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•Quakes  
•Nonlinear waves and monster shocks 
•Relativistic ejecta 
•Bursts (X/gamma and radio)



NS

Neutron stars hold long-lived 
ulstrastromg magnetic fields;Black holes have externally imposed   

magnetic fields (brought by accretion)     become alive and bursting 
    when                           (“magnetars”)

<latexit sha1_base64="3j11ekq5ZZb9t0eAs6Lw+pp71cs=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgQkoiRV2WutBlBfuAJpbJdJIOnZmEmYlQQsBfceNCEbd+hzv/xmmbhbYeuHA4517uvSdIGFXacb6tpeWV1bX10kZ5c2t7Z9fe22+rOJWYtHDMYtkNkCKMCtLSVDPSTSRBPGCkE4yuJ37nkUhFY3GvxwnxOYoEDSlG2kh9+7DhRRF0nYfMreXeWeZJDm/yvl1xqs4UcJG4BamAAs2+/eUNYpxyIjRmSKme6yTaz5DUFDOSl71UkQThEYpIz1CBOFF+Nj0/hydGGcAwlqaEhlP190SGuFJjHphOjvRQzXsT8T+vl+rwys+oSFJNBJ4tClMGdQwnWcABlQRrNjYEYUnNrRAPkURYm8TKJgR3/uVF0j6vuhfV2l2tUm8UcZTAETgGp8AFl6AObkETtAAGGXgGr+DNerJerHfrY9a6ZBUzB+APrM8fGvaUUA==</latexit>
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Olausen, Kaspi (2013) 

       Magnetars 
— bursting  neutron stars    
            powered by  
       magnetic  energy 

• >10% of NS are 
born as magnetars

• active ~10 kyr

• spin P = 2-12 s

Olausen, Kaspi 2014

Why bursting?



X-ray spectrum of a burst

van der  Horst et al. 2012

SGR J1550−5418



Burst durations ~ 0.1 s

Woods et al. 2007
X-ray bursting history of SGR 1806-20

luminosities

    events of fast   
    dissipation of   
  magnetic energy

Thompson, Duncan 1995:    starquakes excite magnetospheric Alfven waves

New:   quakes produce monster shocks and ejecta, 
             emitting X-ray and radio bursts

<latexit sha1_base64="J35/GGid665bU614PrQLFzzjQ2w=">AAACC3icbVC7TsMwFHXKq5RXgJHFaoXEACVBFWWsYGEsEn1ITagc122t2k5kO0hVlJ2FX2FhACFWfoCNv8FNM0DhSJbOPedeXd8TRIwq7ThfVmFpeWV1rbhe2tjc2t6xd/faKowlJi0cslB2A6QIo4K0NNWMdCNJEA8Y6QSTq5nfuSdS0VDc6mlEfI5Ggg4pRtpIfbvsOndJzU0TT3J4kmZVPfWOs5rI0alK+3bFqToZ4F/i5qQCcjT79qc3CHHMidCYIaV6rhNpP0FSU8xIWvJiRSKEJ2hEeoYKxInyk+yWFB4aZQCHoTRPaJipPycSxJWa8sB0cqTHatGbif95vVgPL/yEiijWROD5omHMoA7hLBg4oJJgzaaGICyp+SvEYyQR1ia+kgnBXTz5L2mfVd3zau2mVmlc5nEUwQEogyPggjpogGvQBC2AwQN4Ai/g1Xq0nq03633eWrDymX3wC9bHN4zomYE=</latexit>
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e±
<latexit sha1_base64="XGcq7KjDdi0W5Ve4fzbPal29DHY=">AAAB+3icbVA7T8MwGHTKq5RXKCOLRYXEVCUFCcYKFsYi0YfUhMpxnNaqHUe2g6ii/BUWBhBi5Y+w8W9w2gzQcpLl0933yecLEkaVdpxvq7K2vrG5Vd2u7ezu7R/Yh/WeEqnEpIsFE3IQIEUYjUlXU83IIJEE8YCRfjC9Kfz+I5GKivhezxLiczSOaUQx0kYa2XUvECxUM26ujDx4Cc9HdsNpOnPAVeKWpAFKdEb2lxcKnHISa8yQUkPXSbSfIakpZiSveakiCcJTNCZDQ2PEifKzefYcnholhJGQ5sQaztXfGxniqohnJjnSE7XsFeJ/3jDV0ZWf0ThJNYnx4qEoZVALWBQBQyoJ1mxmCMKSmqwQT5BEWJu6aqYEd/nLq6TXarrnzdbdRaN9XdZRBcfgBJwBF1yCNrgFHdAFGDyBZ/AK3qzcerHerY/FaMUqd47AH1ifP8Z/lOo=</latexit>

Bbg =
µ

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

Magnetosphere of a neutron star

— perturbed by quakes
perturbation frequency in kHz band

<latexit sha1_base64="//5YH9HMU58CnK5eRVjRaGA9RB4="></latexit>
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at the star;                     grows as the wave propagates outward  
<latexit sha1_base64="jZxTlcuVFa9R9dAATiXD8Hnl1kY=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWwVVJpKjLUjcuK9gLNCFMJpN26OTCzIlQQnHjq7hxoYhbn8Kdb+O0jaCtPwx8/OcczpzfTwVXYFlfRmlldW19o7xZ2dre2d0z9w86KskkZW2aiET2fKKY4DFrAwfBeqlkJPIF6/qj62m9e8+k4kl8B+OUuREZxDzklIC2PPPICZgAgpueo4BIR4gf9MyqVbNmwstgF1BFhVqe+ekECc0iFgMVRKm+baXg5kQCp4JNKk6mWEroiAxYX2NMIqbcfHbCBJ9qJ8BhIvWLAc/c3xM5iZQaR77ujAgM1WJtav5X62cQXrk5j9MMWEzni8JMYEjwNA8ccMkoiLEGQiXXf8V0SCShoFOr6BDsxZOXoXNesy9q9dt6tdEs4iijY3SCzpCNLlED3aAWaiOKHtATekGvxqPxbLwZ7/PWklHMHKI/Mj6+AaQElvY=</latexit>

�B? ⌧ B?

