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What are Cosmic Rays?

Cosmic rays particles hit the Earth’s atmosphere at the rate of about 1000 
per square meter per second. They are ionized nuclei - about 90% protons, 
9% alpha particles and the rest heavy nuclei - and they are distinguished  by 
their high energies. Most cosmic rays are relativistic, having energies 
comparable or somewhat greater than their masses. A very few of them have 
ultrarelativistic energies extending up to 1020 eV (about 20 Joules), eleven 
order of magnitudes greater than the equivalent rest mass energy of a 
proton. The fundamental question of cosmic ray physics is, “Where do they 
come from?” and in particular, “How are they accelerated to such high 
energies?”.

Gaisser, Engel, Resconi “Cosmic Rays and Particle Physics”
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The (local) Cosmic Ray spectrum

~GeVmean energy -> tens of Joules!

power law ∝ E−2.7 − E−3



The simplest accelerator

Basics

(The electrostatic accelerator)
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Charged particles and electromagnetic fields
cosmic rays are charged particles —> they are affected by electromagnetic fields

E⃗(r⃗, t) B⃗(r⃗, t)

Simplifying assumption —> be lazy and consider only constant fields

✘✘
A particle of charge q moving at a velocity u fill experience a force: 

F⃗ =
dp⃗

dt
= q

(
E⃗ +

u⃗

c
× B⃗

)

p⃗ = γmu⃗relativistic momentum

Lorentz force 
⏊ to velocity —> 
doesn’t change  

the particle energy!
✘



The electrostatic accelerator
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The electrostatic accelerator
Problem: particle at rest at t = 0 and x = 0 embedded in a constant electric field
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}
−→ ct

β =
qEt
mc[

1+( qEt
mc )

2
]1/2 −→ 1

Et =
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mc2 −→ qEtc
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I use a subscript t not to confuse 
particle energy with electric field



Non dimensional units
change variables

z =
(
1 + τ2

)1/2 − 1

β =
τ

(1 + τ2)1/2

ϵt =
(
1 + τ2

)1/2
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no need to specify E

z =
x

mc2

qE

τ =
t

mc
qE

ϵt =
Et

mc2
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A useful expression
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(
1 + τ2

)1/2 − 1

ϵt =
(
1 + τ2

)1/2
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in dimensional units:
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)
mc2
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constant rate



Maximum energy
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large charge
strong E field 

large 
accelerator

Emax
t = qEtc = qEL
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The maximum energy problem: 
the role of radiative losses

Section 14.2 of Jackson

Problem: accelerated charges emit radiation!

P =
2

3

q2

c3
a2
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proper time —> 

linear acceleration —> 
dp⃗

dτ
=

dp

dτ
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The maximum energy problem: 
the role of radiative losses

Section 14.2 of Jackson

Problem: accelerated charges emit radiation!

P =
2

3

q2

c3
a2

<latexit sha1_base64="YuJdpaCteLh9pbdqhmm2cyxuDkw=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBFclZlaUBdC0Y3LCvYB7bRk0kwbmsmMSUYow3yAG3/FjQtF3PoB7vwb03YW2nogcO4593JzjxdxprRtf1tLyyura+u5jfzm1vbObmFvv6HCWBJaJyEPZcvDinImaF0zzWkrkhQHHqdNb3Q98ZsPVCoWijs9jqgb4IFgPiNYG6lXKNbQJer4EpOknCanacbvu6YiXVPjbtl02SV7CrRInIwUIUOtV/jq9EMSB1RowrFSbceOtJtgqRnhNM13YkUjTEZ4QNuGChxQ5SbTY1J0bJQ+8kNpntBoqv6eSHCg1DjwTGeA9VDNexPxP68da//cTZiIYk0FmS3yY450iCbJoD6TlGg+NgQTycxfERlik4Y2+eVNCM78yYukUS45ldLFbaVYvcriyMEhHMEJOHAGVbiBGtSBwCM8wyu8WU/Wi/Vufcxal6xs5gD+wPr8AdHPmj0=</latexit>

classic Larmor forula —>
acceleration

=
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)(dp
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)2

<latexit sha1_base64="QZW5T3eUQKcsSSZz+NXGj9fZDgQ="></latexit>

relativistic generalisation 
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]

<latexit sha1_base64="5poz+A22tCHK6WKeOikDgMWWFKA=">AAACjXicdVFdT9swFHUyNqD7oMAjLxbVJPawKimgARoIwQM8dtIKSE1aOe5Na2EnmX2DVFn5N/wi3vg3uG2ENmBXsn18zr3+ODcppDAYBI+e/27p/YflldXGx0+fv6w11zeuTF5qDj2ey1zfJMyAFBn0UKCEm0IDU4mE6+T2fKZf34E2Is9+47SAWLFxJlLBGTpq2Lzv0mMapZpx26nsblXjPwO3U4MO5YMZJyHF/mLZqTOojb SiIyfeAbdFVdlnAlnpZi3GE/zmjvhOowSQOfT2AcX/SxcoHjZbQTuYB30Nwhq0SB3dYfMhGuW8VJAhl8yYfhgUGFumUXAJVSMqDRSM37Ix9B3MmAIT27mbFf3qmBFNc+1GhnTO/l1hmTJmqhKXqRhOzEttRr6l9UtMD2IrsqJEyPjiorSUFHM6aw0dCQ0c5dQBxrVwb6V8wpxX6BrYcCaEL7/8Glx12uFe+/DXXuv0rLZjhWyRbbJDQvKDnJJL0iU9wr2GF3iH3pG/5u/7P/2TRarv1TWb5J/wL54APcfEeA==</latexit>

τ

<latexit sha1_base64="L1LFkIhsJRvXmI/S12SRanhRmCk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2A9oQ9lsN+3S3U3YnQgl9C948aCIV/+QN/+NSZuDtj4YeLw3w8y8IJbCout+O6W19Y3NrfJ2ZWd3b/+genjUtlFiGG+xSEamG1DLpdC8hQIl78aGUxVI3gkmd7nfeeLGikg/4jTmvqIjLULBKOZSH2kyqNbcujsHWSVeQWpQoDmofvWHEUsU18gktbbnuTH6KTUomOSzSj+xPKZsQke8l1FNFbd+Or91Rs4yZUjCyGSlkczV3xMpVdZOVZB1Kopju+zl4n9eL8Hw2k+FjhPkmi0WhYkkGJH8cTIUhjOU04xQZkR2K2FjaijDLJ5KFoK3/PIqaV/Uvcv6zcNlrXFbxFGGEziFc/DgChpwD01oAYMxPMMrvDnKeXHenY9Fa8kpZo7hD5zPHyUNjlQ=</latexit>

dτ = dt/γ

<latexit sha1_base64="CfoByTrJWAFl4TPOIDuino6surU=">AAACCnicbVDLSgNBEJz1GeMr6tHLaBA8xV0JqAch6MVjBPOAbAi9k0kyZGZ3mekVwpKzF3/FiwdFvPoF3vwbJw9BEwsaaqq6me4KYikMuu6Xs7C4tLyymlnLrm9sbm3ndnarJko04xUWyUjXAzBcipBXUKDk9VhzUIHktaB/PfJr91wbEYV3OIh5U0E3FB3BAK3Uyh2kvla0PaQ+QkIv6c8T6Qn1u6AUtHJ5t+COQeeJNyV5MkW5lfv02xFLFA+RSTCm4bkxNlPQKJjkw6yfGB4D60OXNywNQXHTTMenDOmRVdq0E2lbIdKx+nsiBWXMQAW2UwH2zKw3Ev/zGgl2zpupCOMEecgmH3USSTGio1xoW2jOUA4sAaaF3ZWyHmhgaNPL2hC82ZPnSfW04BULF7fFfOlqGkeG7JNDckw8ckZK5IaUSYUw8kCeyAt5dR6dZ+fNeZ+0LjjTmT3yB87HN81YmRQ=</latexit>

proper time —> 

linear acceleration —> 
dp⃗

dτ
=

dp

dτ

<latexit sha1_base64="CPs8tOU7EYTZlOoJ/2mz5NEDhPQ=">AAACLnicbVDLSgMxFM3UV62vUZdugkVwVWakoC6EogguK9gHdIaSSTNtaCYTkkyhDPNFbvwVXQgq4tbPMG0HtK0HAodzzuXmnkAwqrTjvFmFldW19Y3iZmlre2d3z94/aKo4kZg0cMxi2Q6QIoxy0tBUM9IWkqAoYKQVDG8mfmtEpKIxf9BjQfwI9TkNKUbaSF371gslwmnqyQj2MuiNCE5Flv0KGiUZvILzMbEQ6Nplp+JMAZeJm5MyyFHv2i9eL8ZJRLjGDCnVcR2h/RRJTTEjWclLFBEID1GfdAzlKCLKT6fnZvDEKD0YxtI8ruFU/TuRokipcRSYZIT0QC16E/E/r5Po8MJPKReJJhzPFoUJgzqGk+5gj0qCNRsbgrCk5q8QD5ApRpuGS6YEd/HkZdI8q7jVyuV9tVy7zusogiNwDE6BC85BDdyBOmgADB7BM3gHH9aT9Wp9Wl+zaMHKZw7BHKzvHyBiqdA=</latexit>



The maximum energy problem: 
the role of radiative losses

Section 14.2 of Jackson

Problem: accelerated charges emit radiation!

P =
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<latexit sha1_base64="YuJdpaCteLh9pbdqhmm2cyxuDkw=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBFclZlaUBdC0Y3LCvYB7bRk0kwbmsmMSUYow3yAG3/FjQtF3PoB7vwb03YW2nogcO4593JzjxdxprRtf1tLyyura+u5jfzm1vbObmFvv6HCWBJaJyEPZcvDinImaF0zzWkrkhQHHqdNb3Q98ZsPVCoWijs9jqgb4IFgPiNYG6lXKNbQJer4EpOknCanacbvu6YiXVPjbtl02SV7CrRInIwUIUOtV/jq9EMSB1RowrFSbceOtJtgqRnhNM13YkUjTEZ4QNuGChxQ5SbTY1J0bJQ+8kNpntBoqv6eSHCg1DjwTGeA9VDNexPxP68da//cTZiIYk0FmS3yY450iCbJoD6TlGg+NgQTycxfERlik4Y2+eVNCM78yYukUS45ldLFbaVYvcriyMEhHMEJOHAGVbiBGtSBwCM8wyu8WU/Wi/Vufcxal6xs5gD+wPr8AdHPmj0=</latexit>

classic Larmor forula —>
acceleration

=
2
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m2c3
(
1− β2
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dτ

)2

<latexit sha1_base64="QZW5T3eUQKcsSSZz+NXGj9fZDgQ="></latexit>

relativistic generalisation 

P =
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]

<latexit sha1_base64="5poz+A22tCHK6WKeOikDgMWWFKA=">AAACjXicdVFdT9swFHUyNqD7oMAjLxbVJPawKimgARoIwQM8dtIKSE1aOe5Na2EnmX2DVFn5N/wi3vg3uG2ENmBXsn18zr3+ODcppDAYBI+e/27p/YflldXGx0+fv6w11zeuTF5qDj2ey1zfJMyAFBn0UKCEm0IDU4mE6+T2fKZf34E2Is9+47SAWLFxJlLBGTpq2Lzv0mMapZpx26nsblXjPwO3U4MO5YMZJyHF/mLZqTOojb SiIyfeAbdFVdlnAlnpZi3GE/zmjvhOowSQOfT2AcX/SxcoHjZbQTuYB30Nwhq0SB3dYfMhGuW8VJAhl8yYfhgUGFumUXAJVSMqDRSM37Ix9B3MmAIT27mbFf3qmBFNc+1GhnTO/l1hmTJmqhKXqRhOzEttRr6l9UtMD2IrsqJEyPjiorSUFHM6aw0dCQ0c5dQBxrVwb6V8wpxX6BrYcCaEL7/8Glx12uFe+/DXXuv0rLZjhWyRbbJDQvKDnJJL0iU9wr2GF3iH3pG/5u/7P/2TRarv1TWb5J/wL54APcfEeA==</latexit>

τ

<latexit sha1_base64="L1LFkIhsJRvXmI/S12SRanhRmCk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2A9oQ9lsN+3S3U3YnQgl9C948aCIV/+QN/+NSZuDtj4YeLw3w8y8IJbCout+O6W19Y3NrfJ2ZWd3b/+genjUtlFiGG+xSEamG1DLpdC8hQIl78aGUxVI3gkmd7nfeeLGikg/4jTmvqIjLULBKOZSH2kyqNbcujsHWSVeQWpQoDmofvWHEUsU18gktbbnuTH6KTUomOSzSj+xPKZsQke8l1FNFbd+Or91Rs4yZUjCyGSlkczV3xMpVdZOVZB1Kopju+zl4n9eL8Hw2k+FjhPkmi0WhYkkGJH8cTIUhjOU04xQZkR2K2FjaijDLJ5KFoK3/PIqaV/Uvcv6zcNlrXFbxFGGEziFc/DgChpwD01oAYMxPMMrvDnKeXHenY9Fa8kpZo7hD5zPHyUNjlQ=</latexit>

dτ = dt/γ

<latexit sha1_base64="CfoByTrJWAFl4TPOIDuino6surU=">AAACCnicbVDLSgNBEJz1GeMr6tHLaBA8xV0JqAch6MVjBPOAbAi9k0kyZGZ3mekVwpKzF3/FiwdFvPoF3vwbJw9BEwsaaqq6me4KYikMuu6Xs7C4tLyymlnLrm9sbm3ndnarJko04xUWyUjXAzBcipBXUKDk9VhzUIHktaB/PfJr91wbEYV3OIh5U0E3FB3BAK3Uyh2kvla0PaQ+QkIv6c8T6Qn1u6AUtHJ5t+COQeeJNyV5MkW5lfv02xFLFA+RSTCm4bkxNlPQKJjkw6yfGB4D60OXNywNQXHTTMenDOmRVdq0E2lbIdKx+nsiBWXMQAW2UwH2zKw3Ev/zGgl2zpupCOMEecgmH3USSTGio1xoW2jOUA4sAaaF3ZWyHmhgaNPL2hC82ZPnSfW04BULF7fFfOlqGkeG7JNDckw8ckZK5IaUSYUw8kCeyAt5dR6dZ+fNeZ+0LjjTmT3yB87HN81YmRQ=</latexit>

proper time —> 

linear acceleration —> 
dp⃗

dτ
=

dp

dτ

<latexit sha1_base64="CPs8tOU7EYTZlOoJ/2mz5NEDhPQ=">AAACLnicbVDLSgMxFM3UV62vUZdugkVwVWakoC6EogguK9gHdIaSSTNtaCYTkkyhDPNFbvwVXQgq4tbPMG0HtK0HAodzzuXmnkAwqrTjvFmFldW19Y3iZmlre2d3z94/aKo4kZg0cMxi2Q6QIoxy0tBUM9IWkqAoYKQVDG8mfmtEpKIxf9BjQfwI9TkNKUbaSF371gslwmnqyQj2MuiNCE5Flv0KGiUZvILzMbEQ6Nplp+JMAZeJm5MyyFHv2i9eL8ZJRLjGDCnVcR2h/RRJTTEjWclLFBEID1GfdAzlKCLKT6fnZvDEKD0YxtI8ruFU/TuRokipcRSYZIT0QC16E/E/r5Po8MJPKReJJhzPFoUJgzqGk+5gj0qCNRsbgrCk5q8QD5ApRpuGS6YEd/HkZdI8q7jVyuV9tVy7zusogiNwDE6BC85BDdyBOmgADB7BM3gHH9aT9Wp9Wl+zaMHKZw7BHKzvHyBiqdA=</latexit>

=
2

3

q2

m2c3

(
dp
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)2

<latexit sha1_base64="O4mrVL+8NrXlero7vcwmiVesvLI="></latexit>

1/γ2

<latexit sha1_base64="cZnvUeVuvRf9eAcN7zqtjF1Igik=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYhA8xd0QUG9BLx4jmAcma+idzCZDZmaXmVkhhPyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXmHCmjed9Oyura+sbm7mt/PbO7t5+4eCwoeNUEVonMY9VK0RNOZO0bpjhtJUoiiLktBkOb6Z+84kqzWJ5b0YJDQT2JYsYQWOlB/+800ch8LHcLRS9kjeDu0z8jBQhQ61b+Or0YpIKKg3hqHXb9xITjFEZRjid5DuppgmSIfZp21KJgupgPLt44p5apedGsbIljTtTf0+MUWg9EqHtFGgGetGbiv957dREl8GYySQ1VJL5oijlrond6ftujylKDB9ZgkQxe6tLBqiQGBtS3obgL768TBrlkl8pXd1VitXrLI4cHMMJnIEPF1CFW6hBHQhIeIZXeHO08+K8Ox/z1hUnmzmCP3A+fwCSupA5</latexit>



