuJ/XjvWvXM/oSKKNRF4uqgXM6hDOA4DdqkkWLORIQhLam6FeIAkwtpEVjAhuLMvz5NGueSelsq3lWL1MosjD/bBATgCLjgDVXANaqAOMHgEz+AVvFlP1ov1bn1MW3NWNrML/sD6/AEp1JTs</latexit>

snapshot at

"
⇡

3k
T
/m

e
c2

<latexit sha1_base64="1MBOYp5MdSy3b9YHr0XtLMeeDLc=">AAACBnicbVDLSkMxEM2tr1pfVZciBIvgqt7bCrosunFZoS9oa8lNp21obhKS3GIpXbnxV9y4UMSt3+DOvzF9LLT1wMDhnBlm5oSKM2N9/9tLrKyurW8kN1Nb2zu7e+n9g4qRsaZQppJLXQuJAc4ElC2zHGpKA4lCDtWwfzPxqwPQhklRskMFzYh0BeswSqyTWunjxoBoUIZxKRpEKS0fcL5fOo9aQO9zrXTGz/pT4GUSzEkGzVFspb8abUnjCISlnBhTD3xlmyOiLaMcxqlGbEAR2iddqDsqSASmOZq+McanTmnjjtSuhMVT9ffEiETGDKPQdUbE9syiNxH/8+qx7Vw1R0yo2IKgs0WdmGMr8SQT3GYaqOVDRwjVzN2KaY9oQq1LLuVCCBZfXiaVXDbIZ3N3F5nC9TyOJDpCJ+gMBegSFdAtKqIyougRPaNX9OY9eS/eu/cxa01485lD9Afe5w/9vpjL</latexit>

<latexit sha1_base64="igh1mG0oIA5s3GPAUjM2QaP1mEc=">AAAB9XicbVC7SgNBFJ31GeMramkzGoTYLLviqxGCNpZRzAOya5idTJIhs7PLzF0lLPkGWxsLRWz9Bz/Bzg+xd/IoNPHAhcM593LvPUEsuAbH+bJmZufmFxYzS9nlldW19dzGZkVHiaKsTCMRqVpANBNcsjJwEKwWK0bCQLBq0L0Y+NU7pjSP5A30YuaHpC15i1MCRrpVZ659hK8bHvCQ6UYu79jOEHiauGOSL+4Uvj8evP1SI/fpNSOahEwCFUTruuvE4KdEAaeC9bNeollMaJe0Wd1QScwSPx1e3cd7RmniVqRMScBD9fdESkKte2FgOkMCHT3pDcT/vHoCrVM/5TJOgEk6WtRKBIYIDyLATa4YBdEzhFDFza2YdogiFExQWROCO/nyNKkc2O6xfXhl0jhHI2TQNtpFBeSiE1REl6iEyogihR7RM3qx7q0n69V6G7XOWOOZLfQH1vsPlACU8Q==</latexit>

r = 1.5R⇥

=> conversion of wave energy


to synchrotron (X-ray) emission



Evolution of wave power with r



ensemble average of particle energy

radio wave energy         X-rays           

Kinetic regime

 AB 2022

Stochastic particle acceleration  

  to the radiation reaction limit          

Beginning of 

 GHz wave

<latexit sha1_base64="8EtmUgMiUtpWX3a8+Ppx0LcIFgM=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7AekoWy2m3bpJht2J0op/RlePCji1V/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqGZVpxptMSaU7ITVcioQ3UaDknVRzGoeSt8PR7cxvP3JthEoecJzyIKaDRESCUbSS39ViMESqtXrqlStu1Z2DrBIvJxXI0eiVv7p9xbKYJ8gkNcb33BSDCdUomOTTUjczPKVsRAfctzShMTfBZH7ylJxZpU8ipW0lSObq74kJjY0Zx6HtjCkOzbI3E//z/Ayj62AikjRDnrDFoiiTBBWZ/U/6QnOGcmwJZVrYWwkbUk0Z2pRKNgRv+eVV0rqoepfV2n2tUr/J4yjCCZzCOXhwBXW4gwY0gYGCZ3iFNwedF+fd+Vi0Fpx85hj+wPn8AcWpkZY=</latexit>!



       AB 2021, 2023

=>  FRBs must be emitted by magnetic explosions 

          (and released far from the star, in the wind)

Radio bursts are damped in the static background magnetosphere 

       Golbreikh, Lyubarsky 2023

Explosions can develop from small perturbations of the magnetosphere
—a typical crustal quake (kHz) with amplitude ~0.001 is sufficient



Yuan et al. 2022

Shear (Alfven) wave is 

launched from the star,  

grows nonlinear, and 

launches an explosion 

    Explosions from

Alfvenic perturbations



Magnetic reconnection



Explosions from magnetosonic perturbations



an expanding EM wave packet

⇠ ⌘ t� r

c
<latexit sha1_base64="/UmcXRZpED+F5OvTWCsdykwYsmI=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8GJJqqDHohePFewHNKVstpN26WYTdzfFEnLxr3jxoIhXf4Y3/43bNgdtfTDweG+GmXl+zJnSjvNtLS2vrK6tFzaKm1vbO7v23n5DRYmkUKcRj2TLJwo4E1DXTHNoxRJI6HNo+sObid8cgVQsEvd6HEMnJH3BAkaJNlLXPvQemQcPCRthfeYFktBUZinNunbJKTtT4EXi5qSEctS69pfXi2gSgtCUE6XarhPrTkqkZpRDVvQSBTGhQ9KHtqGChKA66fSBDJ8YpYeDSJoSGk/V3xMpCZUah77pDIkeqHlvIv7ntRMdXHVSJuJEg6CzRUHCsY7wJA3cYxKo5mNDCJXM3IrpgJgUtMmsaEJw519eJI1K2T0vV+4uStXrPI4COkLH6BS56BJV0S2qoTqiKEPP6BW9WU/Wi/Vufcxal6x85gD9gfX5A0JPltY=</latexit>

- fnd the MHD solution for 
the wave  expansion through 
the dipole magnetosphere                  

(AB, ApJ in press)



k
<latexit sha1_base64="Y044kY0AmiWuGYvnY3lX4YppdYY=">AAAB9XicdVBLSwMxGMz6rPVV9eglWARPy+52aeut6MVjBfuAdi3ZbNqGZpMlySpl6f/w4kERr/4Xb/4bs20FFR0IGWa+j0wmTBhV2nE+rJXVtfWNzcJWcXtnd2+/dHDYViKVmLSwYEJ2Q6QIo5y0NNWMdBNJUBwy0gknl7nfuSNSUcFv9DQhQYxGnA4pRtpIt/1QsEhNY3Nlk9mgVHbs83rV86vQsR2n5npuTryaX/Gha5QcZbBEc1B670cCpzHhGjOkVM91Eh1kSGqKGZkV+6kiCcITNCI9QzmKiQqyeeoZPDVKBIdCmsM1nKvfNzIUqzyamYyRHqvfXi7+5fVSPawHGeVJqgnHi4eGKYNawLwCGFFJsGZTQxCW1GSFeIwkwtoUVTQlfP0U/k/anu1WbO/aLzculnUUwDE4AWfABTXQAFegCVoAAwkewBN4tu6tR+vFel2MrljLnSPwA9bbJ6Dok0I=</latexit>

Bbg
<latexit sha1_base64="tFmT3s+Jd9EQg6nCdvhZNBZQBgc=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4KpMqth2V+rGZQX7gM4wZDKZNjTzIMkIZZiNv+LGhSJu/Qx3/o2ZtoKKHgg5nHMv997jJZxJZVkfRmlldW19o7xZ2dre2d0z9w/6Mk4FoT0S81gMPSwpZxHtKaY4HSaC4tDjdOBNrwp/cEeFZHF0q2YJdUI8jljACFZacs0j24u5L2eh/rJO7ma2CKE3zl2zatUsy0IIwYKgxqWlSavVrKMmRIWlUQVLdF3z3fZjkoY0UoRjKUfISpSTYaEY4TSv2KmkCSZTPKYjTSMcUulk8wNyeKoVHwax0C9ScK5+78hwKIsddWWI1UT+9grxL2+UqqDpZCxKUkUjshgUpByqGBZpQJ8JShSfaYKJYHpXSCZYYKJ0ZhUdwtel8H/Sr9fQea1+c1Ftd5ZxlMExOAFnAIEGaINr0AU9QEAOHsATeDbujUfjxXhdlJaMZc8h+AHj7ROeZZcT</latexit>

k
<latexit sha1_base64="Y044kY0AmiWuGYvnY3lX4YppdYY=">AAAB9XicdVBLSwMxGMz6rPVV9eglWARPy+52aeut6MVjBfuAdi3ZbNqGZpMlySpl6f/w4kERr/4Xb/4bs20FFR0IGWa+j0wmTBhV2nE+rJXVtfWNzcJWcXtnd2+/dHDYViKVmLSwYEJ2Q6QIo5y0NNWMdBNJUBwy0gknl7nfuSNSUcFv9DQhQYxGnA4pRtpIt/1QsEhNY3Nlk9mgVHbs83rV86vQsR2n5npuTryaX/Gha5QcZbBEc1B670cCpzHhGjOkVM91Eh1kSGqKGZkV+6kiCcITNCI9QzmKiQqyeeoZPDVKBIdCmsM1nKvfNzIUqzyamYyRHqvfXi7+5fVSPawHGeVJqgnHi4eGKYNawLwCGFFJsGZTQxCW1GSFeIwkwtoUVTQlfP0U/k/anu1WbO/aLzculnUUwDE4AWfABTXQAFegCVoAAwkewBN4tu6tR+vFel2MrljLnSPwA9bbJ6Dok0I=</latexit>

Bbg
<latexit sha1_base64="tFmT3s+Jd9EQg6nCdvhZNBZQBgc=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4KpMqth2V+rGZQX7gM4wZDKZNjTzIMkIZZiNv+LGhSJu/Qx3/o2ZtoKKHgg5nHMv997jJZxJZVkfRmlldW19o7xZ2dre2d0z9w/6Mk4FoT0S81gMPSwpZxHtKaY4HSaC4tDjdOBNrwp/cEeFZHF0q2YJdUI8jljACFZacs0j24u5L2eh/rJO7ma2CKE3zl2zatUsy0IIwYKgxqWlSavVrKMmRIWlUQVLdF3z3fZjkoY0UoRjKUfISpSTYaEY4TSv2KmkCSZTPKYjTSMcUulk8wNyeKoVHwax0C9ScK5+78hwKIsddWWI1UT+9grxL2+UqqDpZCxKUkUjshgUpByqGBZpQJ8JShSfaYKJYHpXSCZYYKJ0ZhUdwtel8H/Sr9fQea1+c1Ftd5ZxlMExOAFnAIEGaINr0AU9QEAOHsATeDbujUfjxXhdlJaMZc8h+AHj7ROeZZcT</latexit>

