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Non-resonant streaming instability:  

Particle acceleration up to knee (~ PeV) — self confinement and propagation 

Relevant for laboratory experiments (e.g., Jao+2019) 

 (Lucek & Bell 2000, Bell 2004,05)�B/B0 � 1
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Observations demand LARGE magnetic field!
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CRs stream through magnetized plasma. 

Transverse fields grow 

CRs are almost undisrupted in linear stage.(1)vd � vA0 , (2) �fast < !ci , and (3)�fast ⌧ RL
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CRs stream through magnetized plasma. 

Transverse fields grow 

CRs are almost undisrupted in linear stage.(1)vd � vA0 , (2) �fast < !ci , and (3)�fast ⌧ RL
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What is Non-Resonant Instability? 

What if   … continuedCRs relativistic  
protons

Background 
temperature

CR distribution 
function
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Do these produce the non-resonant (Bell) instability? 

Does the final field,         , scale similarly as the ion-driven case?

Extended gamma rays around pulsar wind 
nebulae (e.g., PSR B0656+14)  
e.g. Abeysekara+2017

Cerutti+2015

e.g., Philippov & Spitkovsky 2018, etc…

�B?
B0
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Perpendicular shocks — efficient in 
accelerating electrons 
(e.g., Guo+2014; Bohdan+2019; Xu+2020) 

Laboratory experiments (e.g. Jao+2019)
CR electrons 

Energetic electron-positron beam 

Pair (e+,e-) background 

Siddhartha Gupta 4

What if …
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We have investigated these questions 

from  

the first-principle  

using  

Particle-In-Cell (PIC) simulations

SG, Caprioli, Haggerty (arXiv:2106.07672)
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Current and Charge 
densities

Particles Electric and  
Magnetic fields

M
axwell’s equations

Lorentz force 
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Tristan-MP  (Spitkovsky 2005)

Charge and bulk current densities = 0

(1)vd � vA0 , (2) �fast < !ci , and (3)�fast ⌧ RL
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B0

PIC simulation setup
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   Results: Different composition and background

SG, Caprioli, Haggerty (arXiv:2106.07672)
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Dynamic mass of CRs 