<latexit sha1_base64="LKE1Dy487/TrmqIFfCowd5XPRwY=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5pIUZelblxWsA9oQphMJu3QmUmYmQg1FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3njBlVGnH+bZKK6tr6xvlzcrW9s7unr1/0FFJJjFp44QlshciRRgVpK2pZqSXSoJ4yEg3HN1M/e4DkYom4l6PU+JzNBA0phhpIwX2kRcRphFsnjeD3JMchoMJDOyqU3NmgMvELUgVFGgF9pcXJTjjRGjMkFJ910m1nyOpKWZkUvEyRVKER2hA+oYKxIny89n1E3hqlAjGiTQlNJypvydyxJUa89B0cqSHatGbiv95/UzH135ORZppIvB8UZwxqBM4jQJGVBKs2dgQhCU1t0I8RBJhbQKrmBDcxZeXSeei5l7W6nf1aqNZxFEGx+AEnAEXXIEGuAUt0AYYPIJn8ArerCfrxXq3PuatJauYOQR/YH3+AAYolFA=</latexit>

�B/Bbg



<latexit sha1_base64="CNgO9fgkzJhnOwMBhsTpGiLm0DU="></latexit>
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<latexit sha1_base64="ZniJZ93frH+GDc3odhJTamdGIKA=">AAAB+XicdVBLSwMxGMzWV62vVY9egkXwtGTr0tZbqRePFewD2mXJZrNtaPZBki2Upf/EiwdFvPpPvPlvzLYVVHQgZJj5PjIZP+VMKoQ+jNLG5tb2Tnm3srd/cHhkHp/0ZJIJQrsk4YkY+FhSzmLaVUxxOkgFxZHPad+f3hR+f0aFZEl8r+YpdSM8jlnICFZa8kxz5Cc8kPNIX3l74U08s4qsa9RoODWILITs5lW9IA5y7Dq0tVKgCtboeOb7KEhIFtFYEY6lHNooVW6OhWKE00VllEmaYjLFYzrUNMYRlW6+TL6AF1oJYJgIfWIFl+r3jRxHsginJyOsJvK3V4h/ecNMhU03Z3GaKRqT1UNhxqFKYFEDDJigRPG5JpgIprNCMsECE6XLqugSvn4K/ye9mmXXLefOqbba6zrK4Aycg0tggwZogVvQAV1AwAw8gCfwbOTGo/FivK5GS8Z65xT8gPH2CVnSlCY=</latexit>

Bh
<latexit sha1_base64="ZniJZ93frH+GDc3odhJTamdGIKA=">AAAB+XicdVBLSwMxGMzWV62vVY9egkXwtGTr0tZbqRePFewD2mXJZrNtaPZBki2Upf/EiwdFvPpPvPlvzLYVVHQgZJj5PjIZP+VMKoQ+jNLG5tb2Tnm3srd/cHhkHp/0ZJIJQrsk4YkY+FhSzmLaVUxxOkgFxZHPad+f3hR+f0aFZEl8r+YpdSM8jlnICFZa8kxz5Cc8kPNIX3l74U08s4qsa9RoODWILITs5lW9IA5y7Dq0tVKgCtboeOb7KEhIFtFYEY6lHNooVW6OhWKE00VllEmaYjLFYzrUNMYRlW6+TL6AF1oJYJgIfWIFl+r3jRxHsginJyOsJvK3V4h/ecNMhU03Z3GaKRqT1UNhxqFKYFEDDJigRPG5JpgIprNCMsECE6XLqugSvn4K/ye9mmXXLefOqbba6zrK4Aycg0tggwZogVvQAV1AwAw8gCfwbOTGo/FivK5GS8Z65xT8gPH2CVnSlCY=</latexit>

Bh

<latexit sha1_base64="x88X1c2KK9QvbvryL0UeWp9atto=">AAAB9XicdVDNTgIxGOziH+If6tFLIzHxtFkWBLwRvHjERIQEVtLtdqGh227aroZseA8vHjTGq+/izbexC5io0UmaTma+L52OHzOqtON8WLmV1bX1jfxmYWt7Z3evuH9wo0QiMelgwYTs+UgRRjnpaKoZ6cWSoMhnpOtPLjK/e0ekooJf62lMvAiNOA0pRtpItwNfsEBNI3OlrdmwWHLs80bNPXOhYztO3a3UMuLWq24Flo2SoQSWaA+L74NA4CQiXGOGlOqXnVh7KZKaYkZmhUGiSIzwBI1I31COIqK8dJ56Bk+MEsBQSHO4hnP1+0aKIpVFM5MR0mP128vEv7x+osOGl1IeJ5pwvHgoTBjUAmYVwIBKgjWbGoKwpCYrxGMkEdamqIIp4eun8H9y49rlml29qpaarWUdeXAEjsEpKIM6aIJL0AYdgIEED+AJPFv31qP1Yr0uRnPWcucQ/ID19glnFZMg</latexit>

B

<latexit sha1_base64="CNgO9fgkzJhnOwMBhsTpGiLm0DU="></latexit>
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c

<latexit sha1_base64="Ef/OwBhctQFdr9KPtRHDC4UWhQ4=">AAAB+XicdVBLSwMxGMzWV62vVY9egkXwtGTr0tZbqRePFewD2mXJZrNtaPZBki2Upf/EiwdFvPpPvPlvzLYVVHQgZJj5PjIZP+VMKoQ+jNLG5tb2Tnm3srd/cHhkHp/0ZJIJQrsk4YkY+FhSzmLaVUxxOkgFxZHPad+f3hR+f0aFZEl8r+YpdSM8jlnICFZa8kxz5Cc8kPNIX3l74QnPrCLrGjUaTg0iCyG7eVUviIMcuw5trRSogjU6nvk+ChKSRTRWhGMphzZKlZtjoRjhdFEZZZKmmEzxmA41jXFEpZsvky/ghVYCGCZCn1jBpfp9I8eRLMLpyQirifztFeJf3jBTYdPNWZxmisZk9VCYcagSWNQAAyYoUXyuCSaC6ayQTLDAROmyKrqEr5/C/0mvZtl1y7lzqq32uo4yOAPn4BLYoAFa4BZ0QBcQMAMP4Ak8G7nxaLwYr6vRkrHeOQU/YLx9Amj6lDA=</latexit>