<latexit sha1_base64="CY1y/MMpLLwi2Q8WB6MtANV0Cy0=">AAAB/3icdVDNS8MwHE39nPNrKnjxEhyCp9F2c5u3MS8eJ7gPWMtI03QLS9qSpMqoO/ivePGgiFf/DW/+N6bbBBV9EPJ47/cjL8+LGZXKND+MpeWV1bX13EZ+c2t7Z7ewt9+RUSIwaeOIRaLnIUkYDUlbUcVILxYEcY+Rrje+yPzuDRGSRuG1msTE5WgY0oBipLQ0KBw6XsR8OeH6SpvTQeoIDm+ng0LRLJ3Xq/aZDc2SadbscjUjdq1il6GllQxFsEBrUHh3/AgnnIQKMyRl3zJj5aZIKIoZmeadRJIY4TEakr6mIeJEuuks/xSeaMWHQST0CRWcqd83UsRlFlFPcqRG8reXiX95/UQFdTelYZwoEuL5Q0HCoIpgVgb0qSBYsYkmCAuqs0I8QgJhpSvL6xK+fgr/Jx27ZFVLlatKsdFc1JEDR+AYnAIL1EADXIIWaAMM7sADeALPxr3xaLwYr/PRJWOxcwB+wHj7BAvNlso=</latexit>

Bw

<latexit sha1_base64="CY1y/MMpLLwi2Q8WB6MtANV0Cy0=">AAAB/3icdVDNS8MwHE39nPNrKnjxEhyCp9F2c5u3MS8eJ7gPWMtI03QLS9qSpMqoO/ivePGgiFf/DW/+N6bbBBV9EPJ47/cjL8+LGZXKND+MpeWV1bX13EZ+c2t7Z7ewt9+RUSIwaeOIRaLnIUkYDUlbUcVILxYEcY+Rrje+yPzuDRGSRuG1msTE5WgY0oBipLQ0KBw6XsR8OeH6SpvTQeoIDm+ng0LRLJ3Xq/aZDc2SadbscjUjdq1il6GllQxFsEBrUHh3/AgnnIQKMyRl3zJj5aZIKIoZmeadRJIY4TEakr6mIeJEuuks/xSeaMWHQST0CRWcqd83UsRlFlFPcqRG8reXiX95/UQFdTelYZwoEuL5Q0HCoIpgVgb0qSBYsYkmCAuqs0I8QgJhpSvL6xK+fgr/Jx27ZFVLlatKsdFc1JEDR+AYnAIL1EADXIIWaAMM7sADeALPxr3xaLwYr/PRJWOxcwB+wHj7BAvNlso=</latexit>

Bw

<latexit sha1_base64="XAoikIoa6VpV3zGkazcysD11EC4=">AAAB/3icdVDNS8MwHE3n15xfVcGLl+AQPJWum9u8DUXwOMFtwlpKmmZbWPpBkiqj9uC/4sWDIl79N7z535huE1T0Qcjjvd+PvDwvZlRI0/zQCguLS8srxdXS2vrG5pa+vdMVUcIx6eCIRfzaQ4IwGpKOpJKR65gTFHiM9LzxWe73bggXNAqv5CQmToCGIR1QjKSSXH3P9iLmi0mgrvQ8c1ObB/A2c/WyaZw069axBU3DNBtWtZ4Tq1GzqrCilBxlMEfb1d9tP8JJQEKJGRKiXzFj6aSIS4oZyUp2IkiM8BgNSV/REAVEOOk0fwYPleLDQcTVCSWcqt83UhSIPKKaDJAcid9eLv7l9RM5aDopDeNEkhDPHhokDMoI5mVAn3KCJZsogjCnKivEI8QRlqqykirh66fwf9K1jErdqF3Wyq3TeR1FsA8OwBGogAZogQvQBh2AwR14AE/gWbvXHrUX7XU2WtDmO7vgB7S3TxB0ls0=</latexit>

Ew

<latexit sha1_base64="XAoikIoa6VpV3zGkazcysD11EC4=">AAAB/3icdVDNS8MwHE3n15xfVcGLl+AQPJWum9u8DUXwOMFtwlpKmmZbWPpBkiqj9uC/4sWDIl79N7z535huE1T0Qcjjvd+PvDwvZlRI0/zQCguLS8srxdXS2vrG5pa+vdMVUcIx6eCIRfzaQ4IwGpKOpJKR65gTFHiM9LzxWe73bggXNAqv5CQmToCGIR1QjKSSXH3P9iLmi0mgrvQ8c1ObB/A2c/WyaZw069axBU3DNBtWtZ4Tq1GzqrCilBxlMEfb1d9tP8JJQEKJGRKiXzFj6aSIS4oZyUp2IkiM8BgNSV/REAVEOOk0fwYPleLDQcTVCSWcqt83UhSIPKKaDJAcid9eLv7l9RM5aDopDeNEkhDPHhokDMoI5mVAn3KCJZsogjCnKivEI8QRlqqykirh66fwf9K1jErdqF3Wyq3TeR1FsA8OwBGogAZogQvQBh2AwR14AE/gWbvXHrUX7XU2WtDmO7vgB7S3TxB0ls0=</latexit>

Ew
<latexit sha1_base64="0jeNAZTn5Pu2ul60A0+ZkjuwW/k=">AAACJ3icbVDLSsNAFJ3UV62vqEs3g0UQhJJIUTdKqRuXFewDmhAmk0k7dPJgZqKUkL9x46+4EVREl/6JkzYL+zgwzJlz7mXuPW7MqJCG8aOVVlbX1jfKm5Wt7Z3dPX3/oCOihGPSxhGLeM9FgjAakrakkpFezAkKXEa67ug297uPhAsahQ9yHBM7QIOQ+hQjqSRHv7HciHliHKgrbWbXs08ntXgA3UF2BpcZT5mjV42aMQFcJGZBqqBAy9HfLS/CSUBCiRkSom8asbRTxCXFjGQVKxEkRniEBqSvaIgCIux0smcGT5TiQT/i6oQSTtT/HSkKRD6iqgyQHIp5LxeXef1E+ld2SsM4kSTE04/8hEEZwTw06FFOsGRjRRDmVM0K8RBxhKWKtqJCMOdXXiSd85p5Uavf16uNZhFHGRyBY3AKTHAJGuAOtEAbYPAMXsEH+NRetDftS/uelpa0oucQzED7/QO9rKez</latexit>

B = Bbg +Bw
<latexit sha1_base64="O8N/UIABVCt8kodblc9bRdbGJu4=">AAACDnicbVBNS8MwGE7n15xfVY9egmPgabQy1IswFMHjBPcBaylpmm5haVOSVBllv8CLf8WLB0W8evbmvzHdenCbD4Q8eZ73Je/7+AmjUlnWj1FaWV1b3yhvVra2d3b3zP2DjuSpwKSNOeOi5yNJGI1JW1HFSC8RBEU+I11/dJ373QciJOXxvRonxI3QIKYhxUhpyTNrjs9ZIMeRvrKbyeX808scEcHHiWdWrbo1BVwmdkGqoEDLM7+dgOM0IrHCDEnZt61EuRkSimJGJhUnlSRBeIQGpK9pjCIi3Wy6zgTWtBLAkAt9YgWn6t+ODEUyH1FXRkgN5aKXi/95/VSFF25G4yRVJMazj8KUQcVhng0MqCBYsbEmCAuqZ4V4iATCSidY0SHYiysvk85p3T6rN+4a1eZVEUcZHIFjcAJscA6a4Ba0QBtg8ARewBt4N56NV+PD+JyVloyi5xDMwfj6BbimnSw=</latexit>

E = Ew

compression rarefaction

Compressive MHD wave

<latexit sha1_base64="HfyV2L4SMe7Vv7wrlL5he0p/PuA=">AAACFnicbVDLSsNAFJ34rPUVdelmsAhuWhIp6kYounFZwT6giWEynaRDZ5IwM6mUkK9w46+4caGIW3Hn3zhts9DWAxcO59zLvff4CaNSWda3sbS8srq2Xtoob25t7+yae/ttGacCkxaOWSy6PpKE0Yi0FFWMdBNBEPcZ6fjD64nfGREhaRzdqXFCXI7CiAYUI6Ulz6w6gUA4G3mZIzh8QCOS5xnOL+2qI2nI0Uz3w/w+q9q5Z1asmjUFXCR2QSqgQNMzv5x+jFNOIoUZkrJnW4lyMyQUxYzkZSeVJEF4iELS0zRCnEg3m76Vw2Ot9GEQC12RglP190SGuJRj7utOjtRAznsT8T+vl6rgws1olKSKRHi2KEgZVDGcZAT7VBCs2FgThAXVt0I8QDonpZMs6xDs+ZcXSfu0Zp/V6rf1SuOqiKMEDsEROAE2OAcNcAOaoAUweATP4BW8GU/Gi/FufMxal4xi5gD8gfH5A+gMn9M=</latexit>vwave

c
= 1� ��1

bg



k
<latexit sha1_base64="Y044kY0AmiWuGYvnY3lX4YppdYY=">AAAB9XicdVBLSwMxGMz6rPVV9eglWARPy+52aeut6MVjBfuAdi3ZbNqGZpMlySpl6f/w4kERr/4Xb/4bs20FFR0IGWa+j0wmTBhV2nE+rJXVtfWNzcJWcXtnd2+/dHDYViKVmLSwYEJ2Q6QIo5y0NNWMdBNJUBwy0gknl7nfuSNSUcFv9DQhQYxGnA4pRtpIt/1QsEhNY3Nlk9mgVHbs83rV86vQsR2n5npuTryaX/Gha5QcZbBEc1B670cCpzHhGjOkVM91Eh1kSGqKGZkV+6kiCcITNCI9QzmKiQqyeeoZPDVKBIdCmsM1nKvfNzIUqzyamYyRHqvfXi7+5fVSPawHGeVJqgnHi4eGKYNawLwCGFFJsGZTQxCW1GSFeIwkwtoUVTQlfP0U/k/anu1WbO/aLzculnUUwDE4AWfABTXQAFegCVoAAwkewBN4tu6tR+vFel2MrljLnSPwA9bbJ6Dok0I=</latexit>

Bbg
<latexit sha1_base64="tFmT3s+Jd9EQg6nCdvhZNBZQBgc=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4KpMqth2V+rGZQX7gM4wZDKZNjTzIMkIZZiNv+LGhSJu/Qx3/o2ZtoKKHgg5nHMv997jJZxJZVkfRmlldW19o7xZ2dre2d0z9w/6Mk4FoT0S81gMPSwpZxHtKaY4HSaC4tDjdOBNrwp/cEeFZHF0q2YJdUI8jljACFZacs0j24u5L2eh/rJO7ma2CKE3zl2zatUsy0IIwYKgxqWlSavVrKMmRIWlUQVLdF3z3fZjkoY0UoRjKUfISpSTYaEY4TSv2KmkCSZTPKYjTSMcUulk8wNyeKoVHwax0C9ScK5+78hwKIsddWWI1UT+9grxL2+UqqDpZCxKUkUjshgUpByqGBZpQJ8JShSfaYKJYHpXSCZYYKJ0ZhUdwtel8H/Sr9fQea1+c1Ftd5ZxlMExOAFnAIEGaINr0AU9QEAOHsATeDbujUfjxXhdlJaMZc8h+AHj7ROeZZcT</latexit>

k
<latexit sha1_base64="Y044kY0AmiWuGYvnY3lX4YppdYY=">AAAB9XicdVBLSwMxGMz6rPVV9eglWARPy+52aeut6MVjBfuAdi3ZbNqGZpMlySpl6f/w4kERr/4Xb/4bs20FFR0IGWa+j0wmTBhV2nE+rJXVtfWNzcJWcXtnd2+/dHDYViKVmLSwYEJ2Q6QIo5y0NNWMdBNJUBwy0gknl7nfuSNSUcFv9DQhQYxGnA4pRtpIt/1QsEhNY3Nlk9mgVHbs83rV86vQsR2n5npuTryaX/Gha5QcZbBEc1B670cCpzHhGjOkVM91Eh1kSGqKGZkV+6kiCcITNCI9QzmKiQqyeeoZPDVKBIdCmsM1nKvfNzIUqzyamYyRHqvfXi7+5fVSPawHGeVJqgnHi4eGKYNawLwCGFFJsGZTQxCW1GSFeIwkwtoUVTQlfP0U/k/anu1WbO/aLzculnUUwDE4AWfABTXQAFegCVoAAwkewBN4tu6tR+vFel2MrljLnSPwA9bbJ6Dok0I=</latexit>