The maximum energy problem: 
the role of radiative losses

E⃗

q

L

<latexit sha1_base64="pj7Vh9GyVkna0pxsEqh7tiQpBAs=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koHZBGwuLBMwHJEfY28wla/b2jt09IYT8AhsLRWz9SXb+GzfJFZr4YODx3gwz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrczv/WESvNYPphxgn5EB5KHnFFjpfp9r1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8MqfcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelL1K+bpeKVVvsjjycAKncA4eXEIV7qAGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QOnaYzc</latexit>

the particle gains energy at a rate 
dEt

dt

<latexit sha1_base64="1DdEhUb5HgLq5+QXu3qmlG+7l+c=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUmkoO6KIrisYB/QhDCZTtqhkwczN0IJ2bjxV9y4UMSt/+DOv3HaRtDWAxfOnHMvc+/xE8EVWNaXUVpaXlldK69XNja3tnfM3b22ilNJWYvGIpZdnygmeMRawEGwbiIZCX3BOv7oauJ37plUPI7uYJwwNySDiAecEtCSZx46gSQ0yxwZ4n6Orz3Ifx6Qe2bVqllT4EViF6SKCjQ989PpxzQNWQRUEKV6tpWAmxEJnAqWV5xUsYTQERmwnqYRCZlys+kVOT7WSh8HsdQVAZ6qvycyEio1Dn3dGRIYqnlvIv7n9VIIzt2MR0kKLKKzj4JUYIjxJBLc55JREGNNCJVc74rpkOhYQAdX0SHY8ycvkvZpza7XLm7r1cZlEUcZHaAjdIJsdIYa6AY1UQtR9ICe0At6NR6NZ+PNeJ+1loxiZh/9gfHxDdeSmNE=</latexit>
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the role of radiative losses

E⃗

q

L

<latexit sha1_base64="pj7Vh9GyVkna0pxsEqh7tiQpBAs=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koHZBGwuLBMwHJEfY28wla/b2jt09IYT8AhsLRWz9SXb+GzfJFZr4YODx3gwz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrczv/WESvNYPphxgn5EB5KHnFFjpfp9r1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8MqfcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelL1K+bpeKVVvsjjycAKncA4eXEIV7qAGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QOnaYzc</latexit>

the particle gains energy at a rate 
dEt

dt

<latexit sha1_base64="1DdEhUb5HgLq5+QXu3qmlG+7l+c=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUmkoO6KIrisYB/QhDCZTtqhkwczN0IJ2bjxV9y4UMSt/+DOv3HaRtDWAxfOnHMvc+/xE8EVWNaXUVpaXlldK69XNja3tnfM3b22ilNJWYvGIpZdnygmeMRawEGwbiIZCX3BOv7oauJ37plUPI7uYJwwNySDiAecEtCSZx46gSQ0yxwZ4n6Orz3Ifx6Qe2bVqllT4EViF6SKCjQ989PpxzQNWQRUEKV6tpWAmxEJnAqWV5xUsYTQERmwnqYRCZlys+kVOT7WSh8HsdQVAZ6qvycyEio1Dn3dGRIYqnlvIv7n9VIIzt2MR0kKLKKzj4JUYIjxJBLc55JREGNNCJVc74rpkOhYQAdX0SHY8ycvkvZpza7XLm7r1cZlEUcZHaAjdIJsdIYa6AY1UQtR9ICe0At6NR6NZ+PNeJ+1loxiZh/9gfHxDdeSmNE=</latexit>

but at the same time radiates away energy at a rate P

<latexit sha1_base64="YmgFRjLD2C3rf6TNKx13X211aUU=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIQd0V3bhswT6gHSST3mljM5khyQhl6Be4caGIWz/JnX9j2s5CWw8EDuecS+49QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ATj25nfeUKleSzvzSRBP6JDyUPOqLFSs/FQrrhVdw6ySrycVCCHzX/1BzFLI5SGCap1z3MT42dUGc4ETkv9VGNC2ZgOsWeppBFqP5svOiVnVhmQMFb2SUPm6u+JjEZaT6LAJiNqRnrZm4n/eb3UhFd+xmWSGpRs8VGYCmJiMruaDLhCZsTEEsoUt7sSNqKKMmO7KdkSvOWTV0n7ourVqtfNWqV+k9dRhBM4hXPw4BLqcAcNaAEDhGd4hTfn0Xlx3p2PRbTg5DPH8AfO5w+teYzg</latexit>



The maximum energy problem: 
the role of radiative losses

E⃗

q

L

<latexit sha1_base64="pj7Vh9GyVkna0pxsEqh7tiQpBAs=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koHZBGwuLBMwHJEfY28wla/b2jt09IYT8AhsLRWz9SXb+GzfJFZr4YODx3gwz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrczv/WESvNYPphxgn5EB5KHnFFjpfp9r1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8MqfcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelL1K+bpeKVVvsjjycAKncA4eXEIV7qAGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QOnaYzc</latexit>

the particle gains energy at a rate 
dEt

dt

<latexit sha1_base64="1DdEhUb5HgLq5+QXu3qmlG+7l+c=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUmkoO6KIrisYB/QhDCZTtqhkwczN0IJ2bjxV9y4UMSt/+DOv3HaRtDWAxfOnHMvc+/xE8EVWNaXUVpaXlldK69XNja3tnfM3b22ilNJWYvGIpZdnygmeMRawEGwbiIZCX3BOv7oauJ37plUPI7uYJwwNySDiAecEtCSZx46gSQ0yxwZ4n6Orz3Ifx6Qe2bVqllT4EViF6SKCjQ989PpxzQNWQRUEKV6tpWAmxEJnAqWV5xUsYTQERmwnqYRCZlys+kVOT7WSh8HsdQVAZ6qvycyEio1Dn3dGRIYqnlvIv7n9VIIzt2MR0kKLKKzj4JUYIjxJBLc55JREGNNCJVc74rpkOhYQAdX0SHY8ycvkvZpza7XLm7r1cZlEUcZHaAjdIJsdIYa6AY1UQtR9ICe0At6NR6NZ+PNeJ+1loxiZh/9gfHxDdeSmNE=</latexit>

but at the same time radiates away energy at a rate P

<latexit sha1_base64="YmgFRjLD2C3rf6TNKx13X211aUU=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIQd0V3bhswT6gHSST3mljM5khyQhl6Be4caGIWz/JnX9j2s5CWw8EDuecS+49QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ATj25nfeUKleSzvzSRBP6JDyUPOqLFSs/FQrrhVdw6ySrycVCCHzX/1BzFLI5SGCap1z3MT42dUGc4ETkv9VGNC2ZgOsWeppBFqP5svOiVnVhmQMFb2SUPm6u+JjEZaT6LAJiNqRnrZm4n/eb3UhFd+xmWSGpRs8VGYCmJiMruaDLhCZsTEEsoUt7sSNqKKMmO7KdkSvOWTV0n7ourVqtfNWqV+k9dRhBM4hXPw4BLqcAcNaAEDhGd4hTfn0Xlx3p2PRbTg5DPH8AfO5w+teYzg</latexit>

who wins?



The maximum energy problem: 
the role of radiative losses

E⃗

q

L

<latexit sha1_base64="pj7Vh9GyVkna0pxsEqh7tiQpBAs=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koHZBGwuLBMwHJEfY28wla/b2jt09IYT8AhsLRWz9SXb+GzfJFZr4YODx3gwz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrczv/WESvNYPphxgn5EB5KHnFFjpfp9r1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8MqfcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelL1K+bpeKVVvsjjycAKncA4eXEIV7qAGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QOnaYzc</latexit>

the particle gains energy at a rate 
dEt

dt

<latexit sha1_base64="1DdEhUb5HgLq5+QXu3qmlG+7l+c=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUmkoO6KIrisYB/QhDCZTtqhkwczN0IJ2bjxV9y4UMSt/+DOv3HaRtDWAxfOnHMvc+/xE8EVWNaXUVpaXlldK69XNja3tnfM3b22ilNJWYvGIpZdnygmeMRawEGwbiIZCX3BOv7oauJ37plUPI7uYJwwNySDiAecEtCSZx46gSQ0yxwZ4n6Orz3Ifx6Qe2bVqllT4EViF6SKCjQ989PpxzQNWQRUEKV6tpWAmxEJnAqWV5xUsYTQERmwnqYRCZlys+kVOT7WSh8HsdQVAZ6qvycyEio1Dn3dGRIYqnlvIv7n9VIIzt2MR0kKLKKzj4JUYIjxJBLc55JREGNNCJVc74rpkOhYQAdX0SHY8ycvkvZpza7XLm7r1cZlEUcZHaAjdIJsdIYa6AY1UQtR9ICe0At6NR6NZ+PNeJ+1loxiZh/9gfHxDdeSmNE=</latexit>

but at the same time radiates away energy at a rate P

<latexit sha1_base64="YmgFRjLD2C3rf6TNKx13X211aUU=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIQd0V3bhswT6gHSST3mljM5khyQhl6Be4caGIWz/JnX9j2s5CWw8EDuecS+49QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ATj25nfeUKleSzvzSRBP6JDyUPOqLFSs/FQrrhVdw6ySrycVCCHzX/1BzFLI5SGCap1z3MT42dUGc4ETkv9VGNC2ZgOsWeppBFqP5svOiVnVhmQMFb2SUPm6u+JjEZaT6LAJiNqRnrZm4n/eb3UhFd+xmWSGpRs8VGYCmJiMruaDLhCZsTEEsoUt7sSNqKKMmO7KdkSvOWTV0n7ourVqtfNWqV+k9dRhBM4hXPw4BLqcAcNaAEDhGd4hTfn0Xlx3p2PRbTg5DPH8AfO5w+teYzg</latexit>

who wins?

P

dEt/dt

<latexit sha1_base64="06H5/MnENYUL3O2HWAjQJv1UH6E=">AAACCHicbZDLSsNAFIYnXmu9RV26cLAIrmoiBXVXFMFlBXuBJoTJdNIOnVyYORFKyNKNr+LGhSJufQR3vo3TNoK2/jDw8Z9zOHN+PxFcgWV9GQuLS8srq6W18vrG5ta2ubPbUnEqKWvSWMSy4xPFBI9YEzgI1kkkI6EvWNsfXo3r7XsmFY+jOxglzA1JP+IBpwS05ZkHTiAJzRp5ljkyxL0cX3tw8sOQe2bFqloT4XmwC6igQg3P/HR6MU1DFgEVRKmubSXgZkQCp4LlZSdVLCF0SPqsqzEiIVNuNjkkx0fa6eEglvpFgCfu74mMhEqNQl93hgQGarY2Nv+rdVMIzt2MR0kKLKLTRUEqMMR4nArucckoiJEGQiXXf8V0QHQyoLMr6xDs2ZPnoXVatWvVi9tapX5ZxFFC++gQHSMbnaE6ukEN1EQUPaAn9IJejUfj2Xgz3qetC0Yxs4f+yPj4BlibmY4=</latexit>



The maximum energy problem: 
the role of radiative losses

gain

P

dEt/dt
=

2

3

q3E

m2c3
1

u

<latexit sha1_base64="KL36XT2S0W33wbh+VesfEpVVamQ="></latexit>

loss

−→ 2

3

q3E

m2c4

<latexit sha1_base64="XWlMUF1Z5uD9PWBAsCeLvwmIeBs=">AAACGnicbZDLSgMxFIYzXmu9VV26CRbBVZlpC+quKILLCvYCnbZk0sw0NJOMSUYpwzyHG1/FjQtF3Ikb38a0nYW2/hD4+M85nJzfixhV2ra/raXlldW19dxGfnNre2e3sLffVCKWmDSwYEK2PaQIo5w0NNWMtCNJUOgx0vJGl5N6655IRQW/1eOIdEMUcOpTjLSx+gXHZYIHkgZDjaQUD9D1JcJJOU0qacZ3vQq8SpOwV4a4V037haJdsqeCi+BkUASZ6v3CpzsQOA4J15ghpTqOHelugqSmmJE078aKRAiPUEA6BjkKieom09NSeGycAfSFNI9rOHV/TyQoVGoceqYzRHqo5msT879aJ9b+WTehPIo14Xi2yI8Z1AJOcoIDKgnWbGwAYUnNXyEeIpOHNmnmTQjO/MmL0CyXnGrp/KZarF1kceTAITgCJ8ABp6AGrkEdNAAGj+AZvII368l6sd6tj1nrkpXNHIA/sr5+AB36oOQ=</latexit>

u=c
does NOT depend 
on particle energy!

2

3

q3E

m2c4
< 1

<latexit sha1_base64="ftk4i5vekHOVmlJ9h34keD54J3Y=">AAACDnicbZDLSgMxFIYz9VbrbdSlm2ApuCozbUEFF0URXFawF+iNTJppQ5PMmGSEMswTuPFV3LhQxK1rd76NaTsLbf0h8PGfczg5vxcyqrTjfFuZldW19Y3sZm5re2d3z94/aKggkpjUccAC2fKQIowKUtdUM9IKJUHcY6Tpja+m9eYDkYoG4k5PQtLlaCioTzHSxurbhY4vEY5LSVxO4Jzve2V4ncS8V4K4V0ngBXT7dt4pOjPBZXBTyINUtb791RkEOOJEaMyQUm3XCXU3RlJTzEiS60SKhAiP0ZC0DQrEierGs3MSWDDOAPqBNE9oOHN/T8SIKzXhnunkSI/UYm1q/ldrR9o/68ZUhJEmAs8X+RGDOoDTbOCASoI1mxhAWFLzV4hHyGSiTYI5E4K7ePIyNEpFt1I8v63kq5dpHFlwBI7BCXDBKaiCG1ADdYDBI3gGr+DNerJerHfrY96asdKZQ/BH1ucPw3CapA==</latexit>

condition to have acceleration —>

E <
3

2

m2c4

q3

<latexit sha1_base64="qj/DCdmHjUmcLJZrzkzO/qMrSb0=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBFclZm2oIKLogguK9gH9EUmzbShycyYZIQyzAe48VfcuFDErR/gzr8xbWehrQcCh3PO5eYeN+RMadv+tpaWV1bX1jMb2c2t7Z3d3N5+XQWRJLRGAh7IposV5cynNc00p81QUixcThvu6GriNx6oVCzw7/Q4pB2BBz7zGMHaSL1c/hpdoLYnMYlLSVxMUi66RUS65SS+75YSk7IL9hRokTgpyUOKai/31e4HJBLU14RjpVqOHepOjKVmhNMk244UDTEZ4QFtGepjQVUnnh6ToGOj9JEXSPN8jabq74kYC6XGwjVJgfVQzXsT8T+vFWnvrBMzP4w09clskRdxpAM0aQb1maRE87EhmEhm/orIEJs2tOkva0pw5k9eJPViwSkXzm/L+cplWkcGDuEITsCBU6jADVShBgQe4Rle4c16sl6sd+tjFl2y0pkD+APr8wfQHJo/</latexit>

or



The maximum energy problem: 
the role of radiative losses

is this limit really constraining?

