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The Particle-In-Cell (PIC) simulation of plasmas
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... to Space & Astrophysical Plasmas 

from Laboratory Plasmas ...
Laser Wakefield Acceleration Particle-driven Wakefield Acceleration Beam-beam collision

             Comet boundaries

@Massimo @Massimo @Grismayer

         Solar radio-burst

@Krafft & Savoini@Krafft & Savoini

Collisionless shocks & Cosmic Rays

@Beth@Grassi



The Vlasov-Maxwell description
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Vlasov Eq - Species of the plasma
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Introduction to plasma theory, 
D. R. Nicholson (1983)



Vlasov equation in a nutshell
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Vlasov equation in a nutshell
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Vlasov equation in a nutshell
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Solving Vlasov-Maxwell with the PIC method
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<latexit sha1_base64="r5ylIevset9XlIvs+tIwF2Y0GQA=">AAACEHicbVBNS8NAEN34WetX1aOXxSJ6KokIelAoevFYwarQhLLZTHRxswm7E7GE/AQv/hUvHhTx6tGb/8Ztm4NfDwYe783s7Lwwk8Kg6346E5NT0zOztbn6/MLi0nJjZfXcpLnm0OWpTPVlyAxIoaCLAiVcZhpYEkq4CG+Oh/7FLWgjUnWGgwyChF0pEQvO0Er9xpavWCgZ9XmUIvUR7nD0aKEhKgs/jOlRSQ+p22803ZY7Av1LvIo0SYVOv/HhRynPE1DIJTOm57kZBgXTKLiEsu7nBjLGb9gV9CxVLAETFKPdJd20SkTjVNtSSEfq94mCJcYMktB2JgyvzW9vKP7n9XKM94NCqCxHUHy8KM4lxZQO06GR0MBRDixhXAv7V8qvmWYcbYZ1G4L3++S/5Hyn5bkt73S32T6o4qiRdbJBtolH9kibnJAO6RJO7skjeSYvzoPz5Lw6b+PWCaeaWSM/4Lx/AduNnGk=</latexit><latexit sha1_base64="r5ylIevset9XlIvs+tIwF2Y0GQA=">AAACEHicbVBNS8NAEN34WetX1aOXxSJ6KokIelAoevFYwarQhLLZTHRxswm7E7GE/AQv/hUvHhTx6tGb/8Ztm4NfDwYe783s7Lwwk8Kg6346E5NT0zOztbn6/MLi0nJjZfXcpLnm0OWpTPVlyAxIoaCLAiVcZhpYEkq4CG+Oh/7FLWgjUnWGgwyChF0pEQvO0Er9xpavWCgZ9XmUIvUR7nD0aKEhKgs/jOlRSQ+p22803ZY7Av1LvIo0SYVOv/HhRynPE1DIJTOm57kZBgXTKLiEsu7nBjLGb9gV9CxVLAETFKPdJd20SkTjVNtSSEfq94mCJcYMktB2JgyvzW9vKP7n9XKM94NCqCxHUHy8KM4lxZQO06GR0MBRDixhXAv7V8qvmWYcbYZ1G4L3++S/5Hyn5bkt73S32T6o4qiRdbJBtolH9kibnJAO6RJO7skjeSYvzoPz5Lw6b+PWCaeaWSM/4Lx/AduNnGk=</latexit><latexit sha1_base64="r5ylIevset9XlIvs+tIwF2Y0GQA=">AAACEHicbVBNS8NAEN34WetX1aOXxSJ6KokIelAoevFYwarQhLLZTHRxswm7E7GE/AQv/hUvHhTx6tGb/8Ztm4NfDwYe783s7Lwwk8Kg6346E5NT0zOztbn6/MLi0nJjZfXcpLnm0OWpTPVlyAxIoaCLAiVcZhpYEkq4CG+Oh/7FLWgjUnWGgwyChF0pEQvO0Er9xpavWCgZ9XmUIvUR7nD0aKEhKgs/jOlRSQ+p22803ZY7Av1LvIo0SYVOv/HhRynPE1DIJTOm57kZBgXTKLiEsu7nBjLGb9gV9CxVLAETFKPdJd20SkTjVNtSSEfq94mCJcYMktB2JgyvzW9vKP7n9XKM94NCqCxHUHy8KM4lxZQO06GR0MBRDixhXAv7V8qvmWYcbYZ1G4L3++S/5Hyn5bkt73S32T6o4qiRdbJBtolH9kibnJAO6RJO7skjeSYvzoPz5Lw6b+PWCaeaWSM/4Lx/AduNnGk=</latexit><latexit sha1_base64="r5ylIevset9XlIvs+tIwF2Y0GQA=">AAACEHicbVBNS8NAEN34WetX1aOXxSJ6KokIelAoevFYwarQhLLZTHRxswm7E7GE/AQv/hUvHhTx6tGb/8Ztm4NfDwYe783s7Lwwk8Kg6346E5NT0zOztbn6/MLi0nJjZfXcpLnm0OWpTPVlyAxIoaCLAiVcZhpYEkq4CG+Oh/7FLWgjUnWGgwyChF0pEQvO0Er9xpavWCgZ9XmUIvUR7nD0aKEhKgs/jOlRSQ+p22803ZY7Av1LvIo0SYVOv/HhRynPE1DIJTOm57kZBgXTKLiEsu7nBjLGb9gV9CxVLAETFKPdJd20SkTjVNtSSEfq94mCJcYMktB2JgyvzW9vKP7n9XKM94NCqCxHUHy8KM4lxZQO06GR0MBRDixhXAv7V8qvmWYcbYZ1G4L3++S/5Hyn5bkt73S32T6o4qiRdbJBtolH9kibnJAO6RJO7skjeSYvzoPz5Lw6b+PWCaeaWSM/4Lx/AduNnGk=</latexit>