Bbg
<latexit sha1_base64="tFmT3s+Jd9EQg6nCdvhZNBZQBgc=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4KpMqth2V+rGZQX7gM4wZDKZNjTzIMkIZZiNv+LGhSJu/Qx3/o2ZtoKKHgg5nHMv997jJZxJZVkfRmlldW19o7xZ2dre2d0z9w/6Mk4FoT0S81gMPSwpZxHtKaY4HSaC4tDjdOBNrwp/cEeFZHF0q2YJdUI8jljACFZacs0j24u5L2eh/rJO7ma2CKE3zl2zatUsy0IIwYKgxqWlSavVrKMmRIWlUQVLdF3z3fZjkoY0UoRjKUfISpSTYaEY4TSv2KmkCSZTPKYjTSMcUulk8wNyeKoVHwax0C9ScK5+78hwKIsddWWI1UT+9grxL2+UqqDpZCxKUkUjshgUpByqGBZpQJ8JShSfaYKJYHpXSCZYYKJ0ZhUdwtel8H/Sr9fQea1+c1Ftd5ZxlMExOAFnAIEGaINr0AU9QEAOHsATeDbujUfjxXhdlJaMZc8h+AHj7ROeZZcT</latexit>

wave breaks when                              

plasma motion in the wave: 
<latexit sha1_base64="It8JF73mDIZ9nTfcKuE3MnMACw0="></latexit>

vD

c
=

E ⇥B

B2

<latexit sha1_base64="CY1y/MMpLLwi2Q8WB6MtANV0Cy0=">AAAB/3icdVDNS8MwHE39nPNrKnjxEhyCp9F2c5u3MS8eJ7gPWMtI03QLS9qSpMqoO/ivePGgiFf/DW/+N6bbBBV9EPJ47/cjL8+LGZXKND+MpeWV1bX13EZ+c2t7Z7ewt9+RUSIwaeOIRaLnIUkYDUlbUcVILxYEcY+Rrje+yPzuDRGSRuG1msTE5WgY0oBipLQ0KBw6XsR8OeH6SpvTQeoIDm+ng0LRLJ3Xq/aZDc2SadbscjUjdq1il6GllQxFsEBrUHh3/AgnnIQKMyRl3zJj5aZIKIoZmeadRJIY4TEakr6mIeJEuuks/xSeaMWHQST0CRWcqd83UsRlFlFPcqRG8reXiX95/UQFdTelYZwoEuL5Q0HCoIpgVgb0qSBYsYkmCAuqs0I8QgJhpSvL6xK+fgr/Jx27ZFVLlatKsdFc1JEDR+AYnAIL1EADXIIWaAMM7sADeALPxr3xaLwYr/PRJWOxcwB+wHj7BAvNlso=</latexit>

Bw

<latexit sha1_base64="CY1y/MMpLLwi2Q8WB6MtANV0Cy0=">AAAB/3icdVDNS8MwHE39nPNrKnjxEhyCp9F2c5u3MS8eJ7gPWMtI03QLS9qSpMqoO/ivePGgiFf/DW/+N6bbBBV9EPJ47/cjL8+LGZXKND+MpeWV1bX13EZ+c2t7Z7ewt9+RUSIwaeOIRaLnIUkYDUlbUcVILxYEcY+Rrje+yPzuDRGSRuG1msTE5WgY0oBipLQ0KBw6XsR8OeH6SpvTQeoIDm+ng0LRLJ3Xq/aZDc2SadbscjUjdq1il6GllQxFsEBrUHh3/AgnnIQKMyRl3zJj5aZIKIoZmeadRJIY4TEakr6mIeJEuuks/xSeaMWHQST0CRWcqd83UsRlFlFPcqRG8reXiX95/UQFdTelYZwoEuL5Q0HCoIpgVgb0qSBYsYkmCAuqs0I8QgJhpSvL6xK+fgr/Jx27ZFVLlatKsdFc1JEDR+AYnAIL1EADXIIWaAMM7sADeALPxr3xaLwYr/PRJWOxcwB+wHj7BAvNlso=</latexit>

Bw

<latexit sha1_base64="XAoikIoa6VpV3zGkazcysD11EC4=">AAAB/3icdVDNS8MwHE3n15xfVcGLl+AQPJWum9u8DUXwOMFtwlpKmmZbWPpBkiqj9uC/4sWDIl79N7z535huE1T0Qcjjvd+PvDwvZlRI0/zQCguLS8srxdXS2vrG5pa+vdMVUcIx6eCIRfzaQ4IwGpKOpJKR65gTFHiM9LzxWe73bggXNAqv5CQmToCGIR1QjKSSXH3P9iLmi0mgrvQ8c1ObB/A2c/WyaZw069axBU3DNBtWtZ4Tq1GzqrCilBxlMEfb1d9tP8JJQEKJGRKiXzFj6aSIS4oZyUp2IkiM8BgNSV/REAVEOOk0fwYPleLDQcTVCSWcqt83UhSIPKKaDJAcid9eLv7l9RM5aDopDeNEkhDPHhokDMoI5mVAn3KCJZsogjCnKivEI8QRlqqykirh66fwf9K1jErdqF3Wyq3TeR1FsA8OwBGogAZogQvQBh2AwR14AE/gWbvXHrUX7XU2WtDmO7vgB7S3TxB0ls0=</latexit>

Ew

<latexit sha1_base64="XAoikIoa6VpV3zGkazcysD11EC4=">AAAB/3icdVDNS8MwHE3n15xfVcGLl+AQPJWum9u8DUXwOMFtwlpKmmZbWPpBkiqj9uC/4sWDIl79N7z535huE1T0Qcjjvd+PvDwvZlRI0/zQCguLS8srxdXS2vrG5pa+vdMVUcIx6eCIRfzaQ4IwGpKOpJKR65gTFHiM9LzxWe73bggXNAqv5CQmToCGIR1QjKSSXH3P9iLmi0mgrvQ8c1ObB/A2c/WyaZw069axBU3DNBtWtZ4Tq1GzqrCilBxlMEfb1d9tP8JJQEKJGRKiXzFj6aSIS4oZyUp2IkiM8BgNSV/REAVEOOk0fwYPleLDQcTVCSWcqt83UhSIPKKaDJAcid9eLv7l9RM5aDopDeNEkhDPHhokDMoI5mVAn3KCJZsogjCnKivEI8QRlqqykirh66fwf9K1jErdqF3Wyq3TeR1FsA8OwBGogAZogQvQBh2AwR14AE/gWbvXHrUX7XU2WtDmO7vgB7S3TxB0ls0=</latexit>

Ew
<latexit sha1_base64="0jeNAZTn5Pu2ul60A0+ZkjuwW/k=">AAACJ3icbVDLSsNAFJ3UV62vqEs3g0UQhJJIUTdKqRuXFewDmhAmk0k7dPJgZqKUkL9x46+4EVREl/6JkzYL+zgwzJlz7mXuPW7MqJCG8aOVVlbX1jfKm5Wt7Z3dPX3/oCOihGPSxhGLeM9FgjAakrakkpFezAkKXEa67ug297uPhAsahQ9yHBM7QIOQ+hQjqSRHv7HciHliHKgrbWbXs08ntXgA3UF2BpcZT5mjV42aMQFcJGZBqqBAy9HfLS/CSUBCiRkSom8asbRTxCXFjGQVKxEkRniEBqSvaIgCIux0smcGT5TiQT/i6oQSTtT/HSkKRD6iqgyQHIp5LxeXef1E+ld2SsM4kSTE04/8hEEZwTw06FFOsGRjRRDmVM0K8RBxhKWKtqJCMOdXXiSd85p5Uavf16uNZhFHGRyBY3AKTHAJGuAOtEAbYPAMXsEH+NRetDftS/uelpa0oucQzED7/QO9rKez</latexit>

B = Bbg +Bw

 occurs at                        

PIC simulation:

Chen et al. 2022                       

MHD: 

AB 2022                       

<latexit sha1_base64="rb7jMSD6lNa35I9fpHE+Kx9OV0M=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgQkoiRbssunFZxT6giWEynbRDZyZhZiKU0IUbf8WNC0Xc+hHu/BunbRbaeuDC4Zx7ufeeMGFUacf5tgorq2vrG8XN0tb2zu6evX/QVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCccXU39zgORisbiTo8T4nM0EDSiGGkjBXb5NvA05UR5inLoOvd17zTzJIeYTwK74lSdGeAycXNSATmagf3l9WOcciI0Zkipnusk2s+Q1BQzMil5qSIJwiM0ID1DBTJ7/Wz2xAQeG6UPo1iaEhrO1N8TGeJKjXloOjnSQ7XoTcX/vF6qo7qfUZGkmgg8XxSlDOoYThOBfSoJ1mxsCMKSmlshHiKJsDa5lUwI7uLLy6R9VnXPq7WbWqVxmcdRBGVwBE6ACy5AA1yDJmgBDB7BM3gFb9aT9WK9Wx/z1oKVzxyCP7A+fwB1CZdY</latexit>

R⇥ ⇠ 108 cm

<latexit sha1_base64="ey8/KmpgdQnKPm2Ea+X+xEwGE3c=">AAACH3icbVDLSsNAFJ34rPUVdelmsAiuSlJKdSOUiuCygn1AE8JkMmmHTh7MTISS5k/c+CtuXCgi7vo3TtosbOuBYQ7n3Mu997gxo0Iaxkzb2Nza3tkt7ZX3Dw6PjvWT066IEo5JB0cs4n0XCcJoSDqSSkb6MScocBnpueO73O89Ey5oFD7JSUzsAA1D6lOMpJIcvTG13Ih5YhKoL73PprdLQksJls8RTltOavEAusMsS2uZo1eMqjEHXCdmQSqgQNvRfywvwklAQokZEmJgGrG0U8QlxYxkZSsRJEZ4jIZkoGiIAiLsdH5fBi+V4kE/4uqFEs7Vvx0pCkS+sKoMkByJVS8X//MGifRv7JSGcSJJiBeD/IRBGcE8LOhRTrBkE0UQ5lTtCvEIqTikirSsQjBXT14n3VrVbFTrj/VKs1XEUQLn4AJcARNcgyZ4AG3QARi8gDfwAT61V+1d+9K+F6UbWtFzBpagzX4B0Pykrg==</latexit>

|E| = |B| = Bbg

2
<latexit sha1_base64="0+6Rreb20AeZMta67WQRsL1B2i0=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEurDMSFGXRV24rGAf0BmGTJppQ5PJkGQqZShu/BU3LhRx61e4829MHwttPXDhcM693HtPmDCqtON8W7ml5ZXVtfx6YWNza3vH3t1rKJFKTOpYMCFbIVKE0ZjUNdWMtBJJEA8ZaYb967HfHBCpqIjv9TAhPkfdmEYUI22kwD4oDYLMkxzejDxJuz2NpBQP8BSfBHbRKTsTwEXizkgRzFAL7C+vI3DKSawxQ0q1XSfRfoakppiRUcFLFUkQ7qMuaRsaI06Un01eGMFjo3RgJKSpWMOJ+nsiQ1ypIQ9NJ0e6p+a9sfif1051dOlnNE5STWI8XRSlDGoBx3nADpUEazY0BGFJza0Q95BEWJvUCiYEd/7lRdI4K7vn5cpdpVi9msWRB4fgCJSACy5AFdyCGqgDDB7BM3gFb9aT9WK9Wx/T1pw1m9kHf2B9/gBT85bA</latexit>