E <
3

2

m2c4

q3

<latexit sha1_base64="qj/DCdmHjUmcLJZrzkzO/qMrSb0=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBFclZm2oIKLogguK9gH9EUmzbShycyYZIQyzAe48VfcuFDErR/gzr8xbWehrQcCh3PO5eYeN+RMadv+tpaWV1bX1jMb2c2t7Z3d3N5+XQWRJLRGAh7IposV5cynNc00p81QUixcThvu6GriNx6oVCzw7/Q4pB2BBz7zGMHaSL1c/hpdoLYnMYlLSVxMUi66RUS65SS+75YSk7IL9hRokTgpyUOKai/31e4HJBLU14RjpVqOHepOjKVmhNMk244UDTEZ4QFtGepjQVUnnh6ToGOj9JEXSPN8jabq74kYC6XGwjVJgfVQzXsT8T+vFWnvrBMzP4w09clskRdxpAM0aQb1maRE87EhmEhm/orIEJs2tOkva0pw5k9eJPViwSkXzm/L+cplWkcGDuEITsCBU6jADVShBgQe4Rle4c16sl6sd+tjFl2y0pkD+APr8wfQHJo/</latexit>



The maximum energy problem: 
the role of radiative losses

is this limit really constraining?

dEt

dx
= qE

<latexit sha1_base64="381GyFbJV6ceGfgMnJUIOpHTvqA=">AAACC3icbZDLSsNAFIYn9VbrLerSzdAiuCqJFNSFUJSCywr2Am0Ik8mkHTqZxJmJWEL2bnwVNy4UcesLuPNtnLYRtPWHgY//nMOZ83sxo1JZ1pdRWFpeWV0rrpc2Nre2d8zdvbaMEoFJC0csEl0PScIoJy1FFSPdWBAUeox0vNHlpN65I0LSiN+ocUycEA04DShGSluuWe4HAuE07YsQ+lnDVdkPw/sMnsNb2HDNilW1poKLYOdQAbmarvnZ9yOchIQrzJCUPduKlZMioShmJCv1E0lihEdoQHoaOQqJdNLpLRk81I4Pg0joxxWcur8nUhRKOQ493RkiNZTztYn5X62XqODUSSmPE0U4ni0KEgZVBCfBQJ8KghUba0BYUP1XiIdIh6N0fCUdgj1/8iK0j6t2rXp2XavUL/I4iuAAlMERsMEJqIMr0AQtgMEDeAIv4NV4NJ6NN+N91low8pl98EfGxzcHg5pk</latexit>

remember:

E <
3

2

m2c4

q3

<latexit sha1_base64="qj/DCdmHjUmcLJZrzkzO/qMrSb0=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBFclZm2oIKLogguK9gH9EUmzbShycyYZIQyzAe48VfcuFDErR/gzr8xbWehrQcCh3PO5eYeN+RMadv+tpaWV1bX1jMb2c2t7Z3d3N5+XQWRJLRGAh7IposV5cynNc00p81QUixcThvu6GriNx6oVCzw7/Q4pB2BBz7zGMHaSL1c/hpdoLYnMYlLSVxMUi66RUS65SS+75YSk7IL9hRokTgpyUOKai/31e4HJBLU14RjpVqOHepOjKVmhNMk244UDTEZ4QFtGepjQVUnnh6ToGOj9JEXSPN8jabq74kYC6XGwjVJgfVQzXsT8T+vFWnvrBMzP4w09clskRdxpAM0aQb1maRE87EhmEhm/orIEJs2tOkva0pw5k9eJPViwSkXzm/L+cplWkcGDuEITsCBU6jADVShBgQe4Rle4c16sl6sd+tjFl2y0pkD+APr8wfQHJo/</latexit>



The maximum energy problem: 
the role of radiative losses

is this limit really constraining?

dEt

dx
= qE

<latexit sha1_base64="381GyFbJV6ceGfgMnJUIOpHTvqA=">AAACC3icbZDLSsNAFIYn9VbrLerSzdAiuCqJFNSFUJSCywr2Am0Ik8mkHTqZxJmJWEL2bnwVNy4UcesLuPNtnLYRtPWHgY//nMOZ83sxo1JZ1pdRWFpeWV0rrpc2Nre2d8zdvbaMEoFJC0csEl0PScIoJy1FFSPdWBAUeox0vNHlpN65I0LSiN+ocUycEA04DShGSluuWe4HAuE07YsQ+lnDVdkPw/sMnsNb2HDNilW1poKLYOdQAbmarvnZ9yOchIQrzJCUPduKlZMioShmJCv1E0lihEdoQHoaOQqJdNLpLRk81I4Pg0joxxWcur8nUhRKOQ493RkiNZTztYn5X62XqODUSSmPE0U4ni0KEgZVBCfBQJ8KghUba0BYUP1XiIdIh6N0fCUdgj1/8iK0j6t2rXp2XavUL/I4iuAAlMERsMEJqIMr0AQtgMEDeAIv4NV4NJ6NN+N91low8pl98EfGxzcHg5pk</latexit>

remember:

E <
3

2

m2c4

q3

<latexit sha1_base64="qj/DCdmHjUmcLJZrzkzO/qMrSb0=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBFclZm2oIKLogguK9gH9EUmzbShycyYZIQyzAe48VfcuFDErR/gzr8xbWehrQcCh3PO5eYeN+RMadv+tpaWV1bX1jMb2c2t7Z3d3N5+XQWRJLRGAh7IposV5cynNc00p81QUixcThvu6GriNx6oVCzw7/Q4pB2BBz7zGMHaSL1c/hpdoLYnMYlLSVxMUi66RUS65SS+75YSk7IL9hRokTgpyUOKai/31e4HJBLU14RjpVqOHepOjKVmhNMk244UDTEZ4QFtGepjQVUnnh6ToGOj9JEXSPN8jabq74kYC6XGwjVJgfVQzXsT8T+vFWnvrBMzP4w09clskRdxpAM0aQb1maRE87EhmEhm/orIEJs2tOkva0pw5k9eJPViwSkXzm/L+cplWkcGDuEITsCBU6jADVShBgQe4Rle4c16sl6sd+tjFl2y0pkD+APr8wfQHJo/</latexit>

for protons

<
3

2

(
mc2

q

)2

≈ 1025eV/cm

<latexit sha1_base64="Dc1J2eEc1I/fpMAy6JYCVXSKkv8="></latexit>



The maximum energy problem: 
the role of radiative losses

is this limit really constraining?

dEt

dx
= qE

<latexit sha1_base64="381GyFbJV6ceGfgMnJUIOpHTvqA=">AAACC3icbZDLSsNAFIYn9VbrLerSzdAiuCqJFNSFUJSCywr2Am0Ik8mkHTqZxJmJWEL2bnwVNy4UcesLuPNtnLYRtPWHgY//nMOZ83sxo1JZ1pdRWFpeWV0rrpc2Nre2d8zdvbaMEoFJC0csEl0PScIoJy1FFSPdWBAUeox0vNHlpN65I0LSiN+ocUycEA04DShGSluuWe4HAuE07YsQ+lnDVdkPw/sMnsNb2HDNilW1poKLYOdQAbmarvnZ9yOchIQrzJCUPduKlZMioShmJCv1E0lihEdoQHoaOQqJdNLpLRk81I4Pg0joxxWcur8nUhRKOQ493RkiNZTztYn5X62XqODUSSmPE0U4ni0KEgZVBCfBQJ8KghUba0BYUP1XiIdIh6N0fCUdgj1/8iK0j6t2rXp2XavUL/I4iuAAlMERsMEJqIMr0AQtgMEDeAIv4NV4NJ6NN+N91low8pl98EfGxzcHg5pk</latexit>

remember:

E <
3

2

m2c4

q3

<latexit sha1_base64="qj/DCdmHjUmcLJZrzkzO/qMrSb0=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBFclZm2oIKLogguK9gH9EUmzbShycyYZIQyzAe48VfcuFDErR/gzr8xbWehrQcCh3PO5eYeN+RMadv+tpaWV1bX1jMb2c2t7Z3d3N5+XQWRJLRGAh7IposV5cynNc00p81QUixcThvu6GriNx6oVCzw7/Q4pB2BBz7zGMHaSL1c/hpdoLYnMYlLSVxMUi66RUS65SS+75YSk7IL9hRokTgpyUOKai/31e4HJBLU14RjpVqOHepOjKVmhNMk244UDTEZ4QFtGepjQVUnnh6ToGOj9JEXSPN8jabq74kYC6XGwjVJgfVQzXsT8T+vFWnvrBMzP4w09clskRdxpAM0aQb1maRE87EhmEhm/orIEJs2tOkva0pw5k9eJPViwSkXzm/L+cplWkcGDuEITsCBU6jADVShBgQe4Rle4c16sl6sd+tjFl2y0pkD+APr8wfQHJo/</latexit>

for protons

<
3

2

(
mc2

q

)2

≈ 1025eV/cm

<latexit sha1_base64="Dc1J2eEc1I/fpMAy6JYCVXSKkv8="></latexit>

losses are not a problem!



Energetics

E⃗

q

L
y
≈

L
x

<latexit sha1_base64="TADpDTbODZEDjA15MiiR9d+6o4A=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzIjgrorunHRRQX7gHYYMmmmDc0kIclIx9IvceNCEbd+ijv/xrSdhbYeuHA4517uvSeSjGrjed9OYW19Y3OruF3a2d3bL7sHhy0tUoVJEwsmVCdCmjDKSdNQw0hHKoKSiJF2NLqd+e1HojQV/MFkkgQJGnAaU4yMlUK3XA8z2ENSKjGG9XAcuhWv6s0BV4mfkwrI0Qjdr15f4DQh3GCGtO76njTBBClDMSPTUi/VRCI8QgPStZSjhOhgMj98Ck+t0oexULa4gXP198QEJVpnSWQ7E2SGetmbif953dTEV8GEcpkawvFiUZwyaAScpQD7VBFsWGYJworaWyEeIoWwsVmVbAj+8surpHVe9S+q1/cXldpNHkcRHIMTcAZ8cAlq4A40QBNgkIJn8ArenCfnxXl3PhatBSefOQJ/4Hz+ACjbkso=</latexit>

Lx

<latexit sha1_base64="Ov14yYxLNL+WXYg7gc+cKjQz5Ws=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koHZBGwuLiOYDkiPsbTbJkr29Y3dODEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEshUHX/XZyK6tr6xv5zcLW9s7uXnH/oGGiRDNeZ5GMdCughkuheB0FSt6KNadhIHkzGF1P/eYj10ZE6gHHMfdDOlCiLxhFK93fdp+6xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzk6dkBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+hZ8KFSfIFZsv6ieSYESmf5Oe0JyhHFtCmRb2VsKGVFOGNp2CDcFbfHmZNM7KXqV8eVcpVa+yOPJwBMdwCh6cQxVuoAZ1YDCAZ3iFN0c6L8678zFvzTnZzCH8gfP5Azgkjcc=</latexit>

Lz ≈ Lx

<latexit sha1_base64="LbneRZNv3F4BpMW9vNK2W7e8Dw4=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzIjBXVXdOOiiwr2Ae0wZNJMG5pJQpKRPuiXuHGhiFs/xZ1/Y9rOQlsPXDiccy/33hNJRrXxvG8nt7G5tb2T3y3s7R8cFt2j46YWqcKkgQUTqh0hTRjlpGGoYaQtFUFJxEgrGt7N/dYTUZoK/mjGkgQJ6nMaU4yMlUK3WAsnsIukVGIEa+EodEte2VsArhM/IyWQoR66X92ewGlCuMEMad3xPWmCKVKGYkZmhW6qiUR4iPqkYylHCdHBdHH4DJ5bpQdjoWxxAxfq74kpSrQeJ5HtTJAZ6FVvLv7ndVITXwdTymVqCMfLRXHKoBFwngLsUUWwYWNLEFbU3grxACmEjc2qYEPwV19eJ83Lsl8p3zxUStXbLI48OAVn4AL44ApUwT2ogwbAIAXP4BW8ORPnxXl3PpatOSebOQF/4Hz+ACprkss=</latexit>

Wtot ≈ E2L3

<latexit sha1_base64="uJJt0w4DSmaUk6HcEzqGzxlSkMs=">AAACAHicbVC7SgNBFJ2NrxhfUQsLm8EgWIXdGFC7oAgWFhHMA5LNMjuZJENmd5aZu2JYtvFXbCwUsfUz7PwbJ49CEw9cOJxzL/fe40eCa7DtbyuztLyyupZdz21sbm3v5Hf36lrGirIalUKqpk80EzxkNeAgWDNSjAS+YA1/eDX2Gw9MaS7DexhFzA1IP+Q9TgkYycsfNLwEJKS4TaJIyUd83Snh286ply/YRXsCvEicGSmgGa pe/qvdlTQOWAhUEK1bjh2BmxAFnAqW5tqxZhGhQ9JnLUNDEjDtJpMHUnxslC7uSWUqBDxRf08kJNB6FPimMyAw0PPeWPzPa8XQO3cTHkYxsJBOF/VigUHicRq4yxWjIEaGEKq4uRXTAVGEgsksZ0Jw5l9eJPVS0SkXL+7KhcrlLI4sOkRH6AQ56AxV0A2qohqiKEXP6BW9WU/Wi/VufUxbM9ZsZh/9gfX5A3Axlao=</latexit>

Electromagnetic energy in the accelerator:



Energetics

E⃗

q

L
y
≈

L
x

<latexit sha1_base64="TADpDTbODZEDjA15MiiR9d+6o4A=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzIjgrorunHRRQX7gHYYMmmmDc0kIclIx9IvceNCEbd+ijv/xrSdhbYeuHA4517uvSeSjGrjed9OYW19Y3OruF3a2d3bL7sHhy0tUoVJEwsmVCdCmjDKSdNQw0hHKoKSiJF2NLqd+e1HojQV/MFkkgQJGnAaU4yMlUK3XA8z2ENSKjGG9XAcuhWv6s0BV4mfkwrI0Qjdr15f4DQh3GCGtO76njTBBClDMSPTUi/VRCI8QgPStZSjhOhgMj98Ck+t0oexULa4gXP198QEJVpnSWQ7E2SGetmbif953dTEV8GEcpkawvFiUZwyaAScpQD7VBFsWGYJworaWyEeIoWwsVmVbAj+8surpHVe9S+q1/cXldpNHkcRHIMTcAZ8cAlq4A40QBNgkIJn8ArenCfnxXl3PhatBSefOQJ/4Hz+ACjbkso=</latexit>
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To accelerate to extreme energy we need extremely energetic accelerators!

~300 
supernovae



Things to remember

The simplest (electrostatic) accelerator  

 Most effective for: 
 large size 
 strong field 
 large charge 

 Radiative losses might prevent acceleration but in fact for any 
practical purpose can be neglected! 
 —> electrostatic accelerators are very efficient! 
 To reach larger particle energies accelerators must contain huge 
amounts electromagnetic energy 



What’s next?

Is the simplest accelerator a good one? How common are 
electrostatic accelerators in astrophysical environments? 

 Note that an implicit assumption done so far is that acceleration 
happens in vacuum 
 In fact, the Universe is filled with plasma, and this has to be taken 
into account 
 We’ll need to study some properties of astrophysical plasmas 



Can we keep a static and uniform electric 
field in an astrophysical plasma?

unfortunately, that’s quite difficult…
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large volume the number of electrons per cubic centimeter deviates appreciably 
from the corresponding number of positive ions, the electrostatic forces resulting 
yield a potential energy per particle that is enormously greater than the mean 
thermal energy. Unless very special mechanisms are involved to support such large 
potentials, the charged particles will rapidly move in such a way as to reduce these 
potential difference, i.e., to restore electrical neutrality.” 

                      (Lyman Spitzer “Physics of fully ionised gases”)

An excess of electrical charge is needed to maintain a static electric field. However we 
should remember…
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Can we keep a static and uniform electric 
field in an astrophysical plasma?

unfortunately, that’s quite difficult…

“…a basic property of plasma, its tendency towards electrical neutrality. If over a 
large volume the number of electrons per cubic centimeter deviates appreciably 
from the corresponding number of positive ions, the electrostatic forces resulting 
yield a potential energy per particle that is enormously greater than the mean 
thermal energy. Unless very special mechanisms are involved to support such large 
potentials, the charged particles will rapidly move in such a way as to reduce these 
potential difference, i.e., to restore electrical neutrality.” 

                      (Lyman Spitzer “Physics of fully ionised gases”)

An excess of electrical charge is needed to maintain a static electric field. However we 
should remember…

So, the answer is no… …but there is still maybe some hope?
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maintained because of the very high electrical conductivity of plasmas

Electrostatic accelerators 
in astrophysical environments?

We need to find ways to energise particles 
different from the electrostatic accelerator

…or the very special mechanisms invoked by Spitzer



In most astrophysical environments static electric fields cannot be 
maintained because of the very high electrical conductivity of plasmas

Electrostatic accelerators 
in astrophysical environments?

Most of the concept discussed/developed 
during our first lecture remain valid

We need to find ways to energise particles 
different from the electrostatic accelerator

…or the very special mechanisms invoked by Spitzer



The problem of particle acceleration  
in astrophysical plasmas



Way-out #1: time varying B

We DO need electric fields to accelerate particles!
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Way-out #1: time varying B

We DO need electric fields to accelerate particles!