Br

<latexit sha1_base64="vV4ye/58CAoRR285TZ/6G+Cqp4I=">AAAB9XicdVBLSwMxGMz6rPVV9eglWARPS7Yubb2VevFYwT6gXUs2m21Ds9klySpl6f/w4kERr/4Xb/4bs20FFR0IGWa+j0zGTzhTGqEPa2V1bX1js7BV3N7Z3dsvHRx2VJxKQtsk5rHs+VhRzgRta6Y57SWS4sjntOtPLnO/e0elYrG40dOEehEeCRYygrWRbgd+zAM1jcyVNWfDUhnZF6hWcysQ2Qg59fNqTlzkOlXoGCVHGSzRGpbeB0FM0ogKTThWqu+gRHsZlpoRTmfFQapogskEj2jfUIEjqrxsnnoGT40SwDCW5ggN5+r3jQxHKo9mJiOsx+q3l4t/ef1Uh3UvYyJJNRVk8VCYcqhjmFcAAyYp0XxqCCaSmayQjLHERJuiiqaEr5/C/0mnYjtV2712y43mso4COAYn4Aw4oAYa4Aq0QBsQIMEDeALP1r31aL1Yr4vRFWu5cwR+wHr7BF5Nkxo=</latexit>

B

<latexit sha1_base64="+GiDU2tiIdgrh5CVS726QvOAJPQ=">AAAB9XicdVBLSwMxGMzWV62vqkcvwSJ4Wnbbbh+3ohePFewD2rVks9k2NLtZkqxSlv4PLx4U8ep/8ea/MdtWUNGBkGHm+8hkvJhRqSzrw8itrW9sbuW3Czu7e/sHxcOjruSJwKSDOeOi7yFJGI1IR1HFSD8WBIUeIz1vepn5vTsiJOXRjZrFxA3ROKIBxUhp6XbocebLWaivdDofFUuWaTUbTrkCLdNpOrV6UxOr2nQqNWib1gIlsEJ7VHwf+hwnIYkUZkjKgW3Fyk2RUBQzMi8ME0lihKdoTAaaRigk0k0XqefwTCs+DLjQJ1JwoX7fSFEos2h6MkRqIn97mfiXN0hU0HBTGsWJIhFePhQkDCoOswqgTwXBis00QVhQnRXiCRIIK11UQZfw9VP4P+mWTbtmVq+rpdbFqo48OAGn4BzYoA5a4Aq0QQdgIMADeALPxr3xaLwYr8vRnLHaOQY/YLx9Asvok2Q=</latexit>

k
<latexit sha1_base64="+GiDU2tiIdgrh5CVS726QvOAJPQ=">AAAB9XicdVBLSwMxGMzWV62vqkcvwSJ4Wnbbbh+3ohePFewD2rVks9k2NLtZkqxSlv4PLx4U8ep/8ea/MdtWUNGBkGHm+8hkvJhRqSzrw8itrW9sbuW3Czu7e/sHxcOjruSJwKSDOeOi7yFJGI1IR1HFSD8WBIUeIz1vepn5vTsiJOXRjZrFxA3ROKIBxUhp6XbocebLWaivdDofFUuWaTUbTrkCLdNpOrV6UxOr2nQqNWib1gIlsEJ7VHwf+hwnIYkUZkjKgW3Fyk2RUBQzMi8ME0lihKdoTAaaRigk0k0XqefwTCs+DLjQJ1JwoX7fSFEos2h6MkRqIn97mfiXN0hU0HBTGsWJIhFePhQkDCoOswqgTwXBis00QVhQnRXiCRIIK11UQZfw9VP4P+mWTbtmVq+rpdbFqo48OAGn4BzYoA5a4Aq0QQdgIMADeALPxr3xaLwYr8vRnLHaOQY/YLx9Asvok2Q=</latexit>

k

<latexit sha1_base64="Ef/OwBhctQFdr9KPtRHDC4UWhQ4=">AAAB+XicdVBLSwMxGMzWV62vVY9egkXwtGTr0tZbqRePFewD2mXJZrNtaPZBki2Upf/EiwdFvPpPvPlvzLYVVHQgZJj5PjIZP+VMKoQ+jNLG5tb2Tnm3srd/cHhkHp/0ZJIJQrsk4YkY+FhSzmLaVUxxOkgFxZHPad+f3hR+f0aFZEl8r+YpdSM8jlnICFZa8kxz5Cc8kPNIX3l74QnPrCLrGjUaTg0iCyG7eVUviIMcuw5trRSogjU6nvk+ChKSRTRWhGMphzZKlZtjoRjhdFEZZZKmmEzxmA41jXFEpZsvky/ghVYCGCZCn1jBpfp9I8eRLMLpyQirifztFeJf3jBTYdPNWZxmisZk9VCYcagSWNQAAyYoUXyuCSaC6ayQTLDAROmyKrqEr5/C/0mvZtl1y7lzqq32uo4yOAPn4BLYoAFa4BZ0QBcQMAMP4Ak8G7nxaLwYr6vRkrHeOQU/YLx9Amj6lDA=</latexit>

Br

Wave emission by quakes (kHz)

magnetosonic:Alfven:
<latexit sha1_base64="rigEbgccQSCC025XqV83BqUaPwc="></latexit>

E ? (k ⇥Bbg)
<latexit sha1_base64="yus7F1tV/CxCAy9PJqiufBHW3oI="></latexit>

E k (k ⇥Bbg)

(+ waves from instabilities in the magnetosphere itself, see Jens Mahlmann’s talk) 