Helicity depends on charge


As long as non-zero current in 
the beam - instability works


Linear growth until  


JxB becomes non-negligible

⇡ 10��1
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<latexit sha1_base64="ytRark1MV2zDC0bQ/J5sOHjiQzw=">AAACCnicbVDLSsNAFJ34rPUVdelmtAhuLIkIuiy6cVnBPqCJ4WY6aYfOJGFmIpaQtRt/xY0LRdz6Be78G6ePhbYeuHA4517uvSdMOVPacb6thcWl5ZXV0lp5fWNza9ve2W2qJJOENkjCE9kOQVHOYtrQTHPaTiUFEXLaCgdXI791T6ViSXyrhyn1BfRiFjEC2kiBfeBBmsrkAbsO9nogBAS5JwWOQOniLj9xi8CuOFVnDDxP3CmpoCnqgf3ldROSCRprwkGpjuuk2s9BakY4LcpepmgKZAA92jE0BkGVn49fKfCRUbo4SqSpWOOx+nsiB6HUUISmU4Duq1lvJP7ndTIdXfg5i9NM05hMFkUZxzrBo1xwl0lKNB8aAkQycysmfZBAtEmvbEJwZ1+eJ83TqutU3ZuzSu1yGkcJ7aNDdIxcdI5q6BrVUQMR9Iie0St6s56sF+vd+pi0LljTmT30B9bnD0nAmf8=</latexit><latexit sha1_base64="ytRark1MV2zDC0bQ/J5sOHjiQzw=">AAACCnicbVDLSsNAFJ34rPUVdelmtAhuLIkIuiy6cVnBPqCJ4WY6aYfOJGFmIpaQtRt/xY0LRdz6Be78G6ePhbYeuHA4517uvSdMOVPacb6thcWl5ZXV0lp5fWNza9ve2W2qJJOENkjCE9kOQVHOYtrQTHPaTiUFEXLaCgdXI791T6ViSXyrhyn1BfRiFjEC2kiBfeBBmsrkAbsO9nogBAS5JwWOQOniLj9xi8CuOFVnDDxP3CmpoCnqgf3ldROSCRprwkGpjuuk2s9BakY4LcpepmgKZAA92jE0BkGVn49fKfCRUbo4SqSpWOOx+nsiB6HUUISmU4Duq1lvJP7ndTIdXfg5i9NM05hMFkUZxzrBo1xwl0lKNB8aAkQycysmfZBAtEmvbEJwZ1+eJ83TqutU3ZuzSu1yGkcJ7aNDdIxcdI5q6BrVUQMR9Iie0St6s56sF+vd+pi0LljTmT30B9bnD0nAmf8=</latexit><latexit sha1_base64="ytRark1MV2zDC0bQ/J5sOHjiQzw=">AAACCnicbVDLSsNAFJ34rPUVdelmtAhuLIkIuiy6cVnBPqCJ4WY6aYfOJGFmIpaQtRt/xY0LRdz6Be78G6ePhbYeuHA4517uvSdMOVPacb6thcWl5ZXV0lp5fWNza9ve2W2qJJOENkjCE9kOQVHOYtrQTHPaTiUFEXLaCgdXI791T6ViSXyrhyn1BfRiFjEC2kiBfeBBmsrkAbsO9nogBAS5JwWOQOniLj9xi8CuOFVnDDxP3CmpoCnqgf3ldROSCRprwkGpjuuk2s9BakY4LcpepmgKZAA92jE0BkGVn49fKfCRUbo4SqSpWOOx+nsiB6HUUISmU4Duq1lvJP7ndTIdXfg5i9NM05hMFkUZxzrBo1xwl0lKNB8aAkQycysmfZBAtEmvbEJwZ1+eJ83TqutU3ZuzSu1yGkcJ7aNDdIxcdI5q6BrVUQMR9Iie0St6s56sF+vd+pi0LljTmT30B9bnD0nAmf8=</latexit><latexit sha1_base64="ytRark1MV2zDC0bQ/J5sOHjiQzw=">AAACCnicbVDLSsNAFJ34rPUVdelmtAhuLIkIuiy6cVnBPqCJ4WY6aYfOJGFmIpaQtRt/xY0LRdz6Be78G6ePhbYeuHA4517uvSdMOVPacb6thcWl5ZXV0lp5fWNza9ve2W2qJJOENkjCE9kOQVHOYtrQTHPaTiUFEXLaCgdXI791T6ViSXyrhyn1BfRiFjEC2kiBfeBBmsrkAbsO9nogBAS5JwWOQOniLj9xi8CuOFVnDDxP3CmpoCnqgf3ldROSCRprwkGpjuuk2s9BakY4LcpepmgKZAA92jE0BkGVn49fKfCRUbo4SqSpWOOx+nsiB6HUUISmU4Duq1lvJP7ndTIdXfg5i9NM05hMFkUZxzrBo1xwl0lKNB8aAkQycysmfZBAtEmvbEJwZ1+eJ83TqutU3ZuzSu1yGkcJ7aNDdIxcdI5q6BrVUQMR9Iie0St6s56sF+vd+pi0LljTmT30B9bnD0nAmf8=</latexit>

SG, Caprioli, Haggerty (arXiv:2106.07672)semi-classical theory 
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   Results: Structure (helicity) of growing fields

Left handed                                  Right handed
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B0B0