∇E⃗ = 4πϱ

∇× E⃗ = −1

c

∂B⃗

∂t

∇B⃗ = 0

∇× B⃗ =
4π

c
j⃗ +

1

c

∂E⃗

∂t

Maxwell equations

= 0 —> plasma quasi-neutrality

A time varying magnetic field 
acts as a source of electric field!

Faraday law



Way-out #2: change rest frame

u⃗
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Consider a magnetised cloud of plasma moving at a (non relativistic) velocity u

B⃗′

<latexit sha1_base64="aZKltJ9x+gr1I8f3JPqyWGxNE/0=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkoN5KvXisYD+giWWznbRLd5OwuymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1Xa2Nza3invVvb2Dw6P7OOTjopTSaFNYx7LXkAUcBZBWzPNoZdIICLg0A0md3O/OwWpWBw96lkCviCjiIWMEm2kgW17U6BZM3/KvEQyAfnArjo1ZwG8TtyCVFGB1sD+8oYxTQVEmnKiVN91Eu1nRGpGOeQVL1WQEDohI+gbGhEBys8Wl+f4wihDHMbSVKTxQv09kRGh1EwEplMQPVar3lz8z+unOrzxMxYlqYaILheFKcc6xvMY8JBJoJrPDCFUMnMrpmMiCdUmrIoJwV19eZ10rmpuvXb7UK82mkUcZXSGztElctE1aqB71EJtRNEUPaNX9GZl1ov1bn0sW0tWMXOK/sD6/AEW0JP6</latexit>
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<latexit sha1_base64="nH5gbp73zdHOC7EcPI/wN29LjC8=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkoN6KInisYD+giWWznbRLN5uwuymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGtzO/MwGpWCwe9TQBPyJDwUJGiTZS37a9CdDsLn/KvESyCPK+XXVqzhx4lbgFqaICzb795Q1imkYgNOVEqZ7rJNrPiNSMcsgrXqogIXRMhtAzVJAIlJ/NL8/xmVEGOIylKaHxXP09kZFIqWkUmM6I6JFa9mbif14v1eGVnzGRpBoEXSwKU451jGcx4AGTQDWfGkKoZOZWTEdEEqpNWBUTgrv88ippX9Tceu36oV5t3BRxlNEJOkXnyEWXqIHuURO1EEUT9Ixe0ZuVWS/Wu/WxaC1Zxcwx+gPr8wcbepP9</latexit>
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primed quantities —> cloud frame

E⃗′ = E⃗ +
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× B⃗

<latexit sha1_base64="8GfEr8NjEJettlDj8UiwgbEHmsE=">AAACJnicbVDLSsNAFJ3UV62vqEs3g0UQhJJIQV0USkVwWcE+oIllMp20QyeTMDMplJCvceOvuHFREXHnpzhNs9DWAwPnnnsud+7xIkalsqwvo7C2vrG5Vdwu7ezu7R+Yh0dtGcYCkxYOWSi6HpKEUU5aiipGupEgKPAY6Xjj23m/MyFC0pA/qmlE3AANOfUpRkpLfbPmTAhO7tKnxIkEDUgKazCX4AV0fIFwktVxmiY4hY7SJrmwNNK+WbYqVga4SuyclEGOZt+cOYMQxwHhCjMkZc+2IuUmSCiKGUlLTixJhPAYDUlPU470MjfJzkzhmVYG0A+FflzBTP09kaBAymngaWeA1Egu9+bif71erPxrN6E8ihXheLHIjxlUIZxnBgdUEKzYVBOEBdV/hXiEdDRKJ1vSIdjLJ6+S9mXFrlZuHqrleiOPowhOwCk4Bza4AnVwD5qgBTB4Bq9gBt6NF+PN+DA+F9aCkc8cgz8wvn8AaBGmYg==</latexit>

Lorentz transformation
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an observer in the lab frame sees an electric field!
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<latexit sha1_base64="JGdfyEF3qV1n2UeJ31tzfcjAdYU=">AAACIHicbZDNSsNAFIUn9a/Wv6hLN4NFcFUSEaq7UhFcuKjQtIUmlMl00g6dTMLMRCwhj+LGV3HjQhHd6dM4TbPQ1gsDH+fcy517/JhRqSzryyitrK6tb5Q3K1vbO7t75v5BR0aJwMTBEYtEz0eSMMqJo6hipBcLgkKfka4/uZr53XsiJI14W01j4oVoxGlAMVJaGpj1a+iiOBbRA3QDgXB6m6XtrOBmluJswXdyrTkwq1bNygsug11AFRTVGpif7jDCSUi4wgxJ2betWHkpEopiRrKKm0gSIzxBI9LXyFFIpJfmB2bwRCtDGERCP65grv6eSFEo5TT0dWeI1FguejPxP6+fqODCSymPE0U4ni8KEgZVBGdpwSEVBCs21YCwoPqvEI+RzkHpTCs6BHvx5GXonNXs89rl3Xm10SziKIMjcAxOgQ3qoAFuQAs4AINH8AxewZvxZLwY78bHvLVkFDOH4E8Z3z9lraPF</latexit>

characteristic velocity

Lorentz 
transformation E⃗ = − u⃗

c
× B⃗

<latexit sha1_base64="PIN4ek6Lb+z8G97pVda+3CkBrC0=">AAACFXicbZDLSsNAFIYnXmu9RV26GSyCCy2JFNSFUCqCywr2Ak0pk+lJO3RyYWZSKCEv4cZXceNCEbeCO9/GaZqFtv4w8POdczhzfjfiTCrL+jaWlldW19YLG8XNre2dXXNvvynDWFBo0JCHou0SCZwF0FBMcWhHAojvcmi5o5tpvTUGIVkYPKhJBF2fDALmMUqURj3z1BkDTW5TfI3PsOMJQpOMxGma0BQ7ivkgcYZqac8sWWUrE140dm5KKFe9Z345/ZDGPgSKciJlx7Yi1U2IUIxySItOLCEidEQG0NE2IHpZN8muSvGxJn3shUK/QOGM/p5IiC/lxHd1p0/UUM7XpvC/WidW3mU3YUEUKwjobJEXc6xCPI0I95kAqvhEG0IF03/FdEh0NEoHWdQh2PMnL5rmedmulK/uK6VqLY+jgA7RETpBNrpAVXSH6qiBKHpEz+gVvRlPxovxbnzMWpeMfOYA/ZHx+QNL7J70</latexit>

E ≈ U

c
B

<latexit sha1_base64="m0q6cHI6yJCQ17KoiayXlRLXFFI=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoiBfVWKoLHCqYtNKFstpt26WY37G7EEuLFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuaFCaNKO863tbS8srq2Xtoob25t7+zae/stJVKJiYcFE7ITIkUY5cTTVDPSSSRBcchIOxxdTfz2PZGKCn6nxwkJYjTgNKIYaSP17MNr6KMkkeIBQj+SCGdenuEcNnp2xak6U8BF4hakAgo0e/aX3xc4jQnXmCGluq6T6CBDUlPMSF72U0UShEdoQLqGchQTFWTTD3J4YpQ+jIQ0xTWcqr8nMhQrNY5D0xkjPVTz3kT8z+umOroIMsqTVBOOZ4uilEEt4CQO2KeSYM3GhiAsqbkV4iEyOWgTWtmE4M6/vEhaZ1W3Vr28rVXqjSKOEjgCx+AUuOAc1MENaAIPYPAInsEreLOerBfr3fqYtS5ZxcwB+APr8wdvPZZE</latexit>



Hillas criterium
Let’s go back to the results obtained for the electrostatic accelerator

Emax
t = qEL

<latexit sha1_base64="vOT0sXrjPd+tnB5Vu625cifKB2s=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIoC6EohRcuKhgH9COQybNtKFJZkwyahn7KW5cKOLWL3Hn35i2s9DWAxcO59zLvfcEMaNKO863lVtYXFpeya8W1tY3Nrfs4nZDRYnEpI4jFslWgBRhVJC6ppqRViwJ4gEjzWBwMfab90QqGokbPYyJx1FP0JBipI3k28Wqr29Tjh5H8AzewSq88u2SU3YmgPPEzUgJZKj59lenG+GEE6ExQ0q1XSfWXoqkppiRUaGTKBIjPEA90jZUIE6Ul05OH8F9o3RhGElTQsOJ+nsiRVypIQ9MJ0e6r2a9sfif1050eOKlVMSJJgJPF4UJgzqC4xxgl0qCNRsagrCk5laI+0girE1aBROCO/vyPGkclt2j8un1UalynsWRB7tgDxwAFxyDCrgENVAHGDyAZ/AK3qwn68V6tz6mrTkrm9kBf2B9/gBvZZLU</latexit>

E ≈ U

c
B

<latexit sha1_base64="m0q6cHI6yJCQ17KoiayXlRLXFFI=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoiBfVWKoLHCqYtNKFstpt26WY37G7EEuLFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuaFCaNKO863tbS8srq2Xtoob25t7+zae/stJVKJiYcFE7ITIkUY5cTTVDPSSSRBcchIOxxdTfz2PZGKCn6nxwkJYjTgNKIYaSP17MNr6KMkkeIBQj+SCGdenuEcNnp2xak6U8BF4hakAgo0e/aX3xc4jQnXmCGluq6T6CBDUlPMSF72U0UShEdoQLqGchQTFWTTD3J4YpQ+jIQ0xTWcqr8nMhQrNY5D0xkjPVTz3kT8z+umOroIMsqTVBOOZ4uilEEt4CQO2KeSYM3GhiAsqbkV4iEyOWgTWtmE4M6/vEhaZ1W3Vr28rVXqjSKOEjgCx+AUuOAc1MENaAIPYPAInsEreLOerBfr3fqYtS5ZxcwB+APr8wdvPZZE</latexit>



Hillas criterium
Let’s go back to the results obtained for the electrostatic accelerator

Emax
t = qEL

<latexit sha1_base64="vOT0sXrjPd+tnB5Vu625cifKB2s=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIoC6EohRcuKhgH9COQybNtKFJZkwyahn7KW5cKOLWL3Hn35i2s9DWAxcO59zLvfcEMaNKO863lVtYXFpeya8W1tY3Nrfs4nZDRYnEpI4jFslWgBRhVJC6ppqRViwJ4gEjzWBwMfab90QqGokbPYyJx1FP0JBipI3k28Wqr29Tjh5H8AzewSq88u2SU3YmgPPEzUgJZKj59lenG+GEE6ExQ0q1XSfWXoqkppiRUaGTKBIjPEA90jZUIE6Ul05OH8F9o3RhGElTQsOJ+nsiRVypIQ9MJ0e6r2a9sfif1050eOKlVMSJJgJPF4UJgzqC4xxgl0qCNRsagrCk5laI+0girE1aBROCO/vyPGkclt2j8un1UalynsWRB7tgDxwAFxyDCrgENVAHGDyAZ/AK3qwn68V6tz6mrTkrm9kBf2B9/gBvZZLU</latexit>

E ≈ U

c
B

<latexit sha1_base64="m0q6cHI6yJCQ17KoiayXlRLXFFI=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoiBfVWKoLHCqYtNKFstpt26WY37G7EEuLFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuaFCaNKO863tbS8srq2Xtoob25t7+zae/stJVKJiYcFE7ITIkUY5cTTVDPSSSRBcchIOxxdTfz2PZGKCn6nxwkJYjTgNKIYaSP17MNr6KMkkeIBQj+SCGdenuEcNnp2xak6U8BF4hakAgo0e/aX3xc4jQnXmCGluq6T6CBDUlPMSF72U0UShEdoQLqGchQTFWTTD3J4YpQ+jIQ0xTWcqr8nMhQrNY5D0xkjPVTz3kT8z+umOroIMsqTVBOOZ4uilEEt4CQO2KeSYM3GhiAsqbkV4iEyOWgTWtmE4M6/vEhaZ1W3Vr28rVXqjSKOEjgCx+AUuOAc1MENaAIPYPAInsEreLOerBfr3fqYtS5ZxcwB+APr8wdvPZZE</latexit>

Emax
t ≈

(q
c

)
B U L

<latexit sha1_base64="XQAXeGtKnUFTi4neEwXoBSb+/kE="></latexit>

electric charge velocity

B-field
size



Hillas criterium
Let’s go back to the results obtained for the electrostatic accelerator

Emax
t = qEL

<latexit sha1_base64="vOT0sXrjPd+tnB5Vu625cifKB2s=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIoC6EohRcuKhgH9COQybNtKFJZkwyahn7KW5cKOLWL3Hn35i2s9DWAxcO59zLvfcEMaNKO863lVtYXFpeya8W1tY3Nrfs4nZDRYnEpI4jFslWgBRhVJC6ppqRViwJ4gEjzWBwMfab90QqGokbPYyJx1FP0JBipI3k28Wqr29Tjh5H8AzewSq88u2SU3YmgPPEzUgJZKj59lenG+GEE6ExQ0q1XSfWXoqkppiRUaGTKBIjPEA90jZUIE6Ul05OH8F9o3RhGElTQsOJ+nsiRVypIQ9MJ0e6r2a9sfif1050eOKlVMSJJgJPF4UJgzqC4xxgl0qCNRsagrCk5laI+0girE1aBROCO/vyPGkclt2j8un1UalynsWRB7tgDxwAFxyDCrgENVAHGDyAZ/AK3qwn68V6tz6mrTkrm9kBf2B9/gBvZZLU</latexit>
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<latexit sha1_base64="m0q6cHI6yJCQ17KoiayXlRLXFFI=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoiBfVWKoLHCqYtNKFstpt26WY37G7EEuLFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuaFCaNKO863tbS8srq2Xtoob25t7+zae/stJVKJiYcFE7ITIkUY5cTTVDPSSSRBcchIOxxdTfz2PZGKCn6nxwkJYjTgNKIYaSP17MNr6KMkkeIBQj+SCGdenuEcNnp2xak6U8BF4hakAgo0e/aX3xc4jQnXmCGluq6T6CBDUlPMSF72U0UShEdoQLqGchQTFWTTD3J4YpQ+jIQ0xTWcqr8nMhQrNY5D0xkjPVTz3kT8z+umOroIMsqTVBOOZ4uilEEt4CQO2KeSYM3GhiAsqbkV4iEyOWgTWtmE4M6/vEhaZ1W3Vr28rVXqjSKOEjgCx+AUuOAc1MENaAIPYPAInsEreLOerBfr3fqYtS5ZxcwB+APr8wdvPZZE</latexit>
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<latexit sha1_base64="XQAXeGtKnUFTi4neEwXoBSb+/kE="></latexit>

electric charge velocity

B-field
size

Emax
t ≈ 3× 1012Z

(
B

µG

)(
U

1000 km/s

)(
L

pc

)
eV

<latexit sha1_base64="06joVyS1Oc32LiDsF4GR8YbbddA="></latexit>



Hillas criterium
Let’s go back to the results obtained for the electrostatic accelerator

Emax
t = qEL
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<latexit sha1_base64="m0q6cHI6yJCQ17KoiayXlRLXFFI=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoiBfVWKoLHCqYtNKFstpt26WY37G7EEuLFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuaFCaNKO863tbS8srq2Xtoob25t7+zae/stJVKJiYcFE7ITIkUY5cTTVDPSSSRBcchIOxxdTfz2PZGKCn6nxwkJYjTgNKIYaSP17MNr6KMkkeIBQj+SCGdenuEcNnp2xak6U8BF4hakAgo0e/aX3xc4jQnXmCGluq6T6CBDUlPMSF72U0UShEdoQLqGchQTFWTTD3J4YpQ+jIQ0xTWcqr8nMhQrNY5D0xkjPVTz3kT8z+umOroIMsqTVBOOZ4uilEEt4CQO2KeSYM3GhiAsqbkV4iEyOWgTWtmE4M6/vEhaZ1W3Vr28rVXqjSKOEjgCx+AUuOAc1MENaAIPYPAInsEreLOerBfr3fqYtS5ZxcwB+APr8wdvPZZE</latexit>
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)
B U L

<latexit sha1_base64="XQAXeGtKnUFTi4neEwXoBSb+/kE="></latexit>

electric charge velocity
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<latexit sha1_base64="06joVyS1Oc32LiDsF4GR8YbbddA="></latexit>

very general, we didn’t assume anything about the nature of the accelerator!



Hillas criterium

Important result: we don’t need to know how particles are 
accelerated in order to know whether or not a given astrophysical 

object is, potentially, a good particle accelerator! 