@tE = � 1

✏0
J+ c2r⇥B

<latexit sha1_base64="BaebWYH9Fn4I75gFqCm1OgJ/Qm0="></latexit><latexit sha1_base64="BaebWYH9Fn4I75gFqCm1OgJ/Qm0="></latexit><latexit sha1_base64="BaebWYH9Fn4I75gFqCm1OgJ/Qm0="></latexit><latexit sha1_base64="BaebWYH9Fn4I75gFqCm1OgJ/Qm0="></latexit>

@tB = �r⇥E
<latexit sha1_base64="U83MJP9etrKKQVLPNX5XEkcy+8c=">AAACMHicbVDLSsNAFJ34tr6qLt0MFsGNJRFBFwqiiC4VrApNKTfTGx2cTMLMjVhCPsmNn6IbBUXc+hVOaxe+Dgwczn2cOyfKlLTk+8/e0PDI6Nj4xGRlanpmdq46v3Bm09wIbIhUpeYiAotKamyQJIUXmUFIIoXn0fV+r35+g8bKVJ9SN8NWApdaxlIAOaldPQwzMCRBtYmHhLfUX1kY7JRFGMV8r+Q7fC3UECkISSZo/+s6KNvVml/3++B/STAgNTbAcbv6EHZSkSeoSSiwthn4GbWK3jFCYVkJc4sZiGu4xKajGpx1q+j7lnzFKR0ep8Y9Tbyvfp8oILG2m0SuMwG6sr9rPfG/WjOneKtVSJ3lhFp8GcW54pTyXnq8Iw0KUl1HQBjpbuXiCgwIchlXXAjB7y//JWfr9cCvBycbtd3tQRwTbIkts1UWsE22y47YMWswwe7YI3thr9699+S9ee9frUPeYGaR/YD38QmEI6sO</latexit><latexit sha1_base64="U83MJP9etrKKQVLPNX5XEkcy+8c=">AAACMHicbVDLSsNAFJ34tr6qLt0MFsGNJRFBFwqiiC4VrApNKTfTGx2cTMLMjVhCPsmNn6IbBUXc+hVOaxe+Dgwczn2cOyfKlLTk+8/e0PDI6Nj4xGRlanpmdq46v3Bm09wIbIhUpeYiAotKamyQJIUXmUFIIoXn0fV+r35+g8bKVJ9SN8NWApdaxlIAOaldPQwzMCRBtYmHhLfUX1kY7JRFGMV8r+Q7fC3UECkISSZo/+s6KNvVml/3++B/STAgNTbAcbv6EHZSkSeoSSiwthn4GbWK3jFCYVkJc4sZiGu4xKajGpx1q+j7lnzFKR0ep8Y9Tbyvfp8oILG2m0SuMwG6sr9rPfG/WjOneKtVSJ3lhFp8GcW54pTyXnq8Iw0KUl1HQBjpbuXiCgwIchlXXAjB7y//JWfr9cCvBycbtd3tQRwTbIkts1UWsE22y47YMWswwe7YI3thr9699+S9ee9frUPeYGaR/YD38QmEI6sO</latexit><latexit