(vD ! �c)

<latexit sha1_base64="O8N/UIABVCt8kodblc9bRdbGJu4=">AAACDnicbVBNS8MwGE7n15xfVY9egmPgabQy1IswFMHjBPcBaylpmm5haVOSVBllv8CLf8WLB0W8evbmvzHdenCbD4Q8eZ73Je/7+AmjUlnWj1FaWV1b3yhvVra2d3b3zP2DjuSpwKSNOeOi5yNJGI1JW1HFSC8RBEU+I11/dJ373QciJOXxvRonxI3QIKYhxUhpyTNrjs9ZIMeRvrKbyeX808scEcHHiWdWrbo1BVwmdkGqoEDLM7+dgOM0IrHCDEnZt61EuRkSimJGJhUnlSRBeIQGpK9pjCIi3Wy6zgTWtBLAkAt9YgWn6t+ODEUyH1FXRkgN5aKXi/95/VSFF25G4yRVJMazj8KUQcVhng0MqCBYsbEmCAuqZ4V4iATCSidY0SHYiysvk85p3T6rN+4a1eZVEUcZHIFjcAJscA6a4Ba0QBtg8ARewBt4N56NV+PD+JyVloyi5xDMwfj6BbimnSw=</latexit>

E = Ew

<latexit sha1_base64="US+Ui3uyHB/5ndqL6g/53MNUjvM=">AAACNXicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdSOUquDCRQX7gCaEyXTSDp08mJkUSpqfcuN/uNKFC0Xc+gtO2izs48Iwh3PO5d573IhRIQ3jXSusrK6tbxQ3S1vbO7t7+v5BU4Qxx6SBQxbytosEYTQgDUklI+2IE+S7jLTcwU2mt4aECxoGT3IUEdtHvYB6FCOpKEd/sDyOcDK23JB1xchXXzJMncTiPrxNx2mC0+sllrtMmmFqinH0slExJgUXgZmDMsir7uivVjfEsU8CiRkSomMakbQTxCXFjKQlKxYkQniAeqSjYIB8IuxkcnUKTxTThV7I1QsknLD/OxLki2w55fSR7It5LSOXaZ1Yeld2QoMoliTA00FezKAMYRYh7FJOsGQjBRDmVO0KcR+pjKQKuqRCMOdPXgTNs4p5UTl/PC9Xa3kcRXAEjsEpMMElqIJ7UAcNgMEzeAOf4Et70T60b+1nai1oec8hmCnt9w+eKK+Y</latexit>

|vD|
c

=
|E|
|B|

compression rarefaction

Compressive MHD wave

<latexit sha1_base64="HfyV2L4SMe7Vv7wrlL5he0p/PuA=">AAACFnicbVDLSsNAFJ34rPUVdelmsAhuWhIp6kYounFZwT6giWEynaRDZ5IwM6mUkK9w46+4caGIW3Hn3zhts9DWAxcO59zLvff4CaNSWda3sbS8srq2Xtoob25t7+yae/ttGacCkxaOWSy6PpKE0Yi0FFWMdBNBEPcZ6fjD64nfGREhaRzdqXFCXI7CiAYUI6Ulz6w6gUA4G3mZIzh8QCOS5xnOL+2qI2nI0Uz3w/w+q9q5Z1asmjUFXCR2QSqgQNMzv5x+jFNOIoUZkrJnW4lyMyQUxYzkZSeVJEF4iELS0zRCnEg3m76Vw2Ot9GEQC12RglP190SGuJRj7utOjtRAznsT8T+vl6rgws1olKSKRHi2KEgZVDGcZAT7VBCs2FgThAXVt0I8QDonpZMs6xDs+ZcXSfu0Zp/V6rf1SuOqiKMEDsEROAE2OAcNcAOaoAUweATP4BW8GU/Gi/FufMxal4xi5gD8gfH5A+gMn9M=</latexit>vwave

c
= 1� ��1

bg



<latexit sha1_base64="4Znj9L5dH4N7GiNfeTbia2iVveo=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIqMdSETxWsB/QhLDZbtulu0nY3Sgl7U/x4kERr/4Sb/4bt20O2vpg4PHeDDPzwoQzpR3n2yqsrW9sbhW3Szu7e/sHdvmwpeJUEtokMY9lJ8SKchbRpmaa004iKRYhp+1wdDPz249UKhZHD3qcUF/gQcT6jGBtpMAuT24nHueoHmSeFCgcTAO74lSdOdAqcXNSgRyNwP7yejFJBY004Viprusk2s+w1IxwOi15qaIJJiM8oF1DIyyo8rP56VN0apQe6sfSVKTRXP09kWGh1FiEplNgPVTL3kz8z+umun/tZyxKUk0jsljUTznSMZrlgHpMUqL52BBMJDO3IjLEEhNt0iqZENzll1dJ67zqXlYv7i8qtXoeRxGO4QTOwIUrqMEdNKAJBJ7gGV7hzZpYL9a79bFoLVj5zBH8gfX5A7vRk6w=</latexit>

|E| ⌧ Bbg
<latexit sha1_base64="fJSwv+iSQgxR/cf6/1RHeeNhcUM=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VISKeqx6MVjFfsBTQib7aZdutmE3Y1QS3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF6acKe0431ZhbX1jc6u4XdrZ3dsv2weHbZVkktAWSXgiuyFWlDNBW5ppTruppDgOOe2Eo5uZ33mkUrFEPOhxSv0YDwSLGMHaSIFdrkqPc3QfeJrFVJ0FdsWpOXOgVeLmpAI5moH95fUTksVUaMKxUj3XSbU/wVIzwum05GWKppiM8ID2DBXYbPEn88On6NQofRQl0pTQaK7+npjgWKlxHJrOGOuhWvZm4n9eL9PRlT9hIs00FWSxKMo40gmapYD6TFKi+dgQTCQztyIyxBITbbIqmRDc5ZdXSfu85l7U6nf1SuM6j6MIx3ACVXDhEhpwC01oAYEMnuEV3qwn68V6tz4WrQUrnzmCP7A+fwDS25KQ</latexit>

(r ⌧ R⇥)

2 =
1 + �

1� �
<latexit sha1_base64="QFFHWi57HTVkcbipDx2fuZq51RE=">AAACCXicbZDLSsNAFIYnXmu9RV26GSyCIJakCroRim5cVrAXaGI5mU7aoZNkmJkIJXTrxldx40IRt76BO9/GaZuFtv4w8PGfczhz/kBwprTjfFsLi0vLK6uFteL6xubWtr2z21BJKgmtk4QnshWAopzFtK6Z5rQlJIUo4LQZDK7H9eYDlYol8Z0eCupH0ItZyAhoY3Vs7A1ACLivXHqhBJK5x15ANYwy92QKHbvklJ2J8Dy4OZRQrlrH/vK6CUkjGmvCQam26wjtZyA1I5yOil6qqAAygB5tG4whosrPJpeM8KFxujhMpHmxxhP390QGkVLDKDCdEei+mq2Nzf9q7VSHF37GYpFqGpPpojDlWCd4HAvuMkmJ5kMDQCQzf8WkDyYRbcIrmhDc2ZPnoVEpu6flyu1ZqXqVx1FA++gAHSEXnaMqukE1VEcEPaJn9IrerCfrxXq3PqatC1Y+s4f+yPr8AbgZmbc=</latexit>

⇠ ⌘ t� r

c
<latexit sha1_base64="/UmcXRZpED+F5OvTWCsdykwYsmI=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8GJJqqDHohePFewHNKVstpN26WYTdzfFEnLxr3jxoIhXf4Y3/43bNgdtfTDweG+GmXl+zJnSjvNtLS2vrK6tFzaKm1vbO7v23n5DRYmkUKcRj2TLJwo4E1DXTHNoxRJI6HNo+sObid8cgVQsEvd6HEMnJH3BAkaJNlLXPvQemQcPCRthfeYFktBUZinNunbJKTtT4EXi5qSEctS69pfXi2gSgtCUE6XarhPrTkqkZpRDVvQSBTGhQ9KHtqGChKA66fSBDJ8YpYeDSJoSGk/V3xMpCZUah77pDIkeqHlvIv7ntRMdXHVSJuJEg6CzRUHCsY7wJA3cYxKo5mNDCJXM3IrpgJgUtMmsaEJw519eJI1K2T0vV+4uStXrPI4COkLH6BS56BJV0S2qoTqiKEPP6BW9WU/Wi/Vufcxal6x85gD9gfX5A0JPltY=</latexit>

initial profile: E(⇠) = E0 sin(!⇠)
<latexit sha1_base64="FnuWGdHtUiGBpSuWS7kdWrjWoG4=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyxC3ZSkCroRilJwWcE+oAlhMp20QyczYWYillDc+CtuXCji1q9w5984abPQ1gMXDufcy733BDElUtn2t1FYWl5ZXSuulzY2t7Z3zN29tuSJQLiFOOWiG0CJKWG4pYiiuBsLDKOA4k4wus78zj0WknB2p8Yx9iI4YCQkCCot+eZBo+I+kJPLhm+7krCKyyM8gJnkm2W7ak9hLRInJ2WQo+mbX26foyTCTCEKpew5dqy8FApFEMWTkptIHEM0ggPc05TBCEsvnb4wsY610rdCLnQxZU3V3xMpjKQcR4HujKAaynkvE//zeokKL7yUsDhRmKHZojChluJWlofVJwIjRceaQCSIvtVCQyggUjq1kg7BmX95kbRrVee0Wrs9K9ev8jiK4BAcgQpwwDmogxvQBC2AwCN4Bq/gzXgyXox342PWWjDymX3wB8bnD2FRliY=</latexit>

 beginning of 

the kHz wave



2 =
1 + �

1� �
<latexit sha1_base64="QFFHWi57HTVkcbipDx2fuZq51RE=">AAACCXicbZDLSsNAFIYnXmu9RV26GSyCIJakCroRim5cVrAXaGI5mU7aoZNkmJkIJXTrxldx40IRt76BO9/GaZuFtv4w8PGfczhz/kBwprTjfFsLi0vLK6uFteL6xubWtr2z21BJKgmtk4QnshWAopzFtK6Z5rQlJIUo4LQZDK7H9eYDlYol8Z0eCupH0ItZyAhoY3Vs7A1ACLivXHqhBJK5x15ANYwy92QKHbvklJ2J8Dy4OZRQrlrH/vK6CUkjGmvCQam26wjtZyA1I5yOil6qqAAygB5tG4whosrPJpeM8KFxujhMpHmxxhP390QGkVLDKDCdEei+mq2Nzf9q7VSHF37GYpFqGpPpojDlWCd4HAvuMkmJ5kMDQCQzf8WkDyYRbcIrmhDc2ZPnoVEpu6flyu1ZqXqVx1FA++gAHSEXnaMqukE1VEcEPaJn9IrerCfrxXq3PqatC1Y+s4f+yPr8AbgZmbc=</latexit>