Hillas criterium

Hillas, Ann. Rev. Astron. Astrophys. (1984)
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B⃗

<latexit sha1_base64="mKol0oHFYYH+Pr7YcvsEgOlA/j0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBltVn/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeOtnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVe+6evd4XanV8ziKcAbncAke3EANHqABTWAwhmd4hTcncV6cd+dj2Vpw8plT+APn8wdjtY+g</latexit>

Larmor radius RL =
Emax

t

qB

<latexit sha1_base64="cK2190St2Jzwazx3HGh1R8pK3fk=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiRSUBdCqQguXFSxD2hjmEwn7dDJJM5MxBKycOOvuHGhiFs/wp1/47TNQlsPXDiccy/33uNFjEplWd9GbmFxaXklv1pYW9/Y3DK3d5oyjAUmDRyyULQ9JAmjnDQUVYy0I0FQ4DHS8oZnY791T4SkIb9Ro4g4Aepz6lOMlJZcs3jtXsJT2PUFwsm5q26TAD2kaXIHa6lrlqyyNQGcJ3ZGSiBD3TW/ur0QxwHhCjMkZce2IuUkSCiKGUkL3ViSCOEh6pOOphwFRDrJ5IkU7mulB/1Q6OIKTtTfEwkKpBwFnu4MkBrIWW8s/ud1YuUfOwnlUawIx9NFfsygCuE4EdijgmDFRpogLKi+FeIB0nkonVtBh2DPvjxPmodlu1I+uaqUqrUsjjwogj1wAGxwBKrgAtRBA2DwCJ7BK3gznowX4934mLbmjGxmF/yB8fkD7ZCXrg==</latexit>
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Hillas, Ann. Rev. Astron. Astrophys. (1984)
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<latexit sha1_base64="mKol0oHFYYH+Pr7YcvsEgOlA/j0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBltVn/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeOtnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVe+6evd4XanV8ziKcAbncAke3EANHqABTWAwhmd4hTcncV6cd+dj2Vpw8plT+APn8wdjtY+g</latexit>

Larmor radius RL =
Emax

t

qB

<latexit sha1_base64="cK2190St2Jzwazx3HGh1R8pK3fk=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiRSUBdCqQguXFSxD2hjmEwn7dDJJM5MxBKycOOvuHGhiFs/wp1/47TNQlsPXDiccy/33uNFjEplWd9GbmFxaXklv1pYW9/Y3DK3d5oyjAUmDRyyULQ9JAmjnDQUVYy0I0FQ4DHS8oZnY791T4SkIb9Ro4g4Aepz6lOMlJZcs3jtXsJT2PUFwsm5q26TAD2kaXIHa6lrlqyyNQGcJ3ZGSiBD3TW/ur0QxwHhCjMkZce2IuUkSCiKGUkL3ViSCOEh6pOOphwFRDrJ5IkU7mulB/1Q6OIKTtTfEwkKpBwFnu4MkBrIWW8s/ud1YuUfOwnlUawIx9NFfsygCuE4EdijgmDFRpogLKi+FeIB0nkonVtBh2DPvjxPmodlu1I+uaqUqrUsjjwogj1wAGxwBKrgAtRBA2DwCJ7BK3gznowX4934mLbmjGxmF/yB8fkD7ZCXrg==</latexit>

Emax
t ≈

(q
c

)
B U L

<latexit sha1_base64="XQAXeGtKnUFTi4neEwXoBSb+/kE="></latexit>

in order to get the most optimistic (but still plausible) result —> u/c ~ 1 

RL(E
max
t ) ≈ L

<latexit sha1_base64="7XlxDDhr9scgrYTDkewg7/+nuOo=">AAACAXicbVDLSgMxFM34rPU16kZwEyxC3ZQZKai7ogguuqhiH9COQyZN29BMJiQZaRnqxl9x40IRt/6FO//GtJ2Fth64cDjnXu69JxCMKu0439bC4tLyympmLbu+sbm1be/s1lQUS0yqOGKRbARIEUY5qWqqGWkISVAYMFIP+pdjv/5ApKIRv9NDQbwQdTntUIy0kXx7/9Yv5698fZ+EaDA6hi0khIwGsOzbOafgTADniZuSHEhR8e2vVjvCcUi4xgwp1XQdob0ESU0xI6NsK1ZEINxHXdI0lKOQKC+ZfDCCR0Zpw04kTXENJ+rviQSFSg3DwHSGSPfUrDcW//Oase6ceQnlItaE4+miTsygjuA4DtimkmDNhoYgLKm5FeIekghrE1rWhODOvjxPaicFt1g4vynmShdpHBlwAA5BHrjgFJTANaiAKsDgETyDV/BmPVkv1rv1MW1dsNKZPfAH1ucPSRyWKw==</latexit>
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)
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<latexit sha1_base64="XQAXeGtKnUFTi4neEwXoBSb+/kE="></latexit>

in order to get the most optimistic (but still plausible) result —> u/c ~ 1 

RL(E
max
t ) ≈ L

<latexit sha1_base64="7XlxDDhr9scgrYTDkewg7/+nuOo=">AAACAXicbVDLSgMxFM34rPU16kZwEyxC3ZQZKai7ogguuqhiH9COQyZN29BMJiQZaRnqxl9x40IRt/6FO//GtJ2Fth64cDjnXu69JxCMKu0439bC4tLyympmLbu+sbm1be/s1lQUS0yqOGKRbARIEUY5qWqqGWkISVAYMFIP+pdjv/5ApKIRv9NDQbwQdTntUIy0kXx7/9Yv5698fZ+EaDA6hi0khIwGsOzbOafgTADniZuSHEhR8e2vVjvCcUi4xgwp1XQdob0ESU0xI6NsK1ZEINxHXdI0lKOQKC+ZfDCCR0Zpw04kTXENJ+rviQSFSg3DwHSGSPfUrDcW//Oase6ceQnlItaE4+miTsygjuA4DtimkmDNhoYgLKm5FeIekghrE1rWhODOvjxPaicFt1g4vynmShdpHBlwAA5BHrjgFJTANaiAKsDgETyDV/BmPVkv1rv1MW1dsNKZPfAH1ucPSRyWKw==</latexit>

In order to be accelerated, a particle 
must be confined within its accelerator!



The Hillas plot

RL(E
max
t ) < L −→ LB > Emax

t

<latexit sha1_base64="9Ddmst9TPM/lj4cXF9R+80k2r9A=">AAACG3icbVDLSgMxFM34rPU16tJNsAi6KTNSUEFEKoKLLqpYW2jrkEnTNphJhuSOWob+hxt/xY0LRVwJLvwb01rE14HA4ZxzubknjAU34Hnvztj4xOTUdGYmOzs3v7DoLi2fG5VoyipUCaVrITFMcMkqwEGwWqwZiULBquHl4cCvXjFtuJJn0ItZMyIdyducErBS4G6dBqWNowAu0ojc9DfxHi7hhlCyo3mnC0RrdW2VIt7HX6HAzXl5bwj8l/gjkkMjlAP3tdFSNImYBCqIMXXfi6GZEg2cCtbPNhLDYkIvSYfVLZUkYqaZDm/r43WrtHBbafsk4KH6fSIlkTG9KLTJiEDX/PYG4n9ePYH2TjPlMk6ASfq5qJ0IDAoPisItrhkF0bOEUM3tXzHtEk0o2DqztgT/98l/yflW3i/kd08KuYPiqI4MWkVraAP5aBsdoGNURhVE0S26R4/oyblzHpxn5+UzOuaMZlbQDzhvH422n+o=</latexit>



The Hillas plot

RL(E
max
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t

<latexit sha1_base64="9Ddmst9TPM/lj4cXF9R+80k2r9A=">AAACG3icbVDLSgMxFM34rPU16tJNsAi6KTNSUEFEKoKLLqpYW2jrkEnTNphJhuSOWob+hxt/xY0LRVwJLvwb01rE14HA4ZxzubknjAU34Hnvztj4xOTUdGYmOzs3v7DoLi2fG5VoyipUCaVrITFMcMkqwEGwWqwZiULBquHl4cCvXjFtuJJn0ItZMyIdyducErBS4G6dBqWNowAu0ojc9DfxHi7hhlCyo3mnC0RrdW2VIt7HX6HAzXl5bwj8l/gjkkMjlAP3tdFSNImYBCqIMXXfi6GZEg2cCtbPNhLDYkIvSYfVLZUkYqaZDm/r43WrtHBbafsk4KH6fSIlkTG9KLTJiEDX/PYG4n9ePYH2TjPlMk6ASfq5qJ0IDAoPisItrhkF0bOEUM3tXzHtEk0o2DqztgT/98l/yflW3i/kd08KuYPiqI4MWkVraAP5aBsdoGNURhVE0S26R4/oyblzHpxn5+UzOuaMZlbQDzhvH422n+o=</latexit>

good zone



The Hillas plot
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<latexit sha1_base64="9Ddmst9TPM/lj4cXF9R+80k2r9A=">AAACG3icbVDLSgMxFM34rPU16tJNsAi6KTNSUEFEKoKLLqpYW2jrkEnTNphJhuSOWob+hxt/xY0LRVwJLvwb01rE14HA4ZxzubknjAU34Hnvztj4xOTUdGYmOzs3v7DoLi2fG5VoyipUCaVrITFMcMkqwEGwWqwZiULBquHl4cCvXjFtuJJn0ItZMyIdyducErBS4G6dBqWNowAu0ojc9DfxHi7hhlCyo3mnC0RrdW2VIt7HX6HAzXl5bwj8l/gjkkMjlAP3tdFSNImYBCqIMXXfi6GZEg2cCtbPNhLDYkIvSYfVLZUkYqaZDm/r43WrtHBbafsk4KH6fSIlkTG9KLTJiEDX/PYG4n9ePYH2TjPlMk6ASfq5qJ0IDAoPisItrhkF0bOEUM3tXzHtEk0o2DqztgT/98l/yflW3i/kd08KuYPiqI4MWkVraAP5aBsdoGNURhVE0S26R4/oyblzHpxn5+UzOuaMZlbQDzhvH422n+o=</latexit>

good zone

bad zone
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Maximum energy and fastest acceleration 
rate from the Hillas criterium

Emax
t = qEL

<latexit sha1_base64="vOT0sXrjPd+tnB5Vu625cifKB2s=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIoC6EohRcuKhgH9COQybNtKFJZkwyahn7KW5cKOLWL3Hn35i2s9DWAxcO59zLvfcEMaNKO863lVtYXFpeya8W1tY3Nrfs4nZDRYnEpI4jFslWgBRhVJC6ppqRViwJ4gEjzWBwMfab90QqGokbPYyJx1FP0JBipI3k28Wqr29Tjh5H8AzewSq88u2SU3YmgPPEzUgJZKj59lenG+GEE6ExQ0q1XSfWXoqkppiRUaGTKBIjPEA90jZUIE6Ul05OH8F9o3RhGElTQsOJ+nsiRVypIQ9MJ0e6r2a9sfif1050eOKlVMSJJgJPF4UJgzqC4xxgl0qCNRsagrCk5laI+0girE1aBROCO/vyPGkclt2j8un1UalynsWRB7tgDxwAFxyDCrgENVAHGDyAZ/AK3qwn68V6tz6mrTkrm9kBf2B9/gBvZZLU</latexit>

dEt

dx
= qE

<latexit sha1_base64="381GyFbJV6ceGfgMnJUIOpHTvqA=">AAACC3icbZDLSsNAFIYn9VbrLerSzdAiuCqJFNSFUJSCywr2Am0Ik8mkHTqZxJmJWEL2bnwVNy4UcesLuPNtnLYRtPWHgY//nMOZ83sxo1JZ1pdRWFpeWV0rrpc2Nre2d8zdvbaMEoFJC0csEl0PScIoJy1FFSPdWBAUeox0vNHlpN65I0LSiN+ocUycEA04DShGSluuWe4HAuE07YsQ+lnDVdkPw/sMnsNb2HDNilW1poKLYOdQAbmarvnZ9yOchIQrzJCUPduKlZMioShmJCv1E0lihEdoQHoaOQqJdNLpLRk81I4Pg0joxxWcur8nUhRKOQ493RkiNZTztYn5X62XqODUSSmPE0U4ni0KEgZVBCfBQJ8KghUba0BYUP1XiIdIh6N0fCUdgj1/8iK0j6t2rXp2XavUL/I4iuAAlMERsMEJqIMr0AQtgMEDeAIv4NV4NJ6NN+N91low8pl98EfGxzcHg5pk</latexit>

maximum energy —>

acceleration rate—>

Electrostatic accelerator



Maximum energy and fastest acceleration 
rate from the Hillas criterium

Emax
t = qEL
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dx
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<latexit sha1_base64="381GyFbJV6ceGfgMnJUIOpHTvqA=">AAACC3icbZDLSsNAFIYn9VbrLerSzdAiuCqJFNSFUJSCywr2Am0Ik8mkHTqZxJmJWEL2bnwVNy4UcesLuPNtnLYRtPWHgY//nMOZ83sxo1JZ1pdRWFpeWV0rrpc2Nre2d8zdvbaMEoFJC0csEl0PScIoJy1FFSPdWBAUeox0vNHlpN65I0LSiN+ocUycEA04DShGSluuWe4HAuE07YsQ+lnDVdkPw/sMnsNb2HDNilW1poKLYOdQAbmarvnZ9yOchIQrzJCUPduKlZMioShmJCv1E0lihEdoQHoaOQqJdNLpLRk81I4Pg0joxxWcur8nUhRKOQ493RkiNZTztYn5X62XqODUSSmPE0U4ni0KEgZVBCfBQJ8KghUba0BYUP1XiIdIh6N0fCUdgj1/8iK0j6t2rXp2XavUL/I4iuAAlMERsMEJqIMr0AQtgMEDeAIv4NV4NJ6NN+N91low8pl98EfGxzcHg5pk</latexit>

maximum energy —>

acceleration rate—>

Electrostatic accelerator

Induced electric field

E ≈ U

c
B −→ B

<latexit sha1_base64="tApsFgIX7HCcY+qHWLRYbDR5ApQ=">AAACEnicbVDLSsNAFJ3UV62vqks3g0XQTUmkoO5KRXBZwT6gCWUynaRDJzNhZqKWkG9w46+4caGIW1fu/BunbRbaeuDC4Zx7ufceP2ZUadv+tgpLyyura8X10sbm1vZOeXevrUQiMWlhwYTs+kgRRjlpaaoZ6caSoMhnpOOPLid+545IRQW/1eOYeBEKOQ0oRtpI/fLJFXRRHEvxAN1AIpy2shRnsAFdJngoaTjUSEpxDxv9csWu2lPAReLkpAJyNPvlL3cgcBIRrjFDSvUcO9ZeiqSmmJGs5CaKxAiPUEh6hnIUEeWl05cyeGSUAQyENMU1nKq/J1IUKTWOfNMZIT1U895E/M/rJTo491LK40QTjmeLgoRBLeAkHzigkmDNxoYgLKm5FeIhMslok2LJhODMv7xI2qdVp1a9uKlV6o08jiI4AIfgGDjgDNTBNWiCFsDgETyDV/BmPVkv1rv1MWstWPnMPvgD6/MH5LqdpQ==</latexit>



Maximum energy and fastest acceleration 
rate from the Hillas criterium
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<latexit sha1_base64="381GyFbJV6ceGfgMnJUIOpHTvqA=">AAACC3icbZDLSsNAFIYn9VbrLerSzdAiuCqJFNSFUJSCywr2Am0Ik8mkHTqZxJmJWEL2bnwVNy4UcesLuPNtnLYRtPWHgY//nMOZ83sxo1JZ1pdRWFpeWV0rrpc2Nre2d8zdvbaMEoFJC0csEl0PScIoJy1FFSPdWBAUeox0vNHlpN65I0LSiN+ocUycEA04DShGSluuWe4HAuE07YsQ+lnDVdkPw/sMnsNb2HDNilW1poKLYOdQAbmarvnZ9yOchIQrzJCUPduKlZMioShmJCv1E0lihEdoQHoaOQqJdNLpLRk81I4Pg0joxxWcur8nUhRKOQ493RkiNZTztYn5X62XqODUSSmPE0U4ni0KEgZVBCfBQJ8KghUba0BYUP1XiIdIh6N0fCUdgj1/8iK0j6t2rXp2XavUL/I4iuAAlMERsMEJqIMr0AQtgMEDeAIv4NV4NJ6NN+N91low8pl98EfGxzcHg5pk</latexit>

maximum energy —>

acceleration rate—>

Electrostatic accelerator

Induced electric field

E ≈ U

c
B −→ B

<latexit sha1_base64="tApsFgIX7HCcY+qHWLRYbDR5ApQ=">AAACEnicbVDLSsNAFJ3UV62vqks3g0XQTUmkoO5KRXBZwT6gCWUynaRDJzNhZqKWkG9w46+4caGIW1fu/BunbRbaeuDC4Zx7ufceP2ZUadv+tgpLyyura8X10sbm1vZOeXevrUQiMWlhwYTs+kgRRjlpaaoZ6caSoMhnpOOPLid+545IRQW/1eOYeBEKOQ0oRtpI/fLJFXRRHEvxAN1AIpy2shRnsAFdJngoaTjUSEpxDxv9csWu2lPAReLkpAJyNPvlL3cgcBIRrjFDSvUcO9ZeiqSmmJGs5CaKxAiPUEh6hnIUEeWl05cyeGSUAQyENMU1nKq/J1IUKTWOfNMZIT1U895E/M/rJTo491LK40QTjmeLgoRBLeAkHzigkmDNxoYgLKm5FeIhMslok2LJhODMv7xI2qdVp1a9uKlV6o08jiI4AIfgGDjgDNTBNWiCFsDgETyDV/BmPVkv1rv1MWstWPnMPvgD6/MH5LqdpQ==</latexit>