I. Magnetosonic waves



fast magnetosonic mode        vacuum electromagnetic wave<latexit sha1_base64="8EtmUgMiUtpWX3a8+Ppx0LcIFgM=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7AekoWy2m3bpJht2J0op/RlePCji1V/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqGZVpxptMSaU7ITVcioQ3UaDknVRzGoeSt8PR7cxvP3JthEoecJzyIKaDRESCUbSS39ViMESqtXrqlStu1Z2DrBIvJxXI0eiVv7p9xbKYJ8gkNcb33BSDCdUomOTTUjczPKVsRAfctzShMTfBZH7ylJxZpU8ipW0lSObq74kJjY0Zx6HtjCkOzbI3E//z/Ayj62AikjRDnrDFoiiTBBWZ/U/6QnOGcmwJZVrYWwkbUk0Z2pRKNgRv+eVV0rqoepfV2n2tUr/J4yjCCZzCOXhwBXW4gwY0gYGCZ3iFNwedF+fd+Vi0Fpx85hj+wPn8AcWpkZY=</latexit>!<latexit sha1_base64="DJyp6BTAOgONhtB6bsir3Rpkoto=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMiKq6KblxWsA/olJJJM9PQJDMkd5Rh6Ae48VfcuFDErR/gzr8xfSy09UDgcM653NwTJIIbcN1vp7C0vLK6VlwvbWxube+Ud/eaJk41ZQ0ai1i3A2KY4Io1gINg7UQzIgPBWsHweuy37pk2PFZ3kCWsK0mkeMgpASv1yhXf8EiSXu5riYNo5GseDYBoHT9gn6sQsktsU27VnQAvEm9GKmiGeq/85fdjmkqmgApiTMdzE+jmRAOngo1KfmpYQuiQRKxjqSKSmW4+OWaEj6zSx2Gs7VOAJ+rviZxIYzIZ2KQkMDDz3lj8z+ukEF50c66SFJii00VhKjDEeNwM7nPNKIjMEkI1t3/FdEA0oWD7K9kSvPmTF0nzpOqdVU9vTyu1q1kdRXSADtEx8tA5qqEbVEcNRNEjekav6M15cl6cd+djGi04s5l99AfO5w8P9Zuf</latexit>�bg ! 1 :
<latexit sha1_base64="UfUbHUtNVX0nEL+lqNcpqqqID+w=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMcQLx4jmAcmS5idzCZD5rHMzAphyV948aCIV//Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyc91vtZTwsUDaf9csWv+nOgVRLkpAI5Gv3yV2+gSCqotIRjY7qBn9gww9oywum01EsNTTAZ4yHtOiqxoCbM5hdP0ZlTBihW2pW0aK7+nsiwMGYiItcpsB2ZZW8m/ud1UxvfhBmTSWqpJItFccqRVWj2PhowTYnlE0cw0czdisgIa0ysC6nkQgiWX14lrYtqcFW9vL+s1Op5HEU4gVM4hwCuoQZ30IAmEJDwDK/w5hnvxXv3PhatBS+fOYY/8D5/ADq4kKQ=</latexit>

Bbg(superimposed on        )

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

Bbg =
µ

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

Magnetosonic modes (compressive waves):
<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="bXccc67/hDA7Mz5/S2xVVBRjKB4="></latexit>

�bg =
B2

bg

4⇡nbgmec2
⇠ 1010 r�3

8



fast magnetosonic mode        vacuum electromagnetic wave<latexit sha1_base64="8EtmUgMiUtpWX3a8+Ppx0LcIFgM=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7AekoWy2m3bpJht2J0op/RlePCji1V/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqGZVpxptMSaU7ITVcioQ3UaDknVRzGoeSt8PR7cxvP3JthEoecJzyIKaDRESCUbSS39ViMESqtXrqlStu1Z2DrBIvJxXI0eiVv7p9xbKYJ8gkNcb33BSDCdUomOTTUjczPKVsRAfctzShMTfBZH7ylJxZpU8ipW0lSObq74kJjY0Zx6HtjCkOzbI3E//z/Ayj62AikjRDnrDFoiiTBBWZ/U/6QnOGcmwJZVrYWwkbUk0Z2pRKNgRv+eVV0rqoepfV2n2tUr/J4yjCCZzCOXhwBXW4gwY0gYGCZ3iFNwedF+fd+Vi0Fpx85hj+wPn8AcWpkZY=</latexit>!<latexit sha1_base64="DJyp6BTAOgONhtB6bsir3Rpkoto=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMiKq6KblxWsA/olJJJM9PQJDMkd5Rh6Ae48VfcuFDErR/gzr8xfSy09UDgcM653NwTJIIbcN1vp7C0vLK6VlwvbWxube+Ud/eaJk41ZQ0ai1i3A2KY4Io1gINg7UQzIgPBWsHweuy37pk2PFZ3kCWsK0mkeMgpASv1yhXf8EiSXu5riYNo5GseDYBoHT9gn6sQsktsU27VnQAvEm9GKmiGeq/85fdjmkqmgApiTMdzE+jmRAOngo1KfmpYQuiQRKxjqSKSmW4+OWaEj6zSx2Gs7VOAJ+rviZxIYzIZ2KQkMDDz3lj8z+ukEF50c66SFJii00VhKjDEeNwM7nPNKIjMEkI1t3/FdEA0oWD7K9kSvPmTF0nzpOqdVU9vTyu1q1kdRXSADtEx8tA5qqEbVEcNRNEjekav6M15cl6cd+djGi04s5l99AfO5w8P9Zuf</latexit>�bg ! 1 :
<latexit sha1_base64="UfUbHUtNVX0nEL+lqNcpqqqID+w=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMcQLx4jmAcmS5idzCZD5rHMzAphyV948aCIV//Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyc91vtZTwsUDaf9csWv+nOgVRLkpAI5Gv3yV2+gSCqotIRjY7qBn9gww9oywum01EsNTTAZ4yHtOiqxoCbM5hdP0ZlTBihW2pW0aK7+nsiwMGYiItcpsB2ZZW8m/ud1UxvfhBmTSWqpJItFccqRVWj2PhowTYnlE0cw0czdisgIa0ysC6nkQgiWX14lrYtqcFW9vL+s1Op5HEU4gVM4hwCuoQZ30IAmEJDwDK/w5hnvxXv3PhatBS+fOYY/8D5/ADq4kKQ=</latexit>