�J?
<latexit sha1_base64="7eXALwi6gJuleCIKGsjLkGXdv64=">AAAB/XicbVBNS8NAEN3Ur1q/4sfNy2IRPJVEBD0WvYinCrYWmhA2m0m7dJMsuxuhhuJf8eJBEa/+D2/+G7dtDtr6YODx3gwz80LBmdKO821VlpZXVteq67WNza3tHXt3r6OyXFJo04xnshsSBZyl0NZMc+gKCSQJOdyHw6uJf/8AUrEsvdMjAX5C+imLGSXaSIF94EXANcE3QeHJBHsCpBgHdt1pOFPgReKWpI5KtAL7y4symieQasqJUj3XEdoviNSMchjXvFyBIHRI+tAzNCUJKL+YXj/Gx0aJcJxJU6nGU/X3REESpUZJaDoTogdq3puI/3m9XMcXfsFSkWtI6WxRnHOsMzyJAkdMAtV8ZAihkplbMR0QSag2gdVMCO78y4ukc9pwnYZ7e1ZvXpZxVNEhOkInyEXnqImuUQu1EUWP6Bm9ojfryXqx3q2PWWvFKmf20R9Ynz8rnJUI</latexit><latexit sha1_base64="7eXALwi6gJuleCIKGsjLkGXdv64=">AAAB/XicbVBNS8NAEN3Ur1q/4sfNy2IRPJVEBD0WvYinCrYWmhA2m0m7dJMsuxuhhuJf8eJBEa/+D2/+G7dtDtr6YODx3gwz80LBmdKO821VlpZXVteq67WNza3tHXt3r6OyXFJo04xnshsSBZyl0NZMc+gKCSQJOdyHw6uJf/8AUrEsvdMjAX5C+imLGSXaSIF94EXANcE3QeHJBHsCpBgHdt1pOFPgReKWpI5KtAL7y4symieQasqJUj3XEdoviNSMchjXvFyBIHRI+tAzNCUJKL+YXj/Gx0aJcJxJU6nGU/X3REESpUZJaDoTogdq3puI/3m9XMcXfsFSkWtI6WxRnHOsMzyJAkdMAtV8ZAihkplbMR0QSag2gdVMCO78y4ukc9pwnYZ7e1ZvXpZxVNEhOkInyEXnqImuUQu1EUWP6Bm9ojfryXqx3q2PWWvFKmf20R9Ynz8rnJUI</latexit><latexit sha1_base64="7eXALwi6gJuleCIKGsjLkGXdv64=">AAAB/XicbVBNS8NAEN3Ur1q/4sfNy2IRPJVEBD0WvYinCrYWmhA2m0m7dJMsuxuhhuJf8eJBEa/+D2/+G7dtDtr6YODx3gwz80LBmdKO821VlpZXVteq67WNza3tHXt3r6OyXFJo04xnshsSBZyl0NZMc+gKCSQJOdyHw6uJf/8AUrEsvdMjAX5C+imLGSXaSIF94EXANcE3QeHJBHsCpBgHdt1pOFPgReKWpI5KtAL7y4symieQasqJUj3XEdoviNSMchjXvFyBIHRI+tAzNCUJKL+YXj/Gx0aJcJxJU6nGU/X3REESpUZJaDoTogdq3puI/3m9XMcXfsFSkWtI6WxRnHOsMzyJAkdMAtV8ZAihkplbMR0QSag2gdVMCO78y4ukc9pwnYZ7e1ZvXpZxVNEhOkInyEXnqImuUQu1EUWP6Bm9ojfryXqx3q2PWWvFKmf20R9Ynz8rnJUI</latexit><latexit sha1_base64="7eXALwi6gJuleCIKGsjLkGXdv64=">AAAB/XicbVBNS8NAEN3Ur1q/4sfNy2IRPJVEBD0WvYinCrYWmhA2m0m7dJMsuxuhhuJf8eJBEa/+D2/+G7dtDtr6YODx3gwz80LBmdKO821VlpZXVteq67WNza3tHXt3r6OyXFJo04xnshsSBZyl0NZMc+gKCSQJOdyHw6uJf/8AUrEsvdMjAX5C+imLGSXaSIF94EXANcE3QeHJBHsCpBgHdt1pOFPgReKWpI5KtAL7y4symieQasqJUj3XEdoviNSMchjXvFyBIHRI+tAzNCUJKL+YXj/Gx0aJcJxJU6nGU/X3REESpUZJaDoTogdq3puI/3m9XMcXfsFSkWtI6WxRnHOsMzyJAkdMAtV8ZAihkplbMR0QSag2gdVMCO78y4ukc9pwnYZ7e1ZvXpZxVNEhOkInyEXnqImuUQu1EUWP6Bm9ojfryXqx3q2PWWvFKmf20R9Ynz8rnJUI</latexit>