sha1_base64="U83MJP9etrKKQVLPNX5XEkcy+8c=">AAACMHicbVDLSsNAFJ34tr6qLt0MFsGNJRFBFwqiiC4VrApNKTfTGx2cTMLMjVhCPsmNn6IbBUXc+hVOaxe+Dgwczn2cOyfKlLTk+8/e0PDI6Nj4xGRlanpmdq46v3Bm09wIbIhUpeYiAotKamyQJIUXmUFIIoXn0fV+r35+g8bKVJ9SN8NWApdaxlIAOaldPQwzMCRBtYmHhLfUX1kY7JRFGMV8r+Q7fC3UECkISSZo/+s6KNvVml/3++B/STAgNTbAcbv6EHZSkSeoSSiwthn4GbWK3jFCYVkJc4sZiGu4xKajGpx1q+j7lnzFKR0ep8Y9Tbyvfp8oILG2m0SuMwG6sr9rPfG/WjOneKtVSJ3lhFp8GcW54pTyXnq8Iw0KUl1HQBjpbuXiCgwIchlXXAjB7y//JWfr9cCvBycbtd3tQRwTbIkts1UWsE22y47YMWswwe7YI3thr9699+S9ee9frUPeYGaR/YD38QmEI6sO</latexit><latexit sha1_base64="U83MJP9etrKKQVLPNX5XEkcy+8c=">AAACMHicbVDLSsNAFJ34tr6qLt0MFsGNJRFBFwqiiC4VrApNKTfTGx2cTMLMjVhCPsmNn6IbBUXc+hVOaxe+Dgwczn2cOyfKlLTk+8/e0PDI6Nj4xGRlanpmdq46v3Bm09wIbIhUpeYiAotKamyQJIUXmUFIIoXn0fV+r35+g8bKVJ9SN8NWApdaxlIAOaldPQwzMCRBtYmHhLfUX1kY7JRFGMV8r+Q7fC3UECkISSZo/+s6KNvVml/3++B/STAgNTbAcbv6EHZSkSeoSSiwthn4GbWK3jFCYVkJc4sZiGu4xKajGpx1q+j7lnzFKR0ep8Y9Tbyvfp8oILG2m0SuMwG6sr9rPfG/WjOneKtVSJ3lhFp8GcW54pTyXnq8Iw0KUl1HQBjpbuXiCgwIchlXXAjB7y//JWfr9cCvBycbtd3tQRwTbIkts1UWsE22y47YMWswwe7YI3thr9699+S9ee9frUPeYGaR/YD38QmEI6sO</latexit>

<latexit sha1_base64="J/idm2h6DXyOxZWCBygBcb9Lkkw="></latexit>

E, B

<latexit sha1_base64="fA7FNfVE0fwl2IGCQb6ppR1wVNg="></latexit>

!x

<latexit sha1_base64="WZSvG6DygTkrwuVgSf5x/7MrjWY="></latexit>

!y

Solving Vlasov-Maxwell with the PIC method
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Vlasov Eq - Species of the plasma
<latexit sha1_base64="Q76BOnONpaATYQfC/zB1acwktE8="></latexit>