Bbg(superimposed on        )

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

Bbg =
µ

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

Bbg / r�3
<latexit sha1_base64="DV/E0Pg1jOJqF2VQYok+MJNFMtk=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEN5aZVtBlqRuXFewDOuOQSTNtaDITkoxQhuLGX3HjQhG3foU7/8a0nYW2HggczrmXm3NCwajSjvNtFVZW19Y3ipulre2d3T17/6CtklRi0sIJS2Q3RIowGpOWppqRrpAE8ZCRTji6nvqdByIVTeI7PRbE52gQ04hipI0U2EeNIPMkh+FgAj0hE6ETKO+z89oksMtOxZkBLhM3J2WQoxnYX14/wSknscYMKdVzHaH9DElNMSOTkpcqIhAeoQHpGRojTpSfzSJM4KlR+jBKpHmxhjP190aGuFJjHppJjvRQLXpT8T+vl+roys9oLFJNYjw/FKUMmpzTPmCfSoI1GxuCsKTmrxAPkURYm9ZKpgR3MfIyaVcrbq1Svb0o1xt5HUVwDE7AGXDBJaiDG9AELYDBI3gGr+DNerJerHfrYz5asPKdQ/AH1ucPbYiWzg==</latexit>

<latexit sha1_base64="WM2Oo+Dmpp1ps7q/UiQZKbK2DgI=">AAAB+nicbVDLSgMxFM34rPU11aWbYBHcWGakqMuiCC4r2Ae045BJM21oJglJRiljP8WNC0Xc+iXu/BvTdhbaeuDC4Zx7ufeeSDKqjed9O0vLK6tr64WN4ubW9s6uW9prapEqTBpYMKHaEdKEUU4ahhpG2lIRlESMtKLh1cRvPRClqeB3ZiRJkKA+pzHFyFgpdEvXodeVSkgjoLrPTvxx6Ja9ijcFXCR+TsogRz10v7o9gdOEcIMZ0rrje9IEGVKGYkbGxW6qiUR4iPqkYylHCdFBNj19DI+s0oOxULa4gVP190SGEq1HSWQ7E2QGet6biP95ndTEF0FGuUwN4Xi2KE4ZtH9OcoA9qgg2bGQJworaWyEeIIWwsWkVbQj+/MuLpHla8c8q1dtquXaZx1EAB+AQHAMfnIMauAF10AAYPIJn8ArenCfnxXl3PmatS04+sw/+wPn8AWs2k3g=</latexit>

E0 / r�1wave amplitude

background field

<latexit sha1_base64="XStpKvlYRxQJnBllIp42eVnDjLM=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVWZKUZelIrisYB/QqUMmzbShyUxIMkIZZu3GX3HjQhG3foE7/8a0nYW2HggczrmXm3MCwajSjvNtFVZW19Y3ipulre2d3T17/6Ct4kRi0sIxi2U3QIowGpGWppqRrpAE8YCRTjC+mvqdByIVjaM7PRGkz9EwoiHFSBvJt4+9UCKcXvtOljb81JMcBsMs84SMhY6hvK/6dtmpODPAZeLmpAxyNH37yxvEOOEk0pghpXquI3Q/RVJTzEhW8hJFBMJjNCQ9QyPEieqnsygZPDXKAIaxNC/ScKb+3kgRV2rCAzPJkR6pRW8q/uf1Eh1e9lMaiUSTCM8PhQmDJuS0FzigkmDNJoYgLKn5K8QjZLrRpr2SKcFdjLxM2tWKe16p3dbK9UZeRxEcgRNwBlxwAergBjRBC2DwCJ7BK3iznqwX6936mI8WrHznEPyB9fkDNWmamQ==</latexit>

E0

Bbg
/ r2

<latexit sha1_base64="yfmsnTSAsS0FeFqZ61IuwbVH7wI=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgadkVUY9BLx4jmAdk1zA76U2GzD6Y6VXCkv/w4kERr/6LN//GSbIHTSxoKKq66e4KUik0Os63VVpZXVvfKG9WtrZ3dveq+wctnWSKQ5MnMlGdgGmQIoYmCpTQSRWwKJDQDkY3U7/9CEqLJL7HcQp+xAaxCAVnaKQHT0KItqfEYIjepFetObYzA10mbkFqpECjV/3y+gnPIoiRS6Z113VS9HOmUHAJk4qXaUgZH7EBdA2NWQTaz2dXT+iJUfo0TJSpGOlM/T2Rs0jrcRSYzojhUC96U/E/r5theOXnIk4zhJjPF4WZpJjQaQS0LxRwlGNDGFfC3Er5kCnG0QRVMSG4iy8vk9aZ7V7Y53fntfp1EUeZHJFjckpccknq5JY0SJNwosgzeSVv1pP1Yr1bH/PWklXMHJI/sD5/AJkVkpc=</latexit>

} <latexit sha1_base64="Hixo8HSyHyFdnDxjE5iKL5SELL0=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6l9Uz+/OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5QJkXY=</latexit>)

Magnetosonic modes (compressive waves):
<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="bXccc67/hDA7Mz5/S2xVVBRjKB4="></latexit>

�bg =
B2

bg

4⇡nbgmec2
⇠ 1010 r�3

8



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="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



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>

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
<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|



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

shock formation:

<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|



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)



<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 end 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