⇠ ⌘ t� r

c
<latexit sha1_base64="/UmcXRZpED+F5OvTWCsdykwYsmI=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8GJJqqDHohePFewHNKVstpN26WYTdzfFEnLxr3jxoIhXf4Y3/43bNgdtfTDweG+GmXl+zJnSjvNtLS2vrK6tFzaKm1vbO7v23n5DRYmkUKcRj2TLJwo4E1DXTHNoxRJI6HNo+sObid8cgVQsEvd6HEMnJH3BAkaJNlLXPvQemQcPCRthfeYFktBUZinNunbJKTtT4EXi5qSEctS69pfXi2gSgtCUE6XarhPrTkqkZpRDVvQSBTGhQ9KHtqGChKA66fSBDJ8YpYeDSJoSGk/V3xMpCZUah77pDIkeqHlvIv7ntRMdXHVSJuJEg6CzRUHCsY7wJA3cYxKo5mNDCJXM3IrpgJgUtMmsaEJw519eJI1K2T0vV+4uStXrPI4COkLH6BS56BJV0S2qoTqiKEPP6BW9WU/Wi/Vufcxal6x85gD9gfX5A0JPltY=</latexit>

initial profile: E(⇠) = E0 sin(!⇠)
<latexit sha1_base64="FnuWGdHtUiGBpSuWS7kdWrjWoG4=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyxC3ZSkCroRilJwWcE+oAlhMp20QyczYWYillDc+CtuXCji1q9w5984abPQ1gMXDufcy733BDElUtn2t1FYWl5ZXSuulzY2t7Z3zN29tuSJQLiFOOWiG0CJKWG4pYiiuBsLDKOA4k4wus78zj0WknB2p8Yx9iI4YCQkCCot+eZBo+I+kJPLhm+7krCKyyM8gJnkm2W7ak9hLRInJ2WQo+mbX26foyTCTCEKpew5dqy8FApFEMWTkptIHEM0ggPc05TBCEsvnb4wsY610rdCLnQxZU3V3xMpjKQcR4HujKAaynkvE//zeokKL7yUsDhRmKHZojChluJWlofVJwIjRceaQCSIvtVCQyggUjq1kg7BmX95kbRrVee0Wrs9K9ev8jiK4BAcgQpwwDmogxvQBC2AwCN4Bq/gzXgyXox342PWWjDymX3wB8bnD2FRliY=</latexit>

wave evolution with r

 beginning of 

the kHz wave



2 =
1 + �

1� �
<latexit sha1_base64="QFFHWi57HTVkcbipDx2fuZq51RE=">AAACCXicbZDLSsNAFIYnXmu9RV26GSyCIJakCroRim5cVrAXaGI5mU7aoZNkmJkIJXTrxldx40IRt76BO9/GaZuFtv4w8PGfczhz/kBwprTjfFsLi0vLK6uFteL6xubWtr2z21BJKgmtk4QnshWAopzFtK6Z5rQlJIUo4LQZDK7H9eYDlYol8Z0eCupH0ItZyAhoY3Vs7A1ACLivXHqhBJK5x15ANYwy92QKHbvklJ2J8Dy4OZRQrlrH/vK6CUkjGmvCQam26wjtZyA1I5yOil6qqAAygB5tG4whosrPJpeM8KFxujhMpHmxxhP390QGkVLDKDCdEei+mq2Nzf9q7VSHF37GYpFqGpPpojDlWCd4HAvuMkmJ5kMDQCQzf8WkDyYRbcIrmhDc2ZPnoVEpu6flyu1ZqXqVx1FA++gAHSEXnaMqukE1VEcEPaJn9IrerCfrxXq3PqatC1Y+s4f+yPr8AbgZmbc=</latexit>

⇠ ⌘ t� r

c
<latexit sha1_base64="/UmcXRZpED+F5OvTWCsdykwYsmI=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8GJJqqDHohePFewHNKVstpN26WYTdzfFEnLxr3jxoIhXf4Y3/43bNgdtfTDweG+GmXl+zJnSjvNtLS2vrK6tFzaKm1vbO7v23n5DRYmkUKcRj2TLJwo4E1DXTHNoxRJI6HNo+sObid8cgVQsEvd6HEMnJH3BAkaJNlLXPvQemQcPCRthfeYFktBUZinNunbJKTtT4EXi5qSEctS69pfXi2gSgtCUE6XarhPrTkqkZpRDVvQSBTGhQ9KHtqGChKA66fSBDJ8YpYeDSJoSGk/V3xMpCZUah77pDIkeqHlvIv7ntRMdXHVSJuJEg6CzRUHCsY7wJA3cYxKo5mNDCJXM3IrpgJgUtMmsaEJw519eJI1K2T0vV+4uStXrPI4COkLH6BS56BJV0S2qoTqiKEPP6BW9WU/Wi/Vufcxal6x85gD9gfX5A0JPltY=</latexit>

initial profile: E(⇠) = E0 sin(!⇠)
<latexit sha1_base64="FnuWGdHtUiGBpSuWS7kdWrjWoG4=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyxC3ZSkCroRilJwWcE+oAlhMp20QyczYWYillDc+CtuXCji1q9w5984abPQ1gMXDufcy733BDElUtn2t1FYWl5ZXSuulzY2t7Z3zN29tuSJQLiFOOWiG0CJKWG4pYiiuBsLDKOA4k4wus78zj0WknB2p8Yx9iI4YCQkCCot+eZBo+I+kJPLhm+7krCKyyM8gJnkm2W7ak9hLRInJ2WQo+mbX26foyTCTCEKpew5dqy8FApFEMWTkptIHEM0ggPc05TBCEsvnb4wsY610rdCLnQxZU3V3xMpjKQcR4HujKAaynkvE//zeokKL7yUsDhRmKHZojChluJWlofVJwIjRceaQCSIvtVCQyggUjq1kg7BmX95kbRrVee0Wrs9K9ev8jiK4BAcgQpwwDmogxvQBC2AwCN4Bq/gzXgyXox342PWWjDymX3wB8bnD2FRliY=</latexit>

wave evolution with r

<latexit sha1_base64="MHZ6aXmqHeJdKDRijR51EVQiEck=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAIXgy7EtRjUASPEcwDkjXMTmaTIbM7w8ysEJd8iRcPinj1U7z5N04eB00saCiquunuCiVn2njet5NbWV1b38hvFra2d3aL7t5+Q4tUEVonggvVCrGmnCW0bpjhtCUVxXHIaTMcXk/85iNVmonk3owkDWLcT1jECDZW6rrFm45UQhqB1EN26o+7bskre1OgZeLPSQnmqHXdr05PkDSmiSEca932PWmCDCvDCKfjQifVVGIyxH3atjTBMdVBNj18jI6t0kORULYSg6bq74kMx1qP4tB2xtgM9KI3Ef/z2qmJLoOMJTI1NCGzRVHKkf1zkgLqMUWJ4SNLMFHM3orIACtMjM2qYEPwF19eJo2zsn9ertxVStWreRx5OIQjOAEfLqAKt1CDOhBI4Rle4c15cl6cd+dj1ppz5jMH8AfO5w8/cJLV</latexit>

E / r�1 instead of the vacuum solution

<latexit sha1_base64="s9DXs8wigDYvP1tGLSByepP0N/A=">AAACHnicbVDLSsNAFJ34rPUVdelmsAhuLEmtj2WpCC4r2Ac0MUymk3boJBlmJmJJ8yVu/BU3LhQRXOnfOH0stPXAwOGce7lzjs8Zlcqyvo2FxaXlldXcWn59Y3Nr29zZbcg4EZjUccxi0fKRJIxGpK6oYqTFBUGhz0jT71+O/OY9EZLG0a0acOKGqBvRgGKktOSZp8MrL3VECHk2dBDnIn6ATiAQTqsT3e9mWVrKHO1wFUNxlx6fZJ5ZsIrWGHCe2FNSAFPUPPPT6cQ4CUmkMENStm2LKzdFQlHMSJZ3Ekk4wn3UJW1NIxQS6abjeBk81EoHBrHQL1JwrP7eSFEo5SD09WSIVE/OeiPxP6+dqODCTWnEE0UiPDkUJAzqnKOuYIcKghUbaIKwoPqvEPeQLkfpRvO6BHs28jxplIr2WbF8Uy5UqtM6cmAfHIAjYINzUAHXoAbqAINH8AxewZvxZLwY78bHZHTBmO7sgT8wvn4AiEWjWg==</latexit>

|Ep| ⇡
Bbg

2
/ r�3Plateau:  the ceiling of                    corresponds to         

<latexit sha1_base64="/RgnYDzZIm1JKVxFBrw1k6Zag7I=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBE8ld1S1ItQKoLHCvYD2m3Jptk2NJtdkqxQlv4ILx4U8erv8ea/MW33oK0PBh7vzTAzz48F18ZxvtHa+sbm1nZuJ7+7t39wWDg6buooUZQ1aCQi1faJZoJL1jDcCNaOFSOhL1jLH9/O/NYTU5pH8tFMYuaFZCh5wCkxVmrd9co3tV65Xyg6JWcOvErcjBQhQ71f+OoOIpqETBoqiNYd14mNlxJlOBVsmu8mmsWEjsmQdSyVJGTaS+fnTvG5VQY4iJQtafBc/T2RklDrSejbzpCYkV72ZuJ/XicxwbWXchknhkm6WBQkApsIz37HA64YNWJiCaGK21sxHRFFqLEJ5W0I7vLLq6RZLrmXpcpDpVitZXHk4BTO4AJcuIIq3EMdGkBhDM/wCm8oRi/oHX0sWtdQNnMCf4A+fwD0T46t</latexit>

E2 = B2



2 =
1 + �

1� �
<latexit sha1_base64="QFFHWi57HTVkcbipDx2fuZq51RE=">AAACCXicbZDLSsNAFIYnXmu9RV26GSyCIJakCroRim5cVrAXaGI5mU7aoZNkmJkIJXTrxldx40IRt76BO9/GaZuFtv4w8PGfczhz/kBwprTjfFsLi0vLK6uFteL6xubWtr2z21BJKgmtk4QnshWAopzFtK6Z5rQlJIUo4LQZDK7H9eYDlYol8Z0eCupH0ItZyAhoY3Vs7A1ACLivXHqhBJK5x15ANYwy92QKHbvklJ2J8Dy4OZRQrlrH/vK6CUkjGmvCQam26wjtZyA1I5yOil6qqAAygB5tG4whosrPJpeM8KFxujhMpHmxxhP390QGkVLDKDCdEei+mq2Nzf9q7VSHF37GYpFqGpPpojDlWCd4HAvuMkmJ5kMDQCQzf8WkDyYRbcIrmhDc2ZPnoVEpu6flyu1ZqXqVx1FA++gAHSEXnaMqukE1VEcEPaJn9IrerCfrxXq3PqatC1Y+s4f+yPr8AbgZmbc=</latexit>