�J?
<latexit sha1_base64="7eXALwi6gJuleCIKGsjLkGXdv64=">AAAB/XicbVBNS8NAEN3Ur1q/4sfNy2IRPJVEBD0WvYinCrYWmhA2m0m7dJMsuxuhhuJf8eJBEa/+D2/+G7dtDtr6YODx3gwz80LBmdKO821VlpZXVteq67WNza3tHXt3r6OyXFJo04xnshsSBZyl0NZMc+gKCSQJOdyHw6uJf/8AUrEsvdMjAX5C+imLGSXaSIF94EXANcE3QeHJBHsCpBgHdt1pOFPgReKWpI5KtAL7y4symieQasqJUj3XEdoviNSMchjXvFyBIHRI+tAzNCUJKL+YXj/Gx0aJcJxJU6nGU/X3REESpUZJaDoTogdq3puI/3m9XMcXfsFSkWtI6WxRnHOsMzyJAkdMAtV8ZAihkplbMR0QSag2gdVMCO78y4ukc9pwnYZ7e1ZvXpZxVNEhOkInyEXnqImuUQu1EUWP6Bm9ojfryXqx3q2PWWvFKmf20R9Ynz8rnJUI</latexit><latexit sha1_base64="7eXALwi6gJuleCIKGsjLkGXdv64=">AAAB/XicbVBNS8NAEN3Ur1q/4sfNy2IRPJVEBD0WvYinCrYWmhA2m0m7dJMsuxuhhuJf8eJBEa/+D2/+G7dtDtr6YODx3gwz80LBmdKO821VlpZXVteq67WNza3tHXt3r6OyXFJo04xnshsSBZyl0NZMc+gKCSQJOdyHw6uJf/8AUrEsvdMjAX5C+imLGSXaSIF94EXANcE3QeHJBHsCpBgHdt1pOFPgReKWpI5KtAL7y4symieQasqJUj3XEdoviNSMchjXvFyBIHRI+tAzNCUJKL+YXj/Gx0aJcJxJU6nGU/X3REESpUZJaDoTogdq3puI/3m9XMcXfsFSkWtI6WxRnHOsMzyJAkdMAtV8ZAihkplbMR0QSag2gdVMCO78y4ukc9pwnYZ7e1ZvXpZxVNEhOkInyEXnqImuUQu1EUWP6Bm9ojfryXqx3q2PWWvFKmf20R9Ynz8rnJUI</latexit><latexit sha1_base64="7eXALwi6gJuleCIKGsjLkGXdv64=">AAAB/XicbVBNS8NAEN3Ur1q/4sfNy2IRPJVEBD0WvYinCrYWmhA2m0m7dJMsuxuhhuJf8eJBEa/+D2/+G7dtDtr6YODx3gwz80LBmdKO821VlpZXVteq67WNza3tHXt3r6OyXFJo04xnshsSBZyl0NZMc+gKCSQJOdyHw6uJf/8AUrEsvdMjAX5C+imLGSXaSIF94EXANcE3QeHJBHsCpBgHdt1pOFPgReKWpI5KtAL7y4symieQasqJUj3XEdoviNSMchjXvFyBIHRI+tAzNCUJKL+YXj/Gx0aJcJxJU6nGU/X3REESpUZJaDoTogdq3puI/3m9XMcXfsFSkWtI6WxRnHOsMzyJAkdMAtV8ZAihkplbMR0QSag2gdVMCO78y4ukc9pwnYZ7e1ZvXpZxVNEhOkInyEXnqImuUQu1EUWP6Bm9ojfryXqx3q2PWWvFKmf20R9Ynz8rnJUI</latexit><latexit sha1_base64="7eXALwi6gJuleCIKGsjLkGXdv64=">AAAB/XicbVBNS8NAEN3Ur1q/4sfNy2IRPJVEBD0WvYinCrYWmhA2m0m7dJMsuxuhhuJf8eJBEa/+D2/+G7dtDtr6YODx3gwz80LBmdKO821VlpZXVteq67WNza3tHXt3r6OyXFJo04xnshsSBZyl0NZMc+gKCSQJOdyHw6uJf/8AUrEsvdMjAX5C+imLGSXaSIF94EXANcE3QeHJBHsCpBgHdt1pOFPgReKWpI5KtAL7y4symieQasqJUj3XEdoviNSMchjXvFyBIHRI+tAzNCUJKL+YXj/Gx0aJcJxJU6nGU/X3REESpUZJaDoTogdq3puI/3m9XMcXfsFSkWtI6WxRnHOsMzyJAkdMAtV8ZAihkplbMR0QSag2gdVMCO78y4ukc9pwnYZ7e1ZvXpZxVNEhOkInyEXnqImuUQu1EUWP6Bm9ojfryXqx3q2PWWvFKmf20R9Ynz8rnJUI</latexit>

Back-reactions (~JxB force) 

Saturation 

   Results: Saturation of lepton-driven Bell instability
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   Results: Saturation of lepton-driven Bell instability

Computational resources:  Thanks to University of Chicago Research Computing Center, and XSEDE TACC!