<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

<latexit sha1_base64="xNJ57sibSxJgQcC8ge8xqe7Sdu4=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyGpVeuu6MZlFVsLTQiTybQdOpmEmYlQQsFfceNCEbd+hzv/xkkbRKsXhjmccy/33BMkjEpl259GaWFxaXmlvFpZW9/Y3DK3dzoyTgUmbRyzWHQDJAmjnLQVVYx0E0FQFDByF4wuc/3unghJY36rxgnxIjTgtE8xUpryzT03iFkox5H+shvfVTQicuKbVduypwVtq3FSa5wfw2/GKUAVFNXyzQ83jHEaEa4wQ1L2HDtRXoaEopiRScVNJUkQHqEB6WnIkd7iZVP7E3iomRD2Y6EfV3DK/pzIUCRzh7ozQmoo57Wc/E/rparf8DLKk1QRjmeL+imDKoZ5FjCkgmDFxhogLKj2CvEQCYSVTqyiQ3DmT/4LOjXLObXq1/Vq86KIowz2wQE4Ag44A01wBVqgDTDIwCN4Bi/Gg/FkvBpvs9aSUczsgl9lvH8BUs2WYw==</latexit>

R⇥

Example:
<latexit sha1_base64="kIRfIB/ddnknXLAj1F+xjoxVfkM=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLCTualAbIWhjYRHBPCC7htnJJBkyM7vMzAph3cJfsbFQxNbfsPNvnCRbaOKBC4dz7uXee4KIUaUd59vKzc0vLC7llwsrq2vrG/bmVl2FscSkhkMWymaAFGFUkJqmmpFmJAniASONYHA18hsPRCoaijs9jIjPUU/QLsVIG6lt79xcuM59Uj5JvcPEkxwS2TtSadsuOiVnDDhL3IwUQYZq2/7yOiGOOREaM6RUy3Ui7SdIaooZSQterEiE8AD1SMtQgThRfjK+P4X7RunAbihNCQ3H6u+JBHGlhjwwnRzpvpr2RuJ/XivW3XM/oSKKNRF4sqgbM6hDOAoDdqgkWLOhIQhLam6FuI8kwtpEVjAhuNMvz5L6cck9LZVvy8XKZRZHHuyCPXAAXHAGKuAaVEENYPAInsEreLOerBfr3fqYtOasbGYb/IH1+QMtBpTy</latexit>

L = 1043 erg/s
<latexit sha1_base64="NetVkYfu1QY8kTzGR4Kp8o3K5k0=">AAACBHicbVBNS8NAEN3Ur1q/oh57WSyCp5JIUY9FLx6r2A9oQthsN+3SzSbsTsRSevDiX/HiQRGv/ghv/hu3bQ7a+mDg8d4MM/PCVHANjvNtFVZW19Y3ipulre2d3T17/6Clk0xR1qSJSFQnJJoJLlkTOAjWSRUjcShYOxxeTf32PVOaJ/IORinzY9KXPOKUgJECu3wbeMBjpj2Spip5wK7jYKNpICqwK07VmQEvEzcnFZSjEdhfXi+hWcwkUEG07rpOCv6YKOBUsEnJyzRLCR2SPusaKonZ649nT0zwsVF6OEqUKQl4pv6eGJNY61Ecms6YwEAvelPxP6+bQXThj7lMM2CSzhdFmcCQ4GkiuMcVoyBGhhCquLkV0wFRhILJrWRCcBdfXiat06p7Vq3d1Cr1yzyOIiqjI3SCXHSO6ugaNVATUfSIntErerOerBfr3fqYtxasfOYQ/YH1+QOz6Zd/</latexit>

R⇥ ⇡ 100R?

sh
oc

k



Monster shocks are radiative
particles crossing the shock 
emit curvature gamma-rays

gamma-rays convert to e+- pairs:   
        synchrotron cascade

=> energy lost by the kHz wave is  
       radiated in the X-ray band

Lorentz factor
<latexit sha1_base64="o4khejb+5Ql0JVNnC+42P2TE61Q=">AAACHXicbVDLSsQwFE19O75GXboJDoILGVoZ1OWgG5cqzgMmpdxm0hpM2pKkwlD6I278FTcuFHHhRvwbMzNd+DoQOPece7m5J8wE18Z1P52Z2bn5hcWl5drK6tr6Rn1zq6vTXFHWoalIVT8EzQRPWMdwI1g/UwxkKFgvvD0b+707pjRPk2szypgvIU54xCkYKwX1FolBSiCaSxIpoAUlB7aIJQQFURKHcVkWJJUsBnwVEMMl02VQb7hNdwL8l3gVaaAKF0H9nQxTmkuWGCpA64HnZsYvQBlOBStrJNcsA3oLMRtYmoDd4heT60q8Z5UhjlJlX2LwRP0+UYDUeiRD2ynB3Ojf3lj8zxvkJjrxC55kuWEJnS6KcoFNisdR4SFXjBoxsgSo4vavmN6ADcnYQGs2BO/3yX9J97DpHTVbl61G+7SKYwntoF20jzx0jNroHF2gDqLoHj2iZ/TiPDhPzqvzNm2dcaqZbfQDzscXHFKjLw==</latexit>

� ⇠ c�bg

!R⇥

<latexit sha1_base64="xNJ57sibSxJgQcC8ge8xqe7Sdu4=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyGpVeuu6MZlFVsLTQiTybQdOpmEmYlQQsFfceNCEbd+hzv/xkkbRKsXhjmccy/33BMkjEpl259GaWFxaXmlvFpZW9/Y3DK3dzoyTgUmbRyzWHQDJAmjnLQVVYx0E0FQFDByF4wuc/3unghJY36rxgnxIjTgtE8xUpryzT03iFkox5H+shvfVTQicuKbVduypwVtq3FSa5wfw2/GKUAVFNXyzQ83jHEaEa4wQ1L2HDtRXoaEopiRScVNJUkQHqEB6WnIkd7iZVP7E3iomRD2Y6EfV3DK/pzIUCRzh7ozQmoo57Wc/E/rparf8DLKk1QRjmeL+imDKoZ5FjCkgmDFxhogLKj2CvEQCYSVTqyiQ3DmT/4LOjXLObXq1/Vq86KIowz2wQE4Ag44A01wBVqgDTDIwCN4Bi/Gg/FkvBpvs9aSUczsgl9lvH8BUs2WYw==</latexit>