⇠ ⌘ t� r

c
<latexit sha1_base64="/UmcXRZpED+F5OvTWCsdykwYsmI=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8GJJqqDHohePFewHNKVstpN26WYTdzfFEnLxr3jxoIhXf4Y3/43bNgdtfTDweG+GmXl+zJnSjvNtLS2vrK6tFzaKm1vbO7v23n5DRYmkUKcRj2TLJwo4E1DXTHNoxRJI6HNo+sObid8cgVQsEvd6HEMnJH3BAkaJNlLXPvQemQcPCRthfeYFktBUZinNunbJKTtT4EXi5qSEctS69pfXi2gSgtCUE6XarhPrTkqkZpRDVvQSBTGhQ9KHtqGChKA66fSBDJ8YpYeDSJoSGk/V3xMpCZUah77pDIkeqHlvIv7ntRMdXHVSJuJEg6CzRUHCsY7wJA3cYxKo5mNDCJXM3IrpgJgUtMmsaEJw519eJI1K2T0vV+4uStXrPI4COkLH6BS56BJV0S2qoTqiKEPP6BW9WU/Wi/Vufcxal6x85gD9gfX5A0JPltY=</latexit>

initial profile: E(⇠) = E0 sin(!⇠)
<latexit sha1_base64="FnuWGdHtUiGBpSuWS7kdWrjWoG4=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyxC3ZSkCroRilJwWcE+oAlhMp20QyczYWYillDc+CtuXCji1q9w5984abPQ1gMXDufcy733BDElUtn2t1FYWl5ZXSuulzY2t7Z3zN29tuSJQLiFOOWiG0CJKWG4pYiiuBsLDKOA4k4wus78zj0WknB2p8Yx9iI4YCQkCCot+eZBo+I+kJPLhm+7krCKyyM8gJnkm2W7ak9hLRInJ2WQo+mbX26foyTCTCEKpew5dqy8FApFEMWTkptIHEM0ggPc05TBCEsvnb4wsY610rdCLnQxZU3V3xMpjKQcR4HujKAaynkvE//zeokKL7yUsDhRmKHZojChluJWlofVJwIjRceaQCSIvtVCQyggUjq1kg7BmX95kbRrVee0Wrs9K9ev8jiK4BAcgQpwwDmogxvQBC2AwCN4Bq/gzXgyXox342PWWjDymX3wB8bnD2FRliY=</latexit>

wave evolution with r

<latexit sha1_base64="MHZ6aXmqHeJdKDRijR51EVQiEck=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAIXgy7EtRjUASPEcwDkjXMTmaTIbM7w8ysEJd8iRcPinj1U7z5N04eB00saCiquunuCiVn2njet5NbWV1b38hvFra2d3aL7t5+Q4tUEVonggvVCrGmnCW0bpjhtCUVxXHIaTMcXk/85iNVmonk3owkDWLcT1jECDZW6rrFm45UQhqB1EN26o+7bskre1OgZeLPSQnmqHXdr05PkDSmiSEca932PWmCDCvDCKfjQifVVGIyxH3atjTBMdVBNj18jI6t0kORULYSg6bq74kMx1qP4tB2xtgM9KI3Ef/z2qmJLoOMJTI1NCGzRVHKkf1zkgLqMUWJ4SNLMFHM3orIACtMjM2qYEPwF19eJo2zsn9ertxVStWreRx5OIQjOAEfLqAKt1CDOhBI4Rle4c15cl6cd+dj1ppz5jMH8AfO5w8/cJLV</latexit>

E / r�1 instead of the vacuum solution

<latexit sha1_base64="s9DXs8wigDYvP1tGLSByepP0N/A=">AAACHnicbVDLSsNAFJ34rPUVdelmsAhuLEmtj2WpCC4r2Ac0MUymk3boJBlmJmJJ8yVu/BU3LhQRXOnfOH0stPXAwOGce7lzjs8Zlcqyvo2FxaXlldXcWn59Y3Nr29zZbcg4EZjUccxi0fKRJIxGpK6oYqTFBUGhz0jT71+O/OY9EZLG0a0acOKGqBvRgGKktOSZp8MrL3VECHk2dBDnIn6ATiAQTqsT3e9mWVrKHO1wFUNxlx6fZJ5ZsIrWGHCe2FNSAFPUPPPT6cQ4CUmkMENStm2LKzdFQlHMSJZ3Ekk4wn3UJW1NIxQS6abjeBk81EoHBrHQL1JwrP7eSFEo5SD09WSIVE/OeiPxP6+dqODCTWnEE0UiPDkUJAzqnKOuYIcKghUbaIKwoPqvEPeQLkfpRvO6BHs28jxplIr2WbF8Uy5UqtM6cmAfHIAjYINzUAHXoAbqAINH8AxewZvxZLwY78bHZHTBmO7sgT8wvn4AiEWjWg==</latexit>

|Ep| ⇡
Bbg

2
/ r�3Plateau:  the ceiling of                    corresponds to         

<latexit sha1_base64="/RgnYDzZIm1JKVxFBrw1k6Zag7I=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBE8ld1S1ItQKoLHCvYD2m3Jptk2NJtdkqxQlv4ILx4U8erv8ea/MW33oK0PBh7vzTAzz48F18ZxvtHa+sbm1nZuJ7+7t39wWDg6buooUZQ1aCQi1faJZoJL1jDcCNaOFSOhL1jLH9/O/NYTU5pH8tFMYuaFZCh5wCkxVmrd9co3tV65Xyg6JWcOvErcjBQhQ71f+OoOIpqETBoqiNYd14mNlxJlOBVsmu8mmsWEjsmQdSyVJGTaS+fnTvG5VQY4iJQtafBc/T2RklDrSejbzpCYkV72ZuJ/XicxwbWXchknhkm6WBQkApsIz37HA64YNWJiCaGK21sxHRFFqLEJ5W0I7vLLq6RZLrmXpcpDpVitZXHk4BTO4AJcuIIq3EMdGkBhDM/wCm8oRi/oHX0sWtdQNnMCf4A+fwD0T46t</latexit>

E2 = B2



2 =
1 + �

1� �
<latexit sha1_base64="QFFHWi57HTVkcbipDx2fuZq51RE=">AAACCXicbZDLSsNAFIYnXmu9RV26GSyCIJakCroRim5cVrAXaGI5mU7aoZNkmJkIJXTrxldx40IRt76BO9/GaZuFtv4w8PGfczhz/kBwprTjfFsLi0vLK6uFteL6xubWtr2z21BJKgmtk4QnshWAopzFtK6Z5rQlJIUo4LQZDK7H9eYDlYol8Z0eCupH0ItZyAhoY3Vs7A1ACLivXHqhBJK5x15ANYwy92QKHbvklJ2J8Dy4OZRQrlrH/vK6CUkjGmvCQam26wjtZyA1I5yOil6qqAAygB5tG4whosrPJpeM8KFxujhMpHmxxhP390QGkVLDKDCdEei+mq2Nzf9q7VSHF37GYpFqGpPpojDlWCd4HAvuMkmJ5kMDQCQzf8WkDyYRbcIrmhDc2ZPnoVEpu6flyu1ZqXqVx1FA++gAHSEXnaMqukE1VEcEPaJn9IrerCfrxXq3PqatC1Y+s4f+yPr8AbgZmbc=</latexit>

⇠ ⌘ t� r

c
<latexit sha1_base64="/UmcXRZpED+F5OvTWCsdykwYsmI=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8GJJqqDHohePFewHNKVstpN26WYTdzfFEnLxr3jxoIhXf4Y3/43bNgdtfTDweG+GmXl+zJnSjvNtLS2vrK6tFzaKm1vbO7v23n5DRYmkUKcRj2TLJwo4E1DXTHNoxRJI6HNo+sObid8cgVQsEvd6HEMnJH3BAkaJNlLXPvQemQcPCRthfeYFktBUZinNunbJKTtT4EXi5qSEctS69pfXi2gSgtCUE6XarhPrTkqkZpRDVvQSBTGhQ9KHtqGChKA66fSBDJ8YpYeDSJoSGk/V3xMpCZUah77pDIkeqHlvIv7ntRMdXHVSJuJEg6CzRUHCsY7wJA3cYxKo5mNDCJXM3IrpgJgUtMmsaEJw519eJI1K2T0vV+4uStXrPI4COkLH6BS56BJV0S2qoTqiKEPP6BW9WU/Wi/Vufcxal6x85gD9gfX5A0JPltY=</latexit>

initial profile: E(⇠) = E0 sin(!⇠)
<latexit sha1_base64="FnuWGdHtUiGBpSuWS7kdWrjWoG4=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyxC3ZSkCroRilJwWcE+oAlhMp20QyczYWYillDc+CtuXCji1q9w5984abPQ1gMXDufcy733BDElUtn2t1FYWl5ZXSuulzY2t7Z3zN29tuSJQLiFOOWiG0CJKWG4pYiiuBsLDKOA4k4wus78zj0WknB2p8Yx9iI4YCQkCCot+eZBo+I+kJPLhm+7krCKyyM8gJnkm2W7ak9hLRInJ2WQo+mbX26foyTCTCEKpew5dqy8FApFEMWTkptIHEM0ggPc05TBCEsvnb4wsY610rdCLnQxZU3V3xMpjKQcR4HujKAaynkvE//zeokKL7yUsDhRmKHZojChluJWlofVJwIjRceaQCSIvtVCQyggUjq1kg7BmX95kbRrVee0Wrs9K9ev8jiK4BAcgQpwwDmogxvQBC2AwCN4Bq/gzXgyXox342PWWjDymX3wB8bnD2FRliY=</latexit>

wave evolution with r

<latexit sha1_base64="MHZ6aXmqHeJdKDRijR51EVQiEck=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAIXgy7EtRjUASPEcwDkjXMTmaTIbM7w8ysEJd8iRcPinj1U7z5N04eB00saCiquunuCiVn2njet5NbWV1b38hvFra2d3aL7t5+Q4tUEVonggvVCrGmnCW0bpjhtCUVxXHIaTMcXk/85iNVmonk3owkDWLcT1jECDZW6rrFm45UQhqB1EN26o+7bskre1OgZeLPSQnmqHXdr05PkDSmiSEca932PWmCDCvDCKfjQifVVGIyxH3atjTBMdVBNj18jI6t0kORULYSg6bq74kMx1qP4tB2xtgM9KI3Ef/z2qmJLoOMJTI1NCGzRVHKkf1zkgLqMUWJ4SNLMFHM3orIACtMjM2qYEPwF19eJo2zsn9ertxVStWreRx5OIQjOAEfLqAKt1CDOhBI4Rle4c15cl6cd+dj1ppz5jMH8AfO5w8/cJLV</latexit>

E / r�1 instead of the vacuum solution

<latexit sha1_base64="s9DXs8wigDYvP1tGLSByepP0N/A=">AAACHnicbVDLSsNAFJ34rPUVdelmsAhuLEmtj2WpCC4r2Ac0MUymk3boJBlmJmJJ8yVu/BU3LhQRXOnfOH0stPXAwOGce7lzjs8Zlcqyvo2FxaXlldXcWn59Y3Nr29zZbcg4EZjUccxi0fKRJIxGpK6oYqTFBUGhz0jT71+O/OY9EZLG0a0acOKGqBvRgGKktOSZp8MrL3VECHk2dBDnIn6ATiAQTqsT3e9mWVrKHO1wFUNxlx6fZJ5ZsIrWGHCe2FNSAFPUPPPT6cQ4CUmkMENStm2LKzdFQlHMSJZ3Ekk4wn3UJW1NIxQS6abjeBk81EoHBrHQL1JwrP7eSFEo5SD09WSIVE/OeiPxP6+dqODCTWnEE0UiPDkUJAzqnKOuYIcKghUbaIKwoPqvEPeQLkfpRvO6BHs28jxplIr2WbF8Uy5UqtM6cmAfHIAjYINzUAHXoAbqAINH8AxewZvxZLwY78bHZHTBmO7sgT8wvn4AiEWjWg==</latexit>

|Ep| ⇡
Bbg

2
/ r�3Plateau:  the ceiling of                    corresponds to         

<latexit sha1_base64="/RgnYDzZIm1JKVxFBrw1k6Zag7I=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBE8ld1S1ItQKoLHCvYD2m3Jptk2NJtdkqxQlv4ILx4U8erv8ea/MW33oK0PBh7vzTAzz48F18ZxvtHa+sbm1nZuJ7+7t39wWDg6buooUZQ1aCQi1faJZoJL1jDcCNaOFSOhL1jLH9/O/NYTU5pH8tFMYuaFZCh5wCkxVmrd9co3tV65Xyg6JWcOvErcjBQhQ71f+OoOIpqETBoqiNYd14mNlxJlOBVsmu8mmsWEjsmQdSyVJGTaS+fnTvG5VQY4iJQtafBc/T2RklDrSejbzpCYkV72ZuJ/XicxwbWXchknhkm6WBQkApsIz37HA64YNWJiCaGK21sxHRFFqLEJ5W0I7vLLq6RZLrmXpcpDpVitZXHk4BTO4AJcuIIq3EMdGkBhDM/wCm8oRi/oHX0sWtdQNnMCf4A+fwD0T46t</latexit>