∂tfs +
p

msγ
·∇fs + FL ·∇pfs = 0

Maxwell Eqs - Electromagnetic Fields

r ·E =
⇢

✏0
<latexit sha1_base64="TYRbxHaHQJHTE54Ro7kLa1sp9Zc="></latexit><latexit sha1_base64="TYRbxHaHQJHTE54Ro7kLa1sp9Zc="></latexit><latexit sha1_base64="TYRbxHaHQJHTE54Ro7kLa1sp9Zc="></latexit><latexit sha1_base64="TYRbxHaHQJHTE54Ro7kLa1sp9Zc="></latexit>

r ·B = 0
<latexit sha1_base64="r5ylIevset9XlIvs+tIwF2Y0GQA=">AAACEHicbVBNS8NAEN34WetX1aOXxSJ6KokIelAoevFYwarQhLLZTHRxswm7E7GE/AQv/hUvHhTx6tGb/8Ztm4NfDwYe783s7Lwwk8Kg6346E5NT0zOztbn6/MLi0nJjZfXcpLnm0OWpTPVlyAxIoaCLAiVcZhpYEkq4CG+Oh/7FLWgjUnWGgwyChF0pEQvO0Er9xpavWCgZ9XmUIvUR7nD0aKEhKgs/jOlRSQ+p22803ZY7Av1LvIo0SYVOv/HhRynPE1DIJTOm57kZBgXTKLiEsu7nBjLGb9gV9CxVLAETFKPdJd20SkTjVNtSSEfq94mCJcYMktB2JgyvzW9vKP7n9XKM94NCqCxHUHy8KM4lxZQO06GR0MBRDixhXAv7V8qvmWYcbYZ1G4L3++S/5Hyn5bkt73S32T6o4qiRdbJBtolH9kibnJAO6RJO7skjeSYvzoPz5Lw6b+PWCaeaWSM/4Lx/AduNnGk=</latexit><latexit sha1_base64="r5ylIevset9XlIvs+tIwF2Y0GQA=">AAACEHicbVBNS8NAEN34WetX1aOXxSJ6KokIelAoevFYwarQhLLZTHRxswm7E7GE/AQv/hUvHhTx6tGb/8Ztm4NfDwYe783s7Lwwk8Kg6346E5NT0zOztbn6/MLi0nJjZfXcpLnm0OWpTPVlyAxIoaCLAiVcZhpYEkq4CG+Oh/7FLWgjUnWGgwyChF0pEQvO0Er9xpavWCgZ9XmUIvUR7nD0aKEhKgs/jOlRSQ+p22803ZY7Av1LvIo0SYVOv/HhRynPE1DIJTOm57kZBgXTKLiEsu7nBjLGb9gV9CxVLAETFKPdJd20SkTjVNtSSEfq94mCJcYMktB2JgyvzW9vKP7n9XKM94NCqCxHUHy8KM4lxZQO06GR0MBRDixhXAv7V8qvmWYcbYZ1G4L3++S/5Hyn5bkt73S32T6o4qiRdbJBtolH9kibnJAO6RJO7skjeSYvzoPz5Lw6b+PWCaeaWSM/4Lx/AduNnGk=</latexit><latexit sha1_base64="r5ylIevset9XlIvs+tIwF2Y0GQA=">AAACEHicbVBNS8NAEN34WetX1aOXxSJ6KokIelAoevFYwarQhLLZTHRxswm7E7GE/AQv/hUvHhTx6tGb/8Ztm4NfDwYe783s7Lwwk8Kg6346E5NT0zOztbn6/MLi0nJjZfXcpLnm0OWpTPVlyAxIoaCLAiVcZhpYEkq4CG+Oh/7FLWgjUnWGgwyChF0pEQvO0Er9xpavWCgZ9XmUIvUR7nD0aKEhKgs/jOlRSQ+p22803ZY7Av1LvIo0SYVOv/HhRynPE1DIJTOm57kZBgXTKLiEsu7nBjLGb9gV9CxVLAETFKPdJd20SkTjVNtSSEfq94mCJcYMktB2JgyvzW9vKP7n9XKM94NCqCxHUHy8KM4lxZQO06GR0MBRDixhXAv7V8qvmWYcbYZ1G4L3++S/5Hyn5bkt73S32T6o4qiRdbJBtolH9kibnJAO6RJO7skjeSYvzoPz5Lw6b+PWCaeaWSM/4Lx/AduNnGk=</latexit><latexit sha1_base64="r5ylIevset9XlIvs+tIwF2Y0GQA=">AAACEHicbVBNS8NAEN34WetX1aOXxSJ6KokIelAoevFYwarQhLLZTHRxswm7E7GE/AQv/hUvHhTx6tGb/8Ztm4NfDwYe783s7Lwwk8Kg6346E5NT0zOztbn6/MLi0nJjZfXcpLnm0OWpTPVlyAxIoaCLAiVcZhpYEkq4CG+Oh/7FLWgjUnWGgwyChF0pEQvO0Er9xpavWCgZ9XmUIvUR7nD0aKEhKgs/jOlRSQ+p22803ZY7Av1LvIo0SYVOv/HhRynPE1DIJTOm57kZBgXTKLiEsu7nBjLGb9gV9CxVLAETFKPdJd20SkTjVNtSSEfq94mCJcYMktB2JgyvzW9vKP7n9XKM94NCqCxHUHy8KM4lxZQO06GR0MBRDixhXAv7V8qvmWYcbYZ1G4L3++S/5Hyn5bkt73S32T6o4qiRdbJBtolH9kibnJAO6RJO7skjeSYvzoPz5Lw6b+PWCaeaWSM/4Lx/AduNnGk=</latexit>