R⇥sh
oc

k



II. Alfven waves from quakes



Yuan, AB, Chen, Levin 2020

Alfven wave from a quake

magnetic energy



Yuan et al. 2022



Magnetic reconnection



`B ⌘ UB

mec2
�TS

<latexit sha1_base64="blKP3opCHZhObTkyg57oVHHHsQg=">AAACGXicbVDLSsNAFJ3UV62vqks3g0VwISWpgi6lblxW7AuaGibTm3boTBJnJkIJ+Q03/oobF4q41JV/4/Sx0NYDFw7n3Mu99/gxZ0rb9reVW1peWV3Lrxc2Nre2d4q7e00VJZJCg0Y8km2fKOAshIZmmkM7lkCEz6HlD6/GfusBpGJRWNejGLqC9EMWMEq0kbyi7QLnXtWF+4Q9uIEkNG141SwVHtC7SuaeuIr1BfFSVwpcz/CtVyzZZXsCvEicGSmhGWpe8dPtRTQREGrKiVIdx451NyVSM8ohK7iJgpjQIelDx9CQCFDddPJZho+M0sNBJE2FGk/U3xMpEUqNhG86BdEDNe+Nxf+8TqKDi27KwjjRENLpoiDhWEd4HBPuMQlU85EhhEpmbsV0QEw82oRZMCE48y8vkmal7JyWKzdnpcvqLI48OkCH6Bg56BxdomtUQw1E0SN6Rq/ozXqyXqx362PamrNmM/voD6yvH8VzoL8=</latexit>

⇡ 3⇥ 105 B2
9 S7

<latexit sha1_base64="oJS2J75SFyRQ+PRq81VGQ4bvu7E=">AAACC3icbVBNT8JAEN3iF+JX1aOXDcTEgyEtaNB4IXjxiFHAhJZmu2xhw7bd7G6NhHD34l/x4kFjvPoHvPlvXKAHBV8yyct7M5mZ53NGpbKsbyOztLyyupZdz21sbm3vmLt7TRknApMGjlks7nwkCaMRaSiqGLnjgqDQZ6TlDy4nfuueCEnj6FYNOXFD1ItoQDFSWvLMvIM4F/EDLDuKhkRC2+qcOhew5p13Ss4xvPEqnlmwitYUcJHYKSmAFHXP/HK6MU5CEinMkJRt2+LKHSGhKGZknHMSSTjCA9QjbU0jpPe6o+kvY3iolS4MYqErUnCq/p4YoVDKYejrzhCpvpz3JuJ/XjtRwZk7ohFPFInwbFGQMKhiOAkGdqkgWLGhJggLqm+FuI8EwkrHl9Mh2PMvL5JmqWiXi6Xrk0K1lsaRBQcgD46ADSqgCq5AHTQABo/gGbyCN+PJeDHejY9Za8ZIZ/bBHxifPy9DmJA=</latexit>

AB 2021

 Creation of e+- plasma  
     and X-ray bursts



AB 2021

`B ⌘ UB

mec2
�TS

<latexit sha1_base64="blKP3opCHZhObTkyg57oVHHHsQg=">AAACGXicbVDLSsNAFJ3UV62vqks3g0VwISWpgi6lblxW7AuaGibTm3boTBJnJkIJ+Q03/oobF4q41JV/4/Sx0NYDFw7n3Mu99/gxZ0rb9reVW1peWV3Lrxc2Nre2d4q7e00VJZJCg0Y8km2fKOAshIZmmkM7lkCEz6HlD6/GfusBpGJRWNejGLqC9EMWMEq0kbyi7QLnXtWF+4Q9uIEkNG141SwVHtC7SuaeuIr1BfFSVwpcz/CtVyzZZXsCvEicGSmhGWpe8dPtRTQREGrKiVIdx451NyVSM8ohK7iJgpjQIelDx9CQCFDddPJZho+M0sNBJE2FGk/U3xMpEUqNhG86BdEDNe+Nxf+8TqKDi27KwjjRENLpoiDhWEd4HBPuMQlU85EhhEpmbsV0QEw82oRZMCE48y8vkmal7JyWKzdnpcvqLI48OkCH6Bg56BxdomtUQw1E0SN6Rq/ozXqyXqx362PamrNmM/voD6yvH8VzoL8=</latexit>

⇡ 3⇥ 105 B2
9 S7

<latexit sha1_base64="oJS2J75SFyRQ+PRq81VGQ4bvu7E=">AAACC3icbVBNT8JAEN3iF+JX1aOXDcTEgyEtaNB4IXjxiFHAhJZmu2xhw7bd7G6NhHD34l/x4kFjvPoHvPlvXKAHBV8yyct7M5mZ53NGpbKsbyOztLyyupZdz21sbm3vmLt7TRknApMGjlks7nwkCaMRaSiqGLnjgqDQZ6TlDy4nfuueCEnj6FYNOXFD1ItoQDFSWvLMvIM4F/EDLDuKhkRC2+qcOhew5p13Ss4xvPEqnlmwitYUcJHYKSmAFHXP/HK6MU5CEinMkJRt2+LKHSGhKGZknHMSSTjCA9QjbU0jpPe6o+kvY3iolS4MYqErUnCq/p4YoVDKYejrzhCpvpz3JuJ/XjtRwZk7ohFPFInwbFGQMKhiOAkGdqkgWLGhJggLqm+FuI8EwkrHl9Mh2PMvL5JmqWiXi6Xrk0K1lsaRBQcgD46ADSqgCq5AHTQABo/gGbyCN+PJeDHejY9Za8ZIZ/bBHxifPy9DmJA=</latexit>