Magnetic field at saturation �B/B0 & 1
<latexit sha1_base64="6BXDwX3+/d5fCOz5DxaBUwnJTpg=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiYi6LLUjcsK9gFNCJPJtB06k4SZG6GErtz4K25cKOLWb3Dn3zhts9DWAwOHc+7hzj1hKrgGx/m2Siura+sb5c3K1vbO7p69f9DWSaYoa9FEJKobEs0Ej1kLOAjWTRUjMhSsE45upn7ngSnNk/gexinzJRnEvM8pASMF9rEXMQEEN85xI8g9JbEzwd4ATEJiN7CrTs2ZAS8TtyBVVKAZ2F9elNBMshioIFr3XCcFPycKOBVsUvEyzVJCR2TAeobGRDLt57MzJvjUKBHuJ8q8GPBM/Z3IidR6LEMzKQkM9aI3Ff/zehn0r/2cx2kGLKbzRf1MYEjwtBMcccUoiLEhhCpu/orpkChCwTRXMSW4iycvk/ZFzXVq7t1ltd4o6iijI3SCzpCLrlAd3aImaiGKHtEzekVv1pP1Yr1bH/PRklVkDtEfWJ8/0XKXaw==</latexit><latexit sha1_base64="6BXDwX3+/d5fCOz5DxaBUwnJTpg=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiYi6LLUjcsK9gFNCJPJtB06k4SZG6GErtz4K25cKOLWb3Dn3zhts9DWAwOHc+7hzj1hKrgGx/m2Siura+sb5c3K1vbO7p69f9DWSaYoa9FEJKobEs0Ej1kLOAjWTRUjMhSsE45upn7ngSnNk/gexinzJRnEvM8pASMF9rEXMQEEN85xI8g9JbEzwd4ATEJiN7CrTs2ZAS8TtyBVVKAZ2F9elNBMshioIFr3XCcFPycKOBVsUvEyzVJCR2TAeobGRDLt57MzJvjUKBHuJ8q8GPBM/Z3IidR6LEMzKQkM9aI3Ff/zehn0r/2cx2kGLKbzRf1MYEjwtBMcccUoiLEhhCpu/orpkChCwTRXMSW4iycvk/ZFzXVq7t1ltd4o6iijI3SCzpCLrlAd3aImaiGKHtEzekVv1pP1Yr1bH/PRklVkDtEfWJ8/0XKXaw==</latexit><latexit sha1_base64="6BXDwX3+/d5fCOz5DxaBUwnJTpg=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiYi6LLUjcsK9gFNCJPJtB06k4SZG6GErtz4K25cKOLWb3Dn3zhts9DWAwOHc+7hzj1hKrgGx/m2Siura+sb5c3K1vbO7p69f9DWSaYoa9FEJKobEs0Ej1kLOAjWTRUjMhSsE45upn7ngSnNk/gexinzJRnEvM8pASMF9rEXMQEEN85xI8g9JbEzwd4ATEJiN7CrTs2ZAS8TtyBVVKAZ2F9elNBMshioIFr3XCcFPycKOBVsUvEyzVJCR2TAeobGRDLt57MzJvjUKBHuJ8q8GPBM/Z3IidR6LEMzKQkM9aI3Ff/zehn0r/2cx2kGLKbzRf1MYEjwtBMcccUoiLEhhCpu/orpkChCwTRXMSW4iycvk/ZFzXVq7t1ltd4o6iijI3SCzpCLrlAd3aImaiGKHtEzekVv1pP1Yr1bH/PRklVkDtEfWJ8/0XKXaw==</latexit><latexit sha1_base64="6BXDwX3+/d5fCOz5DxaBUwnJTpg=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiYi6LLUjcsK9gFNCJPJtB06k4SZG6GErtz4K25cKOLWb3Dn3zhts9DWAwOHc+7hzj1hKrgGx/m2Siura+sb5c3K1vbO7p69f9DWSaYoa9FEJKobEs0Ej1kLOAjWTRUjMhSsE45upn7ngSnNk/gexinzJRnEvM8pASMF9rEXMQEEN85xI8g9JbEzwd4ATEJiN7CrTs2ZAS8TtyBVVKAZ2F9elNBMshioIFr3XCcFPycKOBVsUvEyzVJCR2TAeobGRDLt57MzJvjUKBHuJ8q8GPBM/Z3IidR6LEMzKQkM9aI3Ff/zehn0r/2cx2kGLKbzRf1MYEjwtBMcccUoiLEhhCpu/orpkChCwTRXMSW4iycvk/ZFzXVq7t1ltd4o6iijI3SCzpCLrlAd3aImaiGKHtEzekVv1pP1Yr1bH/PRklVkDtEfWJ8/0XKXaw==</latexit>

CR momentum flux in plasma frame

SG, Caprioli, Haggerty (arXiv:2106.07672)

See also, Georgios Zacharegkas’s poster



Linear growth depends  
on ‘effective’ current. 

Saturations of lepton-driven instability  

     Different compositions can produce magnetic field larger than the seed field. 
    1D simulations are good to comment on saturation. 

We have explored the non-resonant streaming instability (NRSI) for  
     different charge and mass of cosmic rays 
     mixed compositions (small excess of one charge) 
     in different background plasma (electron-ion, pair plasma) }

SG, Caprioli, Haggerty (arXiv:2106.07672)

What is next?   
Local simulations are in good agreement with theory.   

Need to address global questions

Siddhartha Gupta

Take home messages

Strengthens the applicability of the NRSI to different plasma backgrounds, 
and to the mixed composition of CRs 

—>> astrophysical environments (shocks, electron strahl in the solar wind, PWNe)  
as well as in laboratory experiments