@tE = � 1

✏0
J+ c2r⇥B

<latexit sha1_base64="BaebWYH9Fn4I75gFqCm1OgJ/Qm0="></latexit><latexit sha1_base64="BaebWYH9Fn4I75gFqCm1OgJ/Qm0="></latexit><latexit sha1_base64="BaebWYH9Fn4I75gFqCm1OgJ/Qm0="></latexit><latexit sha1_base64="BaebWYH9Fn4I75gFqCm1OgJ/Qm0="></latexit>

@tB = �r⇥E
<latexit sha1_base64="U83MJP9etrKKQVLPNX5XEkcy+8c=">AAACMHicbVDLSsNAFJ34tr6qLt0MFsGNJRFBFwqiiC4VrApNKTfTGx2cTMLMjVhCPsmNn6IbBUXc+hVOaxe+Dgwczn2cOyfKlLTk+8/e0PDI6Nj4xGRlanpmdq46v3Bm09wIbIhUpeYiAotKamyQJIUXmUFIIoXn0fV+r35+g8bKVJ9SN8NWApdaxlIAOaldPQwzMCRBtYmHhLfUX1kY7JRFGMV8r+Q7fC3UECkISSZo/+s6KNvVml/3++B/STAgNTbAcbv6EHZSkSeoSSiwthn4GbWK3jFCYVkJc4sZiGu4xKajGpx1q+j7lnzFKR0ep8Y9Tbyvfp8oILG2m0SuMwG6sr9rPfG/WjOneKtVSJ3lhFp8GcW54pTyXnq8Iw0KUl1HQBjpbuXiCgwIchlXXAjB7y//JWfr9cCvBycbtd3tQRwTbIkts1UWsE22y47YMWswwe7YI3thr9699+S9ee9frUPeYGaR/YD38QmEI6sO</latexit><latexit sha1_base64="U83MJP9etrKKQVLPNX5XEkcy+8c=">AAACMHicbVDLSsNAFJ34tr6qLt0MFsGNJRFBFwqiiC4VrApNKTfTGx2cTMLMjVhCPsmNn6IbBUXc+hVOaxe+Dgwczn2cOyfKlLTk+8/e0PDI6Nj4xGRlanpmdq46v3Bm09wIbIhUpeYiAotKamyQJIUXmUFIIoXn0fV+r35+g8bKVJ9SN8NWApdaxlIAOaldPQwzMCRBtYmHhLfUX1kY7JRFGMV8r+Q7fC3UECkISSZo/+s6KNvVml/3++B/STAgNTbAcbv6EHZSkSeoSSiwthn4GbWK3jFCYVkJc4sZiGu4xKajGpx1q+j7lnzFKR0ep8Y9Tbyvfp8oILG2m0SuMwG6sr9rPfG/WjOneKtVSJ3lhFp8GcW54pTyXnq8Iw0KUl1HQBjpbuXiCgwIchlXXAjB7y//JWfr9cCvBycbtd3tQRwTbIkts1UWsE22y47YMWswwe7YI3thr9699+S9ee9frUPeYGaR/YD38QmEI6sO</latexit><latexit sha1_base64="U83MJP9etrKKQVLPNX5XEkcy+8c=">AAACMHicbVDLSsNAFJ34tr6qLt0MFsGNJRFBFwqiiC4VrApNKTfTGx2cTMLMjVhCPsmNn6IbBUXc+hVOaxe+Dgwczn2cOyfKlLTk+8/e0PDI6Nj4xGRlanpmdq46v3Bm09wIbIhUpeYiAotKamyQJIUXmUFIIoXn0fV+r35+g8bKVJ9SN8NWApdaxlIAOaldPQwzMCRBtYmHhLfUX1kY7JRFGMV8r+Q7fC3UECkISSZo/+s6KNvVml/3++B/STAgNTbAcbv6EHZSkSeoSSiwthn4GbWK3jFCYVkJc4sZiGu4xKajGpx1q+j7lnzFKR0ep8Y9Tbyvfp8oILG2m0SuMwG6sr9rPfG/WjOneKtVSJ3lhFp8GcW54pTyXnq8Iw0KUl1HQBjpbuXiCgwIchlXXAjB7y//JWfr9cCvBycbtd3tQRwTbIkts1UWsE22y47YMWswwe7YI3thr9699+S9ee9frUPeYGaR/YD38QmEI6sO</latexit><latexit