kTe↵

mec2
<latexit sha1_base64="P/o7axF+TDgMac4l93jbF9d5+og=">AAACBHicbVDLSsNAFJ3UV62vqstuBovgqiRV0GXRjcsKfUETw2R60w6dScLMRCghCzf+ihsXirj1I9z5N04fC209cOFwzr3ce0+QcKa0bX9bhbX1jc2t4nZpZ3dv/6B8eNRRcSoptGnMY9kLiALOImhrpjn0EglEBBy6wfhm6ncfQCoWRy09ScATZBixkFGijeSXK24oCc3GLT9zpcAQhnmeCR/ofT33y1W7Zs+AV4mzIFW0QNMvf7mDmKYCIk05Uarv2In2MiI1oxzykpsqSAgdkyH0DY2IAOVlsydyfGqUAQ5jaSrSeKb+nsiIUGoiAtMpiB6pZW8q/uf1Ux1eeRmLklRDROeLwpRjHeNpInjAJFDNJ4YQKpm5FdMRMalok1vJhOAsv7xKOvWac16r311UG9eLOIqogk7QGXLQJWqgW9REbUTRI3pGr+jNerJerHfrY95asBYzx+gPrM8fKRCYaw==</latexit>

n±
n�

⇠ 10�5

<latexit sha1_base64="XcV1NGktEhsB3F5LMNH5lPu1m8c=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZBYqJICgrGChbFI9CE1oXJcp7VqO5HtIFVRdhZ+hYUBhFj5ATb+BqfNAC1HurpH59wr+54gZlRpx/m2lpZXVtfWSxvlza3tnV17b7+tokRi0sIRi2Q3QIowKkhLU81IN5YE8YCRTjC+zv3OA5GKRuJOT2LiczQUNKQYaSP17YoXSoRT0fdinuVtiDhHmacoh65zn56cZ3276tScKeAicQtSBQWaffvLG0Q44URozJBSPdeJtZ8iqSlmJCt7iSIxwmM0JD1DBeJE+en0lgweGWUAw0iaEhpO1d8bKeJKTXhgJjnSIzXv5eJ/Xi/R4aWfUhEnmgg8eyhMGNQRzIOBAyoJ1mxiCMKSmr9CPEImHG3iK5sQ3PmTF0m7XnNPa/Xbs2rjqoijBA5BBRwDF1yABrgBTdACGDyCZ/AK3qwn68V6tz5mo0tWsXMA/sD6/AH8cpr7</latexit>

kT

mec2
⇠ 0.1

<latexit sha1_base64="XHIepvVDQ31t1pwbWtbKAYIeHIo=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyGpgi6LblxW6AvaGCbTSTt0ZhJmJkIJwY2/4saFIm79Cnf+jdM2C209cOFwzr3ce0+YMKq0635bpZXVtfWN8mZla3tnd8/eP2irOJWYtHDMYtkNkSKMCtLSVDPSTSRBPGSkE45vpn7ngUhFY9HUk4T4HA0FjShG2kiBfdSPJMLZuJlnPCD4vpb3FeXQdbzArrqOOwNcJl5BqqBAI7C/+oMYp5wIjRlSque5ifYzJDXFjOSVfqpIgvAYDUnPUIE4UX42eyGHp0YZwCiWpoSGM/X3RIa4UhMemk6O9EgtelPxP6+X6ujKz6hIUk0Eni+KUgZ1DKd5wAGVBGs2MQRhSc2tEI+QyUSb1ComBG/x5WXSrjneuVO7u6jWr4s4yuAYnIAz4IFLUAe3oAFaAINH8AxewZv1ZL1Y79bHvLVkFTOH4A+szx9trJbI</latexit>

e±
<latexit sha1_base64="LKhqQfsh7kRGeb4Urxy2BoT7fNY=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5C0lja7ohuXFewDmlgm00k7dDIJMxOhhn6JGxeKuPVT3Pk3TtoKKnpg4HDOvdwzJ0gYlcq2P4zC2vrG5lZxu7Szu7dfNg8OuzJOBSYdHLNY9AMkCaOcdBRVjPQTQVAUMNILppe537sjQtKY36hZQvwIjTkNKUZKS0Oz7EVITYIwI7deEs3h0KzYltus12tNaFu27Vbdhiau6zoNBzpayVEBK7SH5rs3inEaEa4wQ1IOHDtRfoaEopiReclLJUkQnqIxGWjKUUSkny2Cz+GpVkYwjIV+XMGF+n0jQ5GUsyjQk3lM+dvLxb+8QarCpp9RnqSKcLw8FKYMqhjmLcARFQQrNtMEYUF1VognSCCsdFclXcLXT+H/pFu1nJpVvT6vtC5WdRTBMTgBZ8ABDdACV6ANOgCDFDyAJ/Bs3BuPxovxuhwtGKudI/ADxtsnVoGTjA==</latexit>

radiative transfer 
with e+- creation

 Creation of e+- plasma  
     and X-ray bursts

escaping spectrum



  April 2020: FRB detection from a local magnetar

SGR 1935+2154

Bochenek et al. 2020; The CHIME/FRB Collaboration et al. 2020; Li et al. 2020; Mereghetti et al. 2020

X-rays

radio

EFRB ⇠ 1035 erg
<latexit sha1_base64="AKTiTjWDV1qBpvzJHyyP/U1+EjU="></latexit>



       AB 2021, 2023

   FRBs: • GHz band,  ms duration 

• detected in distant galaxies 

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

1043 erg/s

=>  FRBs must be emitted by magnetic explosions  
       (and released far from the star, in the wind)

Radio bursts are damped in a static background magnetosphere 

       Golbreikh, Lyubarsky 2023



blast  
wave pre-explosion 
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FRB mechanism:  magnetic explosion

— shocks in the magnetar wind AB 2017, 2020;  
Metzger et al. 2019

Lyubarsky 2020;  
Mahlmann et al. 2022

— ejecta carrying waves from magnetic reconnection
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 Blast waves from magnetar flares

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



maser:
rL =

�relmec2

eB
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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



Shock-powered coherent emission

Density
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Sironi et al. 2021
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monster radiative shocks 
nonlinear Alfven waves  

perturbations 
(quakes)
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Summary:  ejecta and bursts from magnetars

 X-ray bursts (                    ) 

FRBs (when ejecta expand far beyond 
           the magnetosphere,                  )                                                
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R ⇠ 100R?
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R ⇠ 1AU

production of radiation:

(plasma acceleration to Lorentz factors exceeding        )
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