Hillas criterium

Emax
t = qBL

<latexit sha1_base64="WSH58Isp8AW22jOviBwvmRLVPcU=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIoC6EUhFcuKhgH9COQybNtKFJZkwyahn7KW5cKOLWL3Hn35i2s9DWAxcO59zLvfcEMaNKO863lVtYXFpeya8W1tY3Nrfs4nZDRYnEpI4jFslWgBRhVJC6ppqRViwJ4gEjzWBwPvab90QqGokbPYyJx1FP0JBipI3k28ULX9+mHD2O4Bm8g1V45dslp+xMAOeJm5ESyFDz7a9ON8IJJ0JjhpRqu06svRRJTTEjo0InUSRGeIB6pG2oQJwoL52cPoL7RunCMJKmhIYT9fdEirhSQx6YTo50X816Y/E/r53o8MRLqYgTTQSeLgoTBnUExznALpUEazY0BGFJza0Q95FEWJu0CiYEd/bledI4LLtH5dPro1KlmsWRB7tgDxwAFxyDCrgENVAHGDyAZ/AK3qwn68V6tz6mrTkrm9kBf2B9/gBq05LR</latexit>

dEt

dt
= qBc

<latexit sha1_base64="ce/r9vQAFv/WiUmghbkUdC0I0w0=">AAACDnicbVDLSgMxFM3UV62vqks3wVJwVWZEUBdCqQguK9gHtGXIZDJtaCYzJneEMswXuPFX3LhQxK1rd/6N6QPR1gMXTs65l9x7vFhwDbb9ZeWWlldW1/LrhY3Nre2d4u5eU0eJoqxBIxGptkc0E1yyBnAQrB0rRkJPsJY3vBz7rXumNI/kLYxi1gtJX/KAUwJGcovlbqAITdOuCrGf4SsXsp8HZPgC3+Eapm6xZFfsCfAicWakhGaou8XPrh/RJGQSqCBadxw7hl5KFHAqWFboJprFhA5Jn3UMlSRkupdOzslw2Sg+DiJlSgKeqL8nUhJqPQo90xkSGOh5byz+53USCM56KZdxAkzS6UdBIjBEeJwN9rliFMTIEEIVN7tiOiAmHzAJFkwIzvzJi6R5XHFOKuc3J6VqbRZHHh2gQ3SEHHSKquga1VEDUfSAntALerUerWfrzXqftuas2cw++gPr4xuEiZse</latexit>

dx = cdt

<latexit sha1_base64="Y5g9yAbmQq7eKzB2sDcMi1wouGA=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJFNSFUHTjsoJ9QBvKZDJph04mYWYiltiFv+LGhSJu/Q13/o3TNgttPXDhzDn3MvceP+FMacf5tgpLyyura8X10sbm1vaOvbvXVHEqCW2QmMey7WNFORO0oZnmtJ1IiiOf05Y/vJ74rXsqFYvFnR4l1ItwX7CQEayN1LMPsq6MUDBGD+gSEZS/dM8uOxVnCrRI3JyUIUe9Z391g5ikERWacKxUx3US7WVYakY4HZe6qaIJJkPcpx1DBY6o8rLp/mN0bJQAhbE0JTSaqr8nMhwpNYp80xlhPVDz3kT8z+ukOjz3MiaSVFNBZh+FKUc6RpMwUMAkJZqPDMFEMrMrIgMsMdEmspIJwZ0/eZE0TytutXJxWy3XrvI4inAIR3ACLpxBDW6gDg0g8AjP8Apv1pP1Yr1bH7PWgpXP7MMfWJ8/WMyVDQ==</latexit>
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rate from the Hillas criterium
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<latexit sha1_base64="vOT0sXrjPd+tnB5Vu625cifKB2s=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIoC6EohRcuKhgH9COQybNtKFJZkwyahn7KW5cKOLWL3Hn35i2s9DWAxcO59zLvfcEMaNKO863lVtYXFpeya8W1tY3Nrfs4nZDRYnEpI4jFslWgBRhVJC6ppqRViwJ4gEjzWBwMfab90QqGokbPYyJx1FP0JBipI3k28Wqr29Tjh5H8AzewSq88u2SU3YmgPPEzUgJZKj59lenG+GEE6ExQ0q1XSfWXoqkppiRUaGTKBIjPEA90jZUIE6Ul05OH8F9o3RhGElTQsOJ+nsiRVypIQ9MJ0e6r2a9sfif1050eOKlVMSJJgJPF4UJgzqC4xxgl0qCNRsagrCk5laI+0girE1aBROCO/vyPGkclt2j8un1UalynsWRB7tgDxwAFxyDCrgENVAHGDyAZ/AK3qwn68V6tz6mrTkrm9kBf2B9/gBvZZLU</latexit>
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<latexit sha1_base64="381GyFbJV6ceGfgMnJUIOpHTvqA=">AAACC3icbZDLSsNAFIYn9VbrLerSzdAiuCqJFNSFUJSCywr2Am0Ik8mkHTqZxJmJWEL2bnwVNy4UcesLuPNtnLYRtPWHgY//nMOZ83sxo1JZ1pdRWFpeWV0rrpc2Nre2d8zdvbaMEoFJC0csEl0PScIoJy1FFSPdWBAUeox0vNHlpN65I0LSiN+ocUycEA04DShGSluuWe4HAuE07YsQ+lnDVdkPw/sMnsNb2HDNilW1poKLYOdQAbmarvnZ9yOchIQrzJCUPduKlZMioShmJCv1E0lihEdoQHoaOQqJdNLpLRk81I4Pg0joxxWcur8nUhRKOQ493RkiNZTztYn5X62XqODUSSmPE0U4ni0KEgZVBCfBQJ8KghUba0BYUP1XiIdIh6N0fCUdgj1/8iK0j6t2rXp2XavUL/I4iuAAlMERsMEJqIMr0AQtgMEDeAIv4NV4NJ6NN+N91low8pl98EfGxzcHg5pk</latexit>

maximum energy —>

acceleration rate—>

Electrostatic accelerator

Induced electric field

E ≈ U

c
B −→ B

<latexit sha1_base64="tApsFgIX7HCcY+qHWLRYbDR5ApQ=">AAACEnicbVDLSsNAFJ3UV62vqks3g0XQTUmkoO5KRXBZwT6gCWUynaRDJzNhZqKWkG9w46+4caGIW1fu/BunbRbaeuDC4Zx7ufceP2ZUadv+tgpLyyura8X10sbm1vZOeXevrUQiMWlhwYTs+kgRRjlpaaoZ6caSoMhnpOOPLid+545IRQW/1eOYeBEKOQ0oRtpI/fLJFXRRHEvxAN1AIpy2shRnsAFdJngoaTjUSEpxDxv9csWu2lPAReLkpAJyNPvlL3cgcBIRrjFDSvUcO9ZeiqSmmJGs5CaKxAiPUEh6hnIUEeWl05cyeGSUAQyENMU1nKq/J1IUKTWOfNMZIT1U895E/M/rJTo491LK40QTjmeLgoRBLeAkHzigkmDNxoYgLKm5FeIhMslok2LJhODMv7xI2qdVp1a9uKlV6o08jiI4AIfgGDjgDNTBNWiCFsDgETyDV/BmPVkv1rv1MWstWPnMPvgD6/MH5LqdpQ==</latexit>

Hillas criterium

Emax
t = qBL

<latexit sha1_base64="WSH58Isp8AW22jOviBwvmRLVPcU=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIoC6EUhFcuKhgH9COQybNtKFJZkwyahn7KW5cKOLWL3Hn35i2s9DWAxcO59zLvfcEMaNKO863lVtYXFpeya8W1tY3Nrfs4nZDRYnEpI4jFslWgBRhVJC6ppqRViwJ4gEjzWBwPvab90QqGokbPYyJx1FP0JBipI3k28ULX9+mHD2O4Bm8g1V45dslp+xMAOeJm5ESyFDz7a9ON8IJJ0JjhpRqu06svRRJTTEjo0InUSRGeIB6pG2oQJwoL52cPoL7RunCMJKmhIYT9fdEirhSQx6YTo50X816Y/E/r53o8MRLqYgTTQSeLgoTBnUExznALpUEazY0BGFJza0Q95FEWJu0CiYEd/bledI4LLtH5dPro1KlmsWRB7tgDxwAFxyDCrgENVAHGDyAZ/AK3qwn68V6tz6mrTkrm9kBf2B9/gBq05LR</latexit>

dEt

dt
= qBc

<latexit sha1_base64="ce/r9vQAFv/WiUmghbkUdC0I0w0=">AAACDnicbVDLSgMxFM3UV62vqks3wVJwVWZEUBdCqQguK9gHtGXIZDJtaCYzJneEMswXuPFX3LhQxK1rd/6N6QPR1gMXTs65l9x7vFhwDbb9ZeWWlldW1/LrhY3Nre2d4u5eU0eJoqxBIxGptkc0E1yyBnAQrB0rRkJPsJY3vBz7rXumNI/kLYxi1gtJX/KAUwJGcovlbqAITdOuCrGf4SsXsp8HZPgC3+Eapm6xZFfsCfAicWakhGaou8XPrh/RJGQSqCBadxw7hl5KFHAqWFboJprFhA5Jn3UMlSRkupdOzslw2Sg+DiJlSgKeqL8nUhJqPQo90xkSGOh5byz+53USCM56KZdxAkzS6UdBIjBEeJwN9rliFMTIEEIVN7tiOiAmHzAJFkwIzvzJi6R5XHFOKuc3J6VqbRZHHh2gQ3SEHHSKquga1VEDUfSAntALerUerWfrzXqftuas2cw++gPr4xuEiZse</latexit>

dx = cdt

<latexit sha1_base64="Y5g9yAbmQq7eKzB2sDcMi1wouGA=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJFNSFUHTjsoJ9QBvKZDJph04mYWYiltiFv+LGhSJu/Q13/o3TNgttPXDhzDn3MvceP+FMacf5tgpLyyura8X10sbm1vaOvbvXVHEqCW2QmMey7WNFORO0oZnmtJ1IiiOf05Y/vJ74rXsqFYvFnR4l1ItwX7CQEayN1LMPsq6MUDBGD+gSEZS/dM8uOxVnCrRI3JyUIUe9Z391g5ikERWacKxUx3US7WVYakY4HZe6qaIJJkPcpx1DBY6o8rLp/mN0bJQAhbE0JTSaqr8nMhwpNYp80xlhPVDz3kT8z+ukOjz3MiaSVFNBZh+FKUc6RpMwUMAkJZqPDMFEMrMrIgMsMdEmspIJwZ0/eZE0TytutXJxWy3XrvI4inAIR3ACLpxBDW6gDg0g8AjP8Apv1pP1Yr1bH7PWgpXP7MMfWJ8/WMyVDQ==</latexit>

from now on we can remove the subscript t to 
distinguish particle energies from electric fields

✗

✗



Maximum energy and fastest acceleration 
rate from the Hillas criterium

Emax
t = qEL

<latexit sha1_base64="vOT0sXrjPd+tnB5Vu625cifKB2s=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIoC6EohRcuKhgH9COQybNtKFJZkwyahn7KW5cKOLWL3Hn35i2s9DWAxcO59zLvfcEMaNKO863lVtYXFpeya8W1tY3Nrfs4nZDRYnEpI4jFslWgBRhVJC6ppqRViwJ4gEjzWBwMfab90QqGokbPYyJx1FP0JBipI3k28Wqr29Tjh5H8AzewSq88u2SU3YmgPPEzUgJZKj59lenG+GEE6ExQ0q1XSfWXoqkppiRUaGTKBIjPEA90jZUIE6Ul05OH8F9o3RhGElTQsOJ+nsiRVypIQ9MJ0e6r2a9sfif1050eOKlVMSJJgJPF4UJgzqC4xxgl0qCNRsagrCk5laI+0girE1aBROCO/vyPGkclt2j8un1UalynsWRB7tgDxwAFxyDCrgENVAHGDyAZ/AK3qwn68V6tz6mrTkrm9kBf2B9/gBvZZLU</latexit>

dEt

dx
= qE

<latexit sha1_base64="381GyFbJV6ceGfgMnJUIOpHTvqA=">AAACC3icbZDLSsNAFIYn9VbrLerSzdAiuCqJFNSFUJSCywr2Am0Ik8mkHTqZxJmJWEL2bnwVNy4UcesLuPNtnLYRtPWHgY//nMOZ83sxo1JZ1pdRWFpeWV0rrpc2Nre2d8zdvbaMEoFJC0csEl0PScIoJy1FFSPdWBAUeox0vNHlpN65I0LSiN+ocUycEA04DShGSluuWe4HAuE07YsQ+lnDVdkPw/sMnsNb2HDNilW1poKLYOdQAbmarvnZ9yOchIQrzJCUPduKlZMioShmJCv1E0lihEdoQHoaOQqJdNLpLRk81I4Pg0joxxWcur8nUhRKOQ493RkiNZTztYn5X62XqODUSSmPE0U4ni0KEgZVBCfBQJ8KghUba0BYUP1XiIdIh6N0fCUdgj1/8iK0j6t2rXp2XavUL/I4iuAAlMERsMEJqIMr0AQtgMEDeAIv4NV4NJ6NN+N91low8pl98EfGxzcHg5pk</latexit>

maximum energy —>

acceleration rate—>

Electrostatic accelerator

Induced electric field

E ≈ U

c
B −→ B

<latexit sha1_base64="tApsFgIX7HCcY+qHWLRYbDR5ApQ=">AAACEnicbVDLSsNAFJ3UV62vqks3g0XQTUmkoO5KRXBZwT6gCWUynaRDJzNhZqKWkG9w46+4caGIW1fu/BunbRbaeuDC4Zx7ufceP2ZUadv+tgpLyyura8X10sbm1vZOeXevrUQiMWlhwYTs+kgRRjlpaaoZ6caSoMhnpOOPLid+545IRQW/1eOYeBEKOQ0oRtpI/fLJFXRRHEvxAN1AIpy2shRnsAFdJngoaTjUSEpxDxv9csWu2lPAReLkpAJyNPvlL3cgcBIRrjFDSvUcO9ZeiqSmmJGs5CaKxAiPUEh6hnIUEeWl05cyeGSUAQyENMU1nKq/J1IUKTWOfNMZIT1U895E/M/rJTo491LK40QTjmeLgoRBLeAkHzigkmDNxoYgLKm5FeIhMslok2LJhODMv7xI2qdVp1a9uKlV6o08jiI4AIfgGDjgDNTBNWiCFsDgETyDV/BmPVkv1rv1MWstWPnMPvgD6/MH5LqdpQ==</latexit>