sha1_base64="U83MJP9etrKKQVLPNX5XEkcy+8c=">AAACMHicbVDLSsNAFJ34tr6qLt0MFsGNJRFBFwqiiC4VrApNKTfTGx2cTMLMjVhCPsmNn6IbBUXc+hVOaxe+Dgwczn2cOyfKlLTk+8/e0PDI6Nj4xGRlanpmdq46v3Bm09wIbIhUpeYiAotKamyQJIUXmUFIIoXn0fV+r35+g8bKVJ9SN8NWApdaxlIAOaldPQwzMCRBtYmHhLfUX1kY7JRFGMV8r+Q7fC3UECkISSZo/+s6KNvVml/3++B/STAgNTbAcbv6EHZSkSeoSSiwthn4GbWK3jFCYVkJc4sZiGu4xKajGpx1q+j7lnzFKR0ep8Y9Tbyvfp8oILG2m0SuMwG6sr9rPfG/WjOneKtVSJ3lhFp8GcW54pTyXnq8Iw0KUl1HQBjpbuXiCgwIchlXXAjB7y//JWfr9cCvBycbtd3tQRwTbIkts1UWsE22y47YMWswwe7YI3thr9699+S9ee9frUPeYGaR/YD38QmEI6sO</latexit>

<latexit sha1_base64="J/idm2h6DXyOxZWCBygBcb9Lkkw="></latexit>

E, B

<latexit sha1_base64="fA7FNfVE0fwl2IGCQb6ppR1wVNg="></latexit>

!x

<latexit sha1_base64="WZSvG6DygTkrwuVgSf5x/7MrjWY="></latexit>

!y
<latexit sha1_base64="+ONaY2VG7FmPUzHk88ydcRmpEuQ="></latexit>

fs

Solving Vlasov-Maxwell with the PIC method



5 

The PIC ansatz

We want to solve a discretized version of Vlasov equation:

<latexit sha1_base64="Q76BOnONpaATYQfC/zB1acwktE8="></latexit>

∂tfs +
p

msγ
·∇fs + FL ·∇pfs = 0



5 

The PIC ansatz

We want to solve a discretized version of Vlasov equation:

<latexit sha1_base64="Q76BOnONpaATYQfC/zB1acwktE8="></latexit>

∂tfs +
p

msγ
·∇fs + FL ·∇pfs = 0

fs(t,x,p) =
NX

p=1

wp S(x� xp(t)) �(p� pp(t))

This is done using approximating the distribution function at all times  
as a sum of quasi/macro/pseudo-particles:

numerical weight

!

shape-function



5 

The PIC ansatz

We want to solve a discretized version of Vlasov equation:

<latexit sha1_base64="Q76BOnONpaATYQfC/zB1acwktE8="></latexit>

∂tfs +
p

msγ
·∇fs + FL ·∇pfs = 0

fs(t,x,p) =
NX

p=1

wp S(x� xp(t)) �(p� pp(t))

This is done using approximating the distribution function at all times  
as a sum of quasi/macro/pseudo-particles:

numerical weight

!

shape-function

Solving Vlasov then reduces to solving the (relativistic) equations of motion of the 
macro-particles:

@tpp = qs (Ep + v ⇥Bp) (E,B)p ⌘
Z
dx (E,B)(x)S(x� xp)with



6 

The PIC loop: (1) Field interpolation

(E,B)p ⌘
Z
dx (E,B)(x)S(x� xp)
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The PIC loop: (2) Particle pusher

the Boris (leap-frog) Pusher
<latexit sha1_base64="+Qhig/EIK8/BGCXdCUJAI7UrZ8o="></latexit>

p(n−1/2)
p

<latexit sha1_base64="dciT3mVLXWD25ZaasI9v0uzvdSQ="></latexit>

p(n+1/2)
p

<latexit sha1_base64="hfZo9MPZ4hhXjaiDmRUvWGPQL00="></latexit>

E(n)
p ∆t/2

<latexit sha1_base64="hfZo9MPZ4hhXjaiDmRUvWGPQL00="></latexit>

E(n)
p ∆t/2

<latexit sha1_base64="QHD8YAE0dPNoSZzsqCtN7jtDtMQ="></latexit>

B(n)
p ∆t
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the Esirkepov method for  
charge-conserving current deposition

Esirkepov, Comp. Phys. Comm. 135, 144 (2001)

The PIC loop: (3) Current deposition
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The PIC loop: (4) Maxwell solver

the Finite-Domain Time-Difference 
Maxwell solver

Taflove, Computation Electrodynamics (2005) 
Nuter et al., EPJD 68, 1 (2014)

<latexit sha1_base64="ZNvmaYhFaGXfxKjquJjTwpysGzg="></latexit>(
dEy

dt

)(n)

i
= −(Jy)

(n)
i +

(Bz)
(n+1/2)
i+1/2

−(Bz)
(n+1/2)
i−1/2

∆x
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The PIC loop: (4) Maxwell solver

the Finite-Domain Time-Difference 
Maxwell solver

Taflove, Computation Electrodynamics (2005) 
Nuter et al., EPJD 68, 1 (2014)
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The PIC loop: (4) Maxwell solver

the Finite-Domain Time-Difference 
Maxwell solver

Spectral methods are also interesting

Vay et al., J. Comp. Phys. 243, 260 (2013)

Taflove, Computation Electrodynamics (2005) 
Nuter et al., EPJD 68, 1 (2014)
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Around the PIC loop: Initialization, Boundary Conditions, Parallelization 

Initialization: entering the PIC loop
• initialize your macro-particles 
• solve Poisson equation(s) 
• add divergence-free fields
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Around the PIC loop: Initialization, Boundary Conditions, Parallelization 

Initialization: entering the PIC loop
• initialize your macro-particles 
• solve Poisson equation(s) 
• add divergence-free fields

Boundary conditions:

• on electromagnetic fields (reflecting, 
injecting, absorbing, etc) 

• on macro-particles (reflecting, 
injecting, thermalizing, etc)

My Simulation (LWFA)
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Around the PIC loop: Initialization, Boundary Conditions, Parallelization 

Initialization: entering the PIC loop
• initialize your macro-particles 
• solve Poisson equation(s) 
• add divergence-free fields

Boundary conditions:

• on electromagnetic fields (reflecting, 
injecting, absorbing, etc) 

• on macro-particles (reflecting, 
injecting, thermalizing, etc)

My Simulation (LWFA)

Parallelization:
• domain decomposition 
• (dynamic) load balancing 
• vectorization & much more 



The Smilei PIC code website 
Extensive documentation & tutorials

References to go beyond this introduction

Plasma Physics via Comp. Sim. 
Birdsall & Langdon

Series of online lectures by Paolo Ricci 
EPFL lectures, available on youtube

11 Derouillat et al., Comp. Phys. Comm. 222, 351 (2018)



Thanks for your attention!
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