E2 = B2



2 =
1 + �

1� �
<latexit sha1_base64="QFFHWi57HTVkcbipDx2fuZq51RE=">AAACCXicbZDLSsNAFIYnXmu9RV26GSyCIJakCroRim5cVrAXaGI5mU7aoZNkmJkIJXTrxldx40IRt76BO9/GaZuFtv4w8PGfczhz/kBwprTjfFsLi0vLK6uFteL6xubWtr2z21BJKgmtk4QnshWAopzFtK6Z5rQlJIUo4LQZDK7H9eYDlYol8Z0eCupH0ItZyAhoY3Vs7A1ACLivXHqhBJK5x15ANYwy92QKHbvklJ2J8Dy4OZRQrlrH/vK6CUkjGmvCQam26wjtZyA1I5yOil6qqAAygB5tG4whosrPJpeM8KFxujhMpHmxxhP390QGkVLDKDCdEei+mq2Nzf9q7VSHF37GYpFqGpPpojDlWCd4HAvuMkmJ5kMDQCQzf8WkDyYRbcIrmhDc2ZPnoVEpu6flyu1ZqXqVx1FA++gAHSEXnaMqukE1VEcEPaJn9IrerCfrxXq3PqatC1Y+s4f+yPr8AbgZmbc=</latexit>

⇠ ⌘ t� r

c
<latexit sha1_base64="/UmcXRZpED+F5OvTWCsdykwYsmI=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8GJJqqDHohePFewHNKVstpN26WYTdzfFEnLxr3jxoIhXf4Y3/43bNgdtfTDweG+GmXl+zJnSjvNtLS2vrK6tFzaKm1vbO7v23n5DRYmkUKcRj2TLJwo4E1DXTHNoxRJI6HNo+sObid8cgVQsEvd6HEMnJH3BAkaJNlLXPvQemQcPCRthfeYFktBUZinNunbJKTtT4EXi5qSEctS69pfXi2gSgtCUE6XarhPrTkqkZpRDVvQSBTGhQ9KHtqGChKA66fSBDJ8YpYeDSJoSGk/V3xMpCZUah77pDIkeqHlvIv7ntRMdXHVSJuJEg6CzRUHCsY7wJA3cYxKo5mNDCJXM3IrpgJgUtMmsaEJw519eJI1K2T0vV+4uStXrPI4COkLH6BS56BJV0S2qoTqiKEPP6BW9WU/Wi/Vufcxal6x85gD9gfX5A0JPltY=</latexit>

initial profile: E(⇠) = E0 sin(!⇠)
<latexit sha1_base64="FnuWGdHtUiGBpSuWS7kdWrjWoG4=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyxC3ZSkCroRilJwWcE+oAlhMp20QyczYWYillDc+CtuXCji1q9w5984abPQ1gMXDufcy733BDElUtn2t1FYWl5ZXSuulzY2t7Z3zN29tuSJQLiFOOWiG0CJKWG4pYiiuBsLDKOA4k4wus78zj0WknB2p8Yx9iI4YCQkCCot+eZBo+I+kJPLhm+7krCKyyM8gJnkm2W7ak9hLRInJ2WQo+mbX26foyTCTCEKpew5dqy8FApFEMWTkptIHEM0ggPc05TBCEsvnb4wsY610rdCLnQxZU3V3xMpjKQcR4HujKAaynkvE//zeokKL7yUsDhRmKHZojChluJWlofVJwIjRceaQCSIvtVCQyggUjq1kg7BmX95kbRrVee0Wrs9K9ev8jiK4BAcgQpwwDmogxvQBC2AwCN4Bq/gzXgyXox342PWWjDymX3wB8bnD2FRliY=</latexit>

wave evolution with r

<latexit sha1_base64="MHZ6aXmqHeJdKDRijR51EVQiEck=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAIXgy7EtRjUASPEcwDkjXMTmaTIbM7w8ysEJd8iRcPinj1U7z5N04eB00saCiquunuCiVn2njet5NbWV1b38hvFra2d3aL7t5+Q4tUEVonggvVCrGmnCW0bpjhtCUVxXHIaTMcXk/85iNVmonk3owkDWLcT1jECDZW6rrFm45UQhqB1EN26o+7bskre1OgZeLPSQnmqHXdr05PkDSmiSEca932PWmCDCvDCKfjQifVVGIyxH3atjTBMdVBNj18jI6t0kORULYSg6bq74kMx1qP4tB2xtgM9KI3Ef/z2qmJLoOMJTI1NCGzRVHKkf1zkgLqMUWJ4SNLMFHM3orIACtMjM2qYEPwF19eJo2zsn9ertxVStWreRx5OIQjOAEfLqAKt1CDOhBI4Rle4c15cl6cd+dj1ppz5jMH8AfO5w8/cJLV</latexit>

E / r�1 instead of the vacuum solution

<latexit sha1_base64="s9DXs8wigDYvP1tGLSByepP0N/A=">AAACHnicbVDLSsNAFJ34rPUVdelmsAhuLEmtj2WpCC4r2Ac0MUymk3boJBlmJmJJ8yVu/BU3LhQRXOnfOH0stPXAwOGce7lzjs8Zlcqyvo2FxaXlldXcWn59Y3Nr29zZbcg4EZjUccxi0fKRJIxGpK6oYqTFBUGhz0jT71+O/OY9EZLG0a0acOKGqBvRgGKktOSZp8MrL3VECHk2dBDnIn6ATiAQTqsT3e9mWVrKHO1wFUNxlx6fZJ5ZsIrWGHCe2FNSAFPUPPPT6cQ4CUmkMENStm2LKzdFQlHMSJZ3Ekk4wn3UJW1NIxQS6abjeBk81EoHBrHQL1JwrP7eSFEo5SD09WSIVE/OeiPxP6+dqODCTWnEE0UiPDkUJAzqnKOuYIcKghUbaIKwoPqvEPeQLkfpRvO6BHs28jxplIr2WbF8Uy5UqtM6cmAfHIAjYINzUAHXoAbqAINH8AxewZvxZLwY78bHZHTBmO7sgT8wvn4AiEWjWg==</latexit>

|Ep| ⇡
Bbg

2
/ r�3Plateau:  the ceiling of                    corresponds to         

<latexit sha1_base64="/RgnYDzZIm1JKVxFBrw1k6Zag7I=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBE8ld1S1ItQKoLHCvYD2m3Jptk2NJtdkqxQlv4ILx4U8erv8ea/MW33oK0PBh7vzTAzz48F18ZxvtHa+sbm1nZuJ7+7t39wWDg6buooUZQ1aCQi1faJZoJL1jDcCNaOFSOhL1jLH9/O/NYTU5pH8tFMYuaFZCh5wCkxVmrd9co3tV65Xyg6JWcOvErcjBQhQ71f+OoOIpqETBoqiNYd14mNlxJlOBVsmu8mmsWEjsmQdSyVJGTaS+fnTvG5VQY4iJQtafBc/T2RklDrSejbzpCYkV72ZuJ/XicxwbWXchknhkm6WBQkApsIz37HA64YNWJiCaGK21sxHRFFqLEJ5W0I7vLLq6RZLrmXpcpDpVitZXHk4BTO4AJcuIIq3EMdGkBhDM/wCm8oRi/oHX0sWtdQNnMCf4A+fwD0T46t</latexit>

E2 = B2

where did the half-wave energy go?



wave evolution with r

monster 
shock

   plateau 
accelerator

<latexit sha1_base64="+YMx6Sm9/MvCGXbYIGXs0riIJd4=">AAACGnicbVDLSgMxFM34tr6qLt0Ei+BCyowUdSMURXCpYK3QqSWTydTYPIbkjlCG+Q43/oobF4q4Ezf+jWntQq0HQg7n3Mu990Sp4BZ8/9ObmJyanpmdmy8tLC4tr5RX1y6tzgxlDaqFNlcRsUxwxRrAQbCr1DAiI8GaUe944DfvmLFcqwvop6wtSVfxhFMCTuqUAxXuYEmvd3GYGELzOOwSKUmRx1AchpEWse1L9+UnIY014NuiU674VX8IPE6CEamgEc465fcw1jSTTAEVxNpW4KfQzokBTgUrSmFmWUpoj3RZy1FFJLPtfHhagbecEuNEG/cU4KH6syMn0g42dJWSwI396w3E/7xWBslBO+cqzYAp+j0oyQQGjQc54ZgbRkH0HSHUcLcrpjfERQQuzZILIfh78ji53K0Ge9Xaea1SPxrFMYc20CbaRgHaR3V0is5QA1F0jx7RM3rxHrwn79V7+y6d8EY96+gXvI8vsNShVA==</latexit>

nmc2
d�

dt
= E · j



wave evolution with r

monster 
shock

   plateau 
accelerator

<latexit sha1_base64="/KQuC6zhmsZOTZPasfzScO/2Ork=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQlJJIUTdC0Y3LCvYBTSk300k6dCYJMxOhhHyEG3/FjQtF3Lpw5984fSy09cCFwzn3cu89fsKZ0o7zbRWWlldW14rrpY3Nre0de3evqeJUEtogMY9l2wdFOYtoQzPNaTuRFITPacsf3oz91gOVisXRvR4ltCsgjFjACGgj9ewTLwQh4MoLJJCs1cs8KXCS55nMvVNPsVDAVPPDvGeXnYozAV4k7oyU0Qz1nv3l9WOSChppwkGpjuskupuB1Ixwmpe8VNEEyBBC2jE0AkFVN5s8leMjo/RxEEtTkcYT9fdEBkKpkfBNpwA9UPPeWPzP66Q6uOxmLEpSTSMyXRSkHOsYjxPCfSYp0XxkCBDJzK2YDMDEo02OJROCO//yImmeVdzzSvWuWq5dz+IoogN0iI6Riy5QDd2iOmoggh7RM3pFb9aT9WK9Wx/T1oI1m9lHf2B9/gC39Z9B</latexit>