Hillas criterium

Emax
t = qBL

<latexit sha1_base64="WSH58Isp8AW22jOviBwvmRLVPcU=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIoC6EUhFcuKhgH9COQybNtKFJZkwyahn7KW5cKOLWL3Hn35i2s9DWAxcO59zLvfcEMaNKO863lVtYXFpeya8W1tY3Nrfs4nZDRYnEpI4jFslWgBRhVJC6ppqRViwJ4gEjzWBwPvab90QqGokbPYyJx1FP0JBipI3k28ULX9+mHD2O4Bm8g1V45dslp+xMAOeJm5ESyFDz7a9ON8IJJ0JjhpRqu06svRRJTTEjo0InUSRGeIB6pG2oQJwoL52cPoL7RunCMJKmhIYT9fdEirhSQx6YTo50X816Y/E/r53o8MRLqYgTTQSeLgoTBnUExznALpUEazY0BGFJza0Q95FEWJu0CiYEd/bledI4LLtH5dPro1KlmsWRB7tgDxwAFxyDCrgENVAHGDyAZ/AK3qwn68V6tz6mrTkrm9kBf2B9/gBq05LR</latexit>

dEt

dt
= qBc

<latexit sha1_base64="ce/r9vQAFv/WiUmghbkUdC0I0w0=">AAACDnicbVDLSgMxFM3UV62vqks3wVJwVWZEUBdCqQguK9gHtGXIZDJtaCYzJneEMswXuPFX3LhQxK1rd/6N6QPR1gMXTs65l9x7vFhwDbb9ZeWWlldW1/LrhY3Nre2d4u5eU0eJoqxBIxGptkc0E1yyBnAQrB0rRkJPsJY3vBz7rXumNI/kLYxi1gtJX/KAUwJGcovlbqAITdOuCrGf4SsXsp8HZPgC3+Eapm6xZFfsCfAicWakhGaou8XPrh/RJGQSqCBadxw7hl5KFHAqWFboJprFhA5Jn3UMlSRkupdOzslw2Sg+DiJlSgKeqL8nUhJqPQo90xkSGOh5byz+53USCM56KZdxAkzS6UdBIjBEeJwN9rliFMTIEEIVN7tiOiAmHzAJFkwIzvzJi6R5XHFOKuc3J6VqbRZHHh2gQ3SEHHSKquga1VEDUfSAntALerUerWfrzXqftuas2cw++gPr4xuEiZse</latexit>

dx = cdt

<latexit sha1_base64="Y5g9yAbmQq7eKzB2sDcMi1wouGA=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJFNSFUHTjsoJ9QBvKZDJph04mYWYiltiFv+LGhSJu/Q13/o3TNgttPXDhzDn3MvceP+FMacf5tgpLyyura8X10sbm1vaOvbvXVHEqCW2QmMey7WNFORO0oZnmtJ1IiiOf05Y/vJ74rXsqFYvFnR4l1ItwX7CQEayN1LMPsq6MUDBGD+gSEZS/dM8uOxVnCrRI3JyUIUe9Z391g5ikERWacKxUx3US7WVYakY4HZe6qaIJJkPcpx1DBY6o8rLp/mN0bJQAhbE0JTSaqr8nMhwpNYp80xlhPVDz3kT8z+ukOjz3MiaSVFNBZh+FKUc6RpMwUMAkJZqPDMFEMrMrIgMsMdEmspIJwZ0/eZE0TytutXJxWy3XrvI4inAIR3ACLpxBDW6gDg0g8AjP8Apv1pP1Yr1bH7PWgpXP7MMfWJ8/WMyVDQ==</latexit>

from now on we can remove the subscript t to 
distinguish particle energies from electric fields

✗

✗

The Hillas criterium states that particles 
with energy above Emax cannot be 

confined within the system and escape!



Energy budget from the Hillas criterium
How large is the total magnetic energy contained in the accelerator?



Energy budget from the Hillas criterium
How large is the total magnetic energy contained in the accelerator?

q

B⃗

<latexit sha1_base64="mKol0oHFYYH+Pr7YcvsEgOlA/j0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBltVn/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeOtnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVe+6evd4XanV8ziKcAbncAke3EANHqABTWAwhmd4hTcncV6cd+dj2Vpw8plT+APn8wdjtY+g</latexit>

magnetic energy

2L

<latexit sha1_base64="cJih33XiFg0EMqDvBAhKAjlyE04=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5CQO2CNhYWEc0HJEfY28wlS/b2jt09IYT8BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRjczv/WESvNYPppxgn5EB5KHnFFjpYcKuesVS27ZnYOsEi8jJchQ7xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3VKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhNe+hMuk9SgZItFYSqIicnsb9LnCpkRY0soU9zeStiQKsqMTadgQ/CWX14lzUrZq5av7qul2nUWRx5O4BTOwYMLqMEt1KEBDAbwDK/w5gjnxXl3PhatOSebOYY/cD5/AG4OjUI=</latexit>

WB ∼ B2

8π

4π

3
L3

<latexit sha1_base64="8hB6EEVehCO6cKuB6LdFPqDfOIc=">AAACF3icbVC7TsMwFHV4lvIKMLJYVEhMUdJWomxVWRgYikQfUpNGjuu0Vp2HbAepivIXLPwKCwMIscLG3+CmGaDlSFc6Pude+d7jxYwKaZrf2tr6xubWdmmnvLu3f3CoHx13RZRwTDo4YhHve0gQRkPSkVQy0o85QYHHSM+bXs/93gPhgkbhvZzFxAnQOKQ+xUgqydWNntuCtqABtH2OcNoaVrO0Ae2YZoVSzx9pLYO3w5qrV0zDzAFXiVWQCijQdvUvexThJCChxAwJMbDMWDop4pJiRrKynQgSIzxFYzJQNEQBEU6a35XBc6WMoB9xVaGEufp7IkWBELPAU50BkhOx7M3F/7xBIv2Gk9IwTiQJ8eIjP2FQRnAeEhxRTrBkM0UQ5lTtCvEEqTSkirKsQrCWT14l3aph1Y2ru3ql2SriKIFTcAYugAUuQRPcgDboAAwewTN4BW/ak/aivWsfi9Y1rZg5AX+gff4As0WeaA==</latexit>



Energy budget from the Hillas criterium
How large is the total magnetic energy contained in the accelerator?

q

B⃗

<latexit sha1_base64="mKol0oHFYYH+Pr7YcvsEgOlA/j0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBltVn/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeOtnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVe+6evd4XanV8ziKcAbncAke3EANHqABTWAwhmd4hTcncV6cd+dj2Vpw8plT+APn8wdjtY+g</latexit>

magnetic energy

2L

<latexit sha1_base64="cJih33XiFg0EMqDvBAhKAjlyE04=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5CQO2CNhYWEc0HJEfY28wlS/b2jt09IYT8BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRjczv/WESvNYPppxgn5EB5KHnFFjpYcKuesVS27ZnYOsEi8jJchQ7xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3VKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhNe+hMuk9SgZItFYSqIicnsb9LnCpkRY0soU9zeStiQKsqMTadgQ/CWX14lzUrZq5av7qul2nUWRx5O4BTOwYMLqMEt1KEBDAbwDK/w5gjnxXl3PhatOSebOYY/cD5/AG4OjUI=</latexit>

WB ∼ B2

8π

4π

3
L3

<latexit sha1_base64="8hB6EEVehCO6cKuB6LdFPqDfOIc=">AAACF3icbVC7TsMwFHV4lvIKMLJYVEhMUdJWomxVWRgYikQfUpNGjuu0Vp2HbAepivIXLPwKCwMIscLG3+CmGaDlSFc6Pude+d7jxYwKaZrf2tr6xubWdmmnvLu3f3CoHx13RZRwTDo4YhHve0gQRkPSkVQy0o85QYHHSM+bXs/93gPhgkbhvZzFxAnQOKQ+xUgqydWNntuCtqABtH2OcNoaVrO0Ae2YZoVSzx9pLYO3w5qrV0zDzAFXiVWQCijQdvUvexThJCChxAwJMbDMWDop4pJiRrKynQgSIzxFYzJQNEQBEU6a35XBc6WMoB9xVaGEufp7IkWBELPAU50BkhOx7M3F/7xBIv2Gk9IwTiQJ8eIjP2FQRnAeEhxRTrBkM0UQ5lTtCvEEqTSkirKsQrCWT14l3aph1Y2ru3ql2SriKIFTcAYugAUuQRPcgDboAAwewTN4BW/ak/aivWsfi9Y1rZg5AX+gff4As0WeaA==</latexit>

Hillas criterium RL(Emax) =
Emax

qB
∼ L

<latexit sha1_base64="nCcERACzg8Ne+1OvzscvAIvxKsw=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VoNyWRgroQSkVw0UUV+4C2hMl00g6dSeLMRCwh3+DGX3HjQhG3rtz5N07bLLT1wIXDOfdy7z1uyKhUlvVtZJaWV1bXsuu5jc2t7R1zd68pg0hg0sABC0TbRZIw6pOGooqRdigI4i4jLXd0MfFb90RIGvi3ahySHkcDn3oUI6UlxyzeOLXCpRNz9JAU4TnsegLhOBWS+A5WE9iVlMOaY+atkjUFXCR2SvIgRd0xv7r9AEec+AozJGXHtkLVi5FQFDOS5LqRJCHCIzQgHU19xInsxdOXEniklT70AqHLV3Cq/p6IEZdyzF3dyZEaynlvIv7ndSLlnfZi6oeRIj6eLfIiBlUAJ/nAPhUEKzbWBGFB9a0QD5EORekUczoEe/7lRdI8Ltnl0tl1OV+ppnFkwQE4BAVggxNQAVegDhoAg0fwDF7Bm/FkvBjvxsesNWOkM/vgD4zPH4psnMw=</latexit>

B =
Emax

qL
∼ 0.1

(
Emax

1020eV

)(
L

pc

)−1

G

<latexit sha1_base64="xLCkmozALc8jsb4emu81lupzO/k="></latexit>

particle energy



Energy budget from the Hillas criterium
How large is the total magnetic energy contained in the accelerator?

q

B⃗

<latexit sha1_base64="mKol0oHFYYH+Pr7YcvsEgOlA/j0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBltVn/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeOtnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVe+6evd4XanV8ziKcAbncAke3EANHqABTWAwhmd4hTcncV6cd+dj2Vpw8plT+APn8wdjtY+g</latexit>

magnetic energy

2L

<latexit sha1_base64="cJih33XiFg0EMqDvBAhKAjlyE04=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5CQO2CNhYWEc0HJEfY28wlS/b2jt09IYT8BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRjczv/WESvNYPppxgn5EB5KHnFFjpYcKuesVS27ZnYOsEi8jJchQ7xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3VKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhNe+hMuk9SgZItFYSqIicnsb9LnCpkRY0soU9zeStiQKsqMTadgQ/CWX14lzUrZq5av7qul2nUWRx5O4BTOwYMLqMEt1KEBDAbwDK/w5gjnxXl3PhatOSebOYY/cD5/AG4OjUI=</latexit>

WB ∼ B2

8π

4π

3
L3

<latexit sha1_base64="8hB6EEVehCO6cKuB6LdFPqDfOIc=">AAACF3icbVC7TsMwFHV4lvIKMLJYVEhMUdJWomxVWRgYikQfUpNGjuu0Vp2HbAepivIXLPwKCwMIscLG3+CmGaDlSFc6Pude+d7jxYwKaZrf2tr6xubWdmmnvLu3f3CoHx13RZRwTDo4YhHve0gQRkPSkVQy0o85QYHHSM+bXs/93gPhgkbhvZzFxAnQOKQ+xUgqydWNntuCtqABtH2OcNoaVrO0Ae2YZoVSzx9pLYO3w5qrV0zDzAFXiVWQCijQdvUvexThJCChxAwJMbDMWDop4pJiRrKynQgSIzxFYzJQNEQBEU6a35XBc6WMoB9xVaGEufp7IkWBELPAU50BkhOx7M3F/7xBIv2Gk9IwTiQJ8eIjP2FQRnAeEhxRTrBkM0UQ5lTtCvEEqTSkirKsQrCWT14l3aph1Y2ru3ql2SriKIFTcAYugAUuQRPcgDboAAwewTN4BW/ak/aivWsfi9Y1rZg5AX+gff4As0WeaA==</latexit>

Hillas criterium RL(Emax) =
Emax

qB
∼ L

<latexit sha1_base64="nCcERACzg8Ne+1OvzscvAIvxKsw=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VoNyWRgroQSkVw0UUV+4C2hMl00g6dSeLMRCwh3+DGX3HjQhG3rtz5N07bLLT1wIXDOfdy7z1uyKhUlvVtZJaWV1bXsuu5jc2t7R1zd68pg0hg0sABC0TbRZIw6pOGooqRdigI4i4jLXd0MfFb90RIGvi3ahySHkcDn3oUI6UlxyzeOLXCpRNz9JAU4TnsegLhOBWS+A5WE9iVlMOaY+atkjUFXCR2SvIgRd0xv7r9AEec+AozJGXHtkLVi5FQFDOS5LqRJCHCIzQgHU19xInsxdOXEniklT70AqHLV3Cq/p6IEZdyzF3dyZEaynlvIv7ndSLlnfZi6oeRIj6eLfIiBlUAJ/nAPhUEKzbWBGFB9a0QD5EORekUczoEe/7lRdI8Ltnl0tl1OV+ppnFkwQE4BAVggxNQAVegDhoAg0fwDF7Bm/FkvBjvxsesNWOkM/vgD4zPH4psnMw=</latexit>

B =
Emax

qL
∼ 0.1

(
Emax

1020eV

)(
L

pc

)−1

G

<latexit sha1_base64="xLCkmozALc8jsb4emu81lupzO/k="></latexit>

particle energy

As reference value: 1 supernova releases 1051 erg in form of kinetic energy

WB =
E2

maxL

6 q2
≈ 5× 1052Z−1

(
Emax

1020eV

)2 ( L

pc

)
erg

<latexit sha1_base64="uYMXZlNVcS6LwNdvBnNO/t4SrY8="></latexit>



What about energy losses?

Implicit assumption made in deriving the Hillas criterium: 
energy losses can be neglected. But this is, in general, not true!



The best accelerator

(allowed by fundamental physics)



The Hillas criterium does not consider the possible effects of radiative losses

Hillas criterium and radiative losses

q

2L

<latexit sha1_base64="cJih33XiFg0EMqDvBAhKAjlyE04=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5CQO2CNhYWEc0HJEfY28wlS/b2jt09IYT8BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRjczv/WESvNYPppxgn5EB5KHnFFjpYcKuesVS27ZnYOsEi8jJchQ7xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3VKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhNe+hMuk9SgZItFYSqIicnsb9LnCpkRY0soU9zeStiQKsqMTadgQ/CWX14lzUrZq5av7qul2nUWRx5O4BTOwYMLqMEt1KEBDAbwDK/w5gjnxXl3PhatOSebOYY/cD5/AG4OjUI=</latexit>

B⃗

<latexit sha1_base64="mKol0oHFYYH+Pr7YcvsEgOlA/j0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBltVn/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeOtnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVe+6evd4XanV8ziKcAbncAke3EANHqABTWAwhmd4hTcncV6cd+dj2Vpw8plT+APn8wdjtY+g</latexit>



The Hillas criterium does not consider the possible effects of radiative losses

Hillas criterium and radiative losses

q

2L

<latexit sha1_base64="cJih33XiFg0EMqDvBAhKAjlyE04=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5CQO2CNhYWEc0HJEfY28wlS/b2jt09IYT8BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRjczv/WESvNYPppxgn5EB5KHnFFjpYcKuesVS27ZnYOsEi8jJchQ7xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3VKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhNe+hMuk9SgZItFYSqIicnsb9LnCpkRY0soU9zeStiQKsqMTadgQ/CWX14lzUrZq5av7qul2nUWRx5O4BTOwYMLqMEt1KEBDAbwDK/w5gjnxXl3PhatOSebOYY/cD5/AG4OjUI=</latexit>

B⃗

<latexit sha1_base64="mKol0oHFYYH+Pr7YcvsEgOlA/j0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBltVn/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeOtnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVe+6evd4XanV8ziKcAbncAke3EANHqABTWAwhmd4hTcncV6cd+dj2Vpw8plT+APn8wdjtY+g</latexit>

 An electrostatic accelerator would be such a great 
accelerator because radiative losses can be neglected



The Hillas criterium does not consider the possible effects of radiative losses

Hillas criterium and radiative losses

q

2L

<latexit sha1_base64="cJih33XiFg0EMqDvBAhKAjlyE04=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5CQO2CNhYWEc0HJEfY28wlS/b2jt09IYT8BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRjczv/WESvNYPppxgn5EB5KHnFFjpYcKuesVS27ZnYOsEi8jJchQ7xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3VKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhNe+hMuk9SgZItFYSqIicnsb9LnCpkRY0soU9zeStiQKsqMTadgQ/CWX14lzUrZq5av7qul2nUWRx5O4BTOwYMLqMEt1KEBDAbwDK/w5gjnxXl3PhatOSebOYY/cD5/AG4OjUI=</latexit>