� =
Wp

r
�bg

plateau width
<latexit sha1_base64="bWtVljFaHKaWfYLLBqymCQN6eYo=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmkqMuiG5cV7AOaUCbTSTt0HmFmIpSQpRt/xY0LRdz6Ce78G6dtFtp64MLhnHu5954oYVQbz/t2Siura+sb5c3K1vbO7p67f9DWMlWYtLBkUnUjpAmjgrQMNYx0E0UQjxjpROObqd95IEpTKe7NJCEhR0NBY4qRsVLfPe70s0BxmOQw0JTDIFYIZzjPAsnJEOV9t+rVvBngMvELUgUFmn33KxhInHIiDGZI657vJSbMkDIUM5JXglSTBOExGpKepQJxosNs9kgOT60ygLFUtoSBM/X3RIa41hMe2U6OzEgvelPxP6+XmvgqzKhIUkMEni+KUwaNhNNU4IAqgg2bWIKwovZWiEfIRmFsdhUbgr/48jJpn9f8i1r9rl5tXBdxlMEROAFnwAeXoAFuQRO0AAaP4Bm8gjfnyXlx3p2PeWvJKWYOwR84nz/4OZn4</latexit>

Wp ⇠ c

!

plateau:  a linear accelerator

shock at the edge of the plateau
monster shock weakens as it expands inside the 
magnetosphere, and again becomes strong outside

<latexit sha1_base64="U5hjYefa3UqSx3Gx6kBsMZZoo+w=">AAAB9HicbVBNSwMxEJ31s9avqkcv0SJ4kLIrxXosevFYwX5Ady3ZNNuGJtk1yRZK6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzwoQzbVz321lZXVvf2Mxt5bd3dvf2CweHDR2nitA6iXmsWiHWlDNJ64YZTluJoliEnDbDwe3Ubw6p0iyWD2aU0EDgnmQRI9hYKfA1E8hzHyv+BTrpFIpuyZ0BLRMvI0XIUOsUvvxuTFJBpSEca9323MQEY6wMI5xO8n6qaYLJAPdo21KJBdXBeHb0BJ1ZpYuiWNmSBs3U3xNjLLQeidB2Cmz6etGbiv957dRE18GYySQ1VJL5oijlyMRomgDqMkWJ4SNLMFHM3opIHytMjM0pb0PwFl9eJo3LkndVKt+Xi9WbLI4cHMMpnIMHFajCHdSgDgSe4Ble4c0ZOi/Ou/Mxb11xspkj+APn8wdb2ZCJ</latexit>

⇠ 107 !

<latexit sha1_base64="+YMx6Sm9/MvCGXbYIGXs0riIJd4=">AAACGnicbVDLSgMxFM34tr6qLt0Ei+BCyowUdSMURXCpYK3QqSWTydTYPIbkjlCG+Q43/oobF4q4Ezf+jWntQq0HQg7n3Mu990Sp4BZ8/9ObmJyanpmdmy8tLC4tr5RX1y6tzgxlDaqFNlcRsUxwxRrAQbCr1DAiI8GaUe944DfvmLFcqwvop6wtSVfxhFMCTuqUAxXuYEmvd3GYGELzOOwSKUmRx1AchpEWse1L9+UnIY014NuiU674VX8IPE6CEamgEc465fcw1jSTTAEVxNpW4KfQzokBTgUrSmFmWUpoj3RZy1FFJLPtfHhagbecEuNEG/cU4KH6syMn0g42dJWSwI396w3E/7xWBslBO+cqzYAp+j0oyQQGjQc54ZgbRkH0HSHUcLcrpjfERQQuzZILIfh78ji53K0Ge9Xaea1SPxrFMYc20CbaRgHaR3V0is5QA1F0jx7RM3rxHrwn79V7+y6d8EY96+gXvI8vsNShVA==</latexit>

nmc2
d�

dt
= E · j

relativistic explosion in the magnetar wind



Shock from a kHz magnetosonic 
perturbation  in the magnetosphere

<latexit sha1_base64="xNJ57sibSxJgQcC8ge8xqe7Sdu4=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyGpVeuu6MZlFVsLTQiTybQdOpmEmYlQQsFfceNCEbd+hzv/xkkbRKsXhjmccy/33BMkjEpl259GaWFxaXmlvFpZW9/Y3DK3dzoyTgUmbRyzWHQDJAmjnLQVVYx0E0FQFDByF4wuc/3unghJY36rxgnxIjTgtE8xUpryzT03iFkox5H+shvfVTQicuKbVduypwVtq3FSa5wfw2/GKUAVFNXyzQ83jHEaEa4wQ1L2HDtRXoaEopiRScVNJUkQHqEB6WnIkd7iZVP7E3iomRD2Y6EfV3DK/pzIUCRzh7ozQmoo57Wc/E/rparf8DLKk1QRjmeL+imDKoZ5FjCkgmDFxhogLKj2CvEQCYSVTqyiQ3DmT/4LOjXLObXq1/Vq86KIowz2wQE4Ag44A01wBVqgDTDIwCN4Bi/Gg/FkvBpvs9aSUczsgl9lvH8BUs2WYw==</latexit>
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<latexit sha1_base64="oSIvTzfQkLXU4t9Uc31zj6JmT3A=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlphR1I5SK4LKCvUA7DJk004YmmSHJVMpQN76KGxeKuPUt3Pk2pu0stPWHwMd/zuHk/EHMqNKO823lVlbX1jfym4Wt7Z3dPXv/oKmiRGLSwBGLZDtAijAqSENTzUg7lgTxgJFWMLye1lsjIhWNxL0ex8TjqC9oSDHSxvLto5qfdiWHQX9yVb6Z8wMakYlvF52SMxNcBjeDIshU9+2vbi/CCSdCY4aU6rhOrL0USU0xI5NCN1EkRniI+qRjUCBOlJfOLpjAU+P0YBhJ84SGM/f3RIq4UmMemE6O9EAt1qbmf7VOosNLL6UiTjQReL4oTBjUEZzGAXtUEqzZ2ADCkpq/QjxAEmFtQiuYENzFk5ehWS6556XKXaVYrWVx5MExOAFnwAUXoApuQR00AAaP4Bm8gjfryXqx3q2PeWvOymYOwR9Znz/Ga5Z6</latexit>

Bbg = 2Ewave
<latexit sha1_base64="6KrtAY6uBwGKuea8oTTBt6wRbPY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKexKUPEU9OIxinlIsoTZySQZMjO7zPQKYclXePGgiFc/x5t/4yTZgyYWNBRV3XR3hbHgBj3v28mtrK6tb+Q3C1vbO7t7xf2DhokSTVmdRiLSrZAYJrhideQoWCvWjMhQsGY4upn6zSemDY/UA45jFkgyULzPKUErPd53O8glM1fdYskrezO4y8TPSAky1LrFr04voolkCqkgxrR9L8YgJRo5FWxS6CSGxYSOyIC1LVXEbgnS2cET98QqPbcfaVsK3Zn6eyIl0pixDG2nJDg0i95U/M9rJ9i/DFKu4gSZovNF/US4GLnT790e14yiGFtCqOb2VpcOiSYUbUYFG4K/+PIyaZyV/fNy5a5Sql5nceThCI7hFHy4gCrcQg3qQEHCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AZPakEY=</latexit>

R⇥ :

<latexit sha1_base64="YIl69y0kIMjq75W5ph4B+YZTibc=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BItQLyUpRb0IpSJ4rGA/pE3LZrtpl+5uwu5GKKG/wosHRbz6c7z5b9y2OWjrg4HHezPMzPMjRpV2nG8rs7a+sbmV3c7t7O7tH+QPj5oqjCUmDRyyULZ9pAijgjQ01Yy0I0kQ9xlp+eObmd96IlLRUDzoSUQ8joaCBhQjbaTH4m2vfF3rlc/7+YJTcuawV4mbkgKkqPfzX91BiGNOhMYMKdVxnUh7CZKaYkamuW6sSITwGA1Jx1CBOFFeMj94ap8ZZWAHoTQltD1Xf08kiCs14b7p5EiP1LI3E//zOrEOrryEiijWRODFoiBmtg7t2ff2gEqCNZsYgrCk5lYbj5BEWJuMciYEd/nlVdIsl9yLUuW+UqjW0jiycAKnUAQXLqEKd1CHBmDg8Ayv8GZJ68V6tz4WrRkrnTmGP7A+fwC8KI8S</latexit>

(E2 = B2)
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wave pre-explosion


magnetar 


wind

FRB mechanism:  magnetic explosion

— shocks in the magnetar wind AB 2017, 2020

Lyubarsky 2020; 

Mahlmann et al. 2022

— ejecta carrying waves from magnetic reconnection
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<latexit sha1_base64="6uvtfcixkK+jFn9X8JwKIzxzon4=">AAAB/XicdVDLSgMxFM34rPU1PnZugkVwY0nqo+1CKLrQZQX7gLaUTJq2ocnMkGSUOhR/xY0LRdz6H+78GzNtBRU9cOFwzr3ce48XCq4NQh/OzOzc/MJiaim9vLK6tu5ubFZ1ECnKKjQQgap7RDPBfVYx3AhWDxUj0hOs5g3OE792w5TmgX9thiFrSdLzeZdTYqzUdrebF0RK0o6bSsLb0SlGB8eo7WZQFiGEMYYJwfkTZEmxWMjhAsSJZZEBU5Tb7nuzE9BIMt9QQbRuYBSaVkyU4VSwUboZaRYSOiA91rDUJ5LpVjy+fgT3rNKB3UDZ8g0cq98nYiK1HkrPdkpi+vq3l4h/eY3IdAutmPthZJhPJ4u6kYAmgEkUsMMVo0YMLSFUcXsrpH2iCDU2sLQN4etT+D+p5rL4MJu7OsqUzqZxpMAO2AX7AIM8KIFLUAYVQMEdeABP4Nm5dx6dF+d10jrjTGe2wA84b5/6LZRF</latexit>



Blast waves from magnetars

(cf. solar flares)
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Coherent emission mechanism:  shock maser



maser:
rL =

�relmec2

eB
<latexit sha1_base64="e7ODB+KWsbMFKj29TMhPl3Cnbck="></latexit>

Larmor rotation

Gallant et al. 1992 

Iwamoto et al. 2017, 2018

Plotnikov & Sironi 2019

Sironi et al. 2021

 Kinetic simulations: 

Coherent emission mechanism:  shock maser
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• Required energy source:  inner magnetosphere

• Static outer magnetosphere acts as a pillow damping GHz waves

=> energy must be transported beyond the magnetosphere 

                                                       where FRBs can be released

• Formation of strong shocks (now settled)

<latexit sha1_base64="Q6Yqd7h5vR3bLj9PPcIiTJsRybU=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsxIUZelIrisYB/QGYZMmk5Dk8yQZIQyzMKNv+LGhSJu/Qh3/o1pOwttPXDh5Jx7yb0nTBhV2nG+rdLa+sbmVnm7srO7t39gHx51VZxKTDo4ZrHsh0gRRgXpaKoZ6SeSIB4y0gsn1zO/90CkorG419OE+BxFgo4oRtpIgV1tBZknOQyj3IsieFO8Uql0Htg1p+7MAVeJW5AaKNAO7C9vGOOUE6ExQ0oNXCfRfoakppiRvOKliiQIT1BEBoYKxInys/kROTw1yhCOYmlKaDhXf09kiCs15aHp5EiP1bI3E//zBqkeXfkZFUmqicCLj0YpgzqGs0TgkEqCNZsagrCkZleIx0girE1uFROCu3zyKume192LeuOuUWu2ijjKoApOwBlwwSVoglvQBh2AwSN4Bq/gzXqyXqx362PRWrKKmWPwB9bnD1z6l/A=</latexit>

Bbg � Eburst

FRBs from magnetars

  shocks produce semi-coherent radio emission

(and involve “field instability” rather than “plasma instability”)

FRBs come from powerful electromagnetic outflows/explosions