B⃗

<latexit sha1_base64="mKol0oHFYYH+Pr7YcvsEgOlA/j0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBltVn/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeOtnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVe+6evd4XanV8ziKcAbncAke3EANHqABTWAwhmd4hTcncV6cd+dj2Vpw8plT+APn8wdjtY+g</latexit>

 An electrostatic accelerator would be such a great 
accelerator because radiative losses can be neglected

Unfortunately this is no longer 
true if one considers more 
realistic situations where 
magnetic, rather than electric 
fields are present



The Hillas criterium does not consider the possible effects of radiative losses

Hillas criterium and radiative losses

q

2L

<latexit sha1_base64="cJih33XiFg0EMqDvBAhKAjlyE04=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5CQO2CNhYWEc0HJEfY28wlS/b2jt09IYT8BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRjczv/WESvNYPppxgn5EB5KHnFFjpYcKuesVS27ZnYOsEi8jJchQ7xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3VKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhNe+hMuk9SgZItFYSqIicnsb9LnCpkRY0soU9zeStiQKsqMTadgQ/CWX14lzUrZq5av7qul2nUWRx5O4BTOwYMLqMEt1KEBDAbwDK/w5gjnxXl3PhatOSebOYY/cD5/AG4OjUI=</latexit>

B⃗

<latexit sha1_base64="mKol0oHFYYH+Pr7YcvsEgOlA/j0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBltVn/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeOtnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVe+6evd4XanV8ziKcAbncAke3EANHqABTWAwhmd4hTcncV6cd+dj2Vpw8plT+APn8wdjtY+g</latexit>

 An electrostatic accelerator would be such a great 
accelerator because radiative losses can be neglected

FL =
q

c
v⃗ × B⃗Lorentz force

+

B⃗

<latexit sha1_base64="mKol0oHFYYH+Pr7YcvsEgOlA/j0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBltVn/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeOtnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVe+6evd4XanV8ziKcAbncAke3EANHqABTWAwhmd4hTcncV6cd+dj2Vpw8plT+APn8wdjtY+g</latexit>

Unfortunately this is no longer 
true if one considers more 
realistic situations where 
magnetic, rather than electric 
fields are present



The Hillas criterium does not consider the possible effects of radiative losses

Hillas criterium and radiative losses

q

2L

<latexit sha1_base64="cJih33XiFg0EMqDvBAhKAjlyE04=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5CQO2CNhYWEc0HJEfY28wlS/b2jt09IYT8BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRjczv/WESvNYPppxgn5EB5KHnFFjpYcKuesVS27ZnYOsEi8jJchQ7xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3VKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhNe+hMuk9SgZItFYSqIicnsb9LnCpkRY0soU9zeStiQKsqMTadgQ/CWX14lzUrZq5av7qul2nUWRx5O4BTOwYMLqMEt1KEBDAbwDK/w5gjnxXl3PhatOSebOYY/cD5/AG4OjUI=</latexit>

B⃗

<latexit sha1_base64="mKol0oHFYYH+Pr7YcvsEgOlA/j0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBltVn/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeOtnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVe+6evd4XanV8ziKcAbncAke3EANHqABTWAwhmd4hTcncV6cd+dj2Vpw8plT+APn8wdjtY+g</latexit>

 An electrostatic accelerator would be such a great 
accelerator because radiative losses can be neglected

FL =
q

c
v⃗ × B⃗Lorentz force

+

B⃗

<latexit sha1_base64="mKol0oHFYYH+Pr7YcvsEgOlA/j0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBltVn/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeOtnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVe+6evd4XanV8ziKcAbncAke3EANHqABTWAwhmd4hTcncV6cd+dj2Vpw8plT+APn8wdjtY+g</latexit>

Unfortunately this is no longer 
true if one considers more 
realistic situations where 
magnetic, rather than electric 
fields are present

= γm
dv⊥
dt

<latexit sha1_base64="SoQf+QGovacbh0KCP/VjYARqHsw=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwFRIpqAuh6MZlBfuAJoTJZNIOnUnCzKRQQv7Cjb/ixoUibnXn3zhtg2jrgQuHc+7l3nuClFGpbPvLqKysrq1vVDdrW9s7u3vm/kFHJpnApI0TlohegCRhNCZtRRUjvVQQxANGusHoZup3x0RImsT3apISj6NBTCOKkdKSb1pX0B0gzhHk0I0EwnnuCg7DAo793E2JSIviR1KFb9Zty54BLhOnJHVQouWbn26Y4IyTWGGGpOw7dqq8HAlFMSNFzc0kSREeoQHpaxojTqSXz/4q4IlWQhglQles4Ez9PZEjLuWEB7qTIzWUi95U/M/rZyq68HIap5kiMZ4vijIGVQKnIcGQCoIVm2iCsKD6VoiHSKejdJQ1HYKz+PIy6ZxZTsO6vGvUm9dlHFVwBI7BKXDAOWiCW9ACbYDBA3gCL+DVeDSejTfjfd5aMcqZQ/AHxsc37ISf1g==</latexit>

acceleration a⊥ =
qv⊥B

γmc

<latexit sha1_base64="4crTWv3Cms9tGK8dO49BJUg/IQ0=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgupCRSUBdCqRuXFewDmlJuppN26EwSZyaFEvITbvwVNy4UcSu482+cPhBtPXDhcM693HuPH3OmtON8WUvLK6tr67mN/ObW9s6uvbdfV1EiCa2RiEey6YOinIW0ppnmtBlLCsLntOEPrsd+Y0ilYlF4p0cxbQvohSxgBLSROvYpdFIvpjLO8BX2AgkkvcfDH62SpV4PhAAsMMk6dsEpOhPgReLOSAHNUO3Yn143IomgoSYclGq5TqzbKUjNCKdZ3ksUjYEMoEdbhoYgqGqnk68yfGyULg4iaSrUeKL+nkhBKDUSvukUoPtq3huL/3mtRAcX7ZSFcaJpSKaLgoRjHeFxRLjLJCWajwwBIpm5FZM+mGi0CTJvQnDnX14k9bOiWype3pYK5cosjhw6REfoBLnoHJXRDaqiGiLoAT2hF/RqPVrP1pv1Pm1dsmYzB+gPrI9vPDie4Q==</latexit>

accelerated 
particles radiate



Synchrotron radiation
(for more details see “Radiative processes in astrophysics” Rybicki & Lightman)

P =
2q2

3c3
γ4

[
γ2a2∥ + a2⊥

]

<latexit sha1_base64="5paGn+quIOiarekKXtJjdubwjQw="></latexit>

Radiated power

acceleration a⊥ =
qv⊥B

γmc

<latexit sha1_base64="4crTWv3Cms9tGK8dO49BJUg/IQ0=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgupCRSUBdCqRuXFewDmlJuppN26EwSZyaFEvITbvwVNy4UcSu482+cPhBtPXDhcM693HuPH3OmtON8WUvLK6tr67mN/ObW9s6uvbdfV1EiCa2RiEey6YOinIW0ppnmtBlLCsLntOEPrsd+Y0ilYlF4p0cxbQvohSxgBLSROvYpdFIvpjLO8BX2AgkkvcfDH62SpV4PhAAsMMk6dsEpOhPgReLOSAHNUO3Yn143IomgoSYclGq5TqzbKUjNCKdZ3ksUjYEMoEdbhoYgqGqnk68yfGyULg4iaSrUeKL+nkhBKDUSvukUoPtq3huL/3mtRAcX7ZSFcaJpSKaLgoRjHeFxRLjLJCWajwwBIpm5FZM+mGi0CTJvQnDnX14k9bOiWype3pYK5cosjhw6REfoBLnoHJXRDaqiGiLoAT2hF/RqPVrP1pv1Pm1dsmYzB+gPrI9vPDie4Q==</latexit>



Synchrotron radiation
(for more details see “Radiative processes in astrophysics” Rybicki & Lightman)

P =
2q2

3c3
γ4

[
γ2a2∥ + a2⊥

]

<latexit sha1_base64="5paGn+quIOiarekKXtJjdubwjQw="></latexit>

Radiated power ✗
acceleration a⊥ =

qv⊥B

γmc

<latexit sha1_base64="4crTWv3Cms9tGK8dO49BJUg/IQ0=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgupCRSUBdCqRuXFewDmlJuppN26EwSZyaFEvITbvwVNy4UcSu482+cPhBtPXDhcM693HuPH3OmtON8WUvLK6tr67mN/ObW9s6uvbdfV1EiCa2RiEey6YOinIW0ppnmtBlLCsLntOEPrsd+Y0ilYlF4p0cxbQvohSxgBLSROvYpdFIvpjLO8BX2AgkkvcfDH62SpV4PhAAsMMk6dsEpOhPgReLOSAHNUO3Yn143IomgoSYclGq5TqzbKUjNCKdZ3ksUjYEMoEdbhoYgqGqnk68yfGyULg4iaSrUeKL+nkhBKDUSvukUoPtq3huL/3mtRAcX7ZSFcaJpSKaLgoRjHeFxRLjLJCWajwwBIpm5FZM+mGi0CTJvQnDnX14k9bOiWype3pYK5cosjhw6REfoBLnoHJXRDaqiGiLoAT2hF/RqPVrP1pv1Pm1dsmYzB+gPrI9vPDie4Q==</latexit>



Synchrotron radiation
(for more details see “Radiative processes in astrophysics” Rybicki & Lightman)

P =
2q2

3c3
γ4

[
γ2a2∥ + a2⊥

]

<latexit sha1_base64="5paGn+quIOiarekKXtJjdubwjQw="></latexit>

Radiated power ✗
acceleration a⊥ =

qv⊥B

γmc

<latexit sha1_base64="4crTWv3Cms9tGK8dO49BJUg/IQ0=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgupCRSUBdCqRuXFewDmlJuppN26EwSZyaFEvITbvwVNy4UcSu482+cPhBtPXDhcM693HuPH3OmtON8WUvLK6tr67mN/ObW9s6uvbdfV1EiCa2RiEey6YOinIW0ppnmtBlLCsLntOEPrsd+Y0ilYlF4p0cxbQvohSxgBLSROvYpdFIvpjLO8BX2AgkkvcfDH62SpV4PhAAsMMk6dsEpOhPgReLOSAHNUO3Yn143IomgoSYclGq5TqzbKUjNCKdZ3ksUjYEMoEdbhoYgqGqnk68yfGyULg4iaSrUeKL+nkhBKDUSvukUoPtq3huL/3mtRAcX7ZSFcaJpSKaLgoRjHeFxRLjLJCWajwwBIpm5FZM+mGi0CTJvQnDnX14k9bOiWype3pYK5cosjhw6REfoBLnoHJXRDaqiGiLoAT2hF/RqPVrP1pv1Pm1dsmYzB+gPrI9vPDie4Q==</latexit>

magnetic field orthogonal 
to particle velocity

particle energy

P =
2

3

( q

mc2

)4
cE2B2

⊥

<latexit sha1_base64="8KEsvIg6YkC1qeLbfPjAvgxb3m8="></latexit>

particle charge

particle mass



Curvature radiation
radiation emitted by particles that move along curve field lines



Curvature radiation
radiation emitted by particles that move along curve field lines

B⃗

<latexit sha1_base64="mKol0oHFYYH+Pr7YcvsEgOlA/j0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBltVn/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeOtnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVe+6evd4XanV8ziKcAbncAke3EANHqABTWAwhmd4hTcncV6cd+dj2Vpw8plT+APn8wdjtY+g</latexit>

Rc

<latexit sha1_base64="0kh9UednbXvlOzwMjxfTfh+lBwo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjzGRx6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVI44T7kd0oEQoGEUrPdz3WK9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDC/9TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8q3rn1au780rtOo+jCEdwDKfgwQXU4Bbq0AAGA3iGV3hzpPPivDsf89aCk88cwh84nz8hdI24</latexit>

curvature radius

v⃗

<latexit sha1_base64="HLxWfJVDHyacOCknQvtwQe7Lm44=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBlk1m/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfk aV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeONnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVa9WvX2sVep3eRxFOINzuAQPrqEOD9CAJjAYwzO8wpuTOC/Ou/OxbC04+cwp/IHz+QOyuY/U</latexit>



Curvature radiation
radiation emitted by particles that move along curve field lines

B⃗

<latexit sha1_base64="mKol0oHFYYH+Pr7YcvsEgOlA/j0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBltVn/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeOtnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVe+6evd4XanV8ziKcAbncAke3EANHqABTWAwhmd4hTcncV6cd+dj2Vpw8plT+APn8wdjtY+g</latexit>

Rc

<latexit sha1_base64="0kh9UednbXvlOzwMjxfTfh+lBwo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjzGRx6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVI44T7kd0oEQoGEUrPdz3WK9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDC/9TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8q3rn1au780rtOo+jCEdwDKfgwQXU4Bbq0AAGA3iGV3hzpPPivDsf89aCk88cwh84nz8hdI24</latexit>

curvature radius

v⃗

<latexit sha1_base64="HLxWfJVDHyacOCknQvtwQe7Lm44=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBlk1m/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfk aV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeONnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVa9WvX2sVep3eRxFOINzuAQPrqEOD9CAJjAYwzO8wpuTOC/Ou/OxbC04+cwp/IHz+QOyuY/U</latexit>

synchrotron

P ∼
( q

mc2

)4
cE2B2

<latexit sha1_base64="WNbiryti7bg1EZQkkmf3hYOu7c8=">AAACG3icbVDLSgNBEJz1bXxFPXppDIJewu4SUG9BETxGMFHIJmF2MpsMzuyuM71CWPIfXvwVLx4U8SR48G+cPA6+ChqKqm66u8JUCoOu++nMzM7NLywuLRdWVtfWN4qbWw2TZJrxOktkoq9DargUMa+jQMmvU82pCiW/Cm9OR/7VHddGJPElDlLeUrQXi0gwilbqFP0aBEYoCCSPcB+CSFOW3w5zBaztDyHQotfHg3YFGMBZ24eTtt8pltyyOwb8Jd6UlMgUtU7xPegmLFM8RiapMU3PTbGVU42CST4sBJnhKWU3tMeblsZUcdPKx78NYc8qXYgSbStGGKvfJ3KqjBmo0HYqin3z2xuJ/3nNDKOjVi7iNEMes8miKJOACYyCgq7QnKEcWEKZFvZWYH1q40EbZ8GG4P1++S9p+GWvUj6+qJSqJ9M4lsgO2SX7xCOHpErOSY3UCSP35JE8kxfnwXlyXp23SeuMM53ZJj/gfHwBC9me5w==</latexit>

⊥

<latexit sha1_base64="/abL2F3/Rzr96uMWG8YK7HSbndI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VTFtoQ9lsJ+3SzWbZ3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5keRMG8/7dkpr6xubW+Xtys7u3v5B9fCopdNMUQxoylPViYhGzgQGhhmOHamQJBHHdjS+m/ntJ1SapeLRTCSGCRkKFjNKjJWCnkQl+9WaV/fmcFeJX5AaFGj2q1+9QUqzBIWhnGjd9T1pwpwowyjHaaWXaZSEjskQu5YKkqAO8/mxU/fMKgM3TpUtYdy5+nsiJ4nWkySynQkxI73szcT/vG5m4uswZ0JmBgVdLIoz7prUnX3uDphCavjEEkIVs7e6dEQUocbmU7Eh+Msvr5LWRd2/rN88XNYat0UcZTiBUzgHH66gAffQhAAoMHiGV3hzhPPivDsfi9aSU8wcwx84nz/wyo7L</latexit>



Curvature radiation
radiation emitted by particles that move along curve field lines

B⃗

<latexit sha1_base64="mKol0oHFYYH+Pr7YcvsEgOlA/j0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBltVn/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeOtnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVe+6evd4XanV8ziKcAbncAke3EANHqABTWAwhmd4hTcncV6cd+dj2Vpw8plT+APn8wdjtY+g</latexit>

Rc

<latexit sha1_base64="0kh9UednbXvlOzwMjxfTfh+lBwo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjzGRx6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVI44T7kd0oEQoGEUrPdz3WK9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDC/9TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8q3rn1au780rtOo+jCEdwDKfgwQXU4Bbq0AAGA3iGV3hzpPPivDsf89aCk88cwh84nz8hdI24</latexit>

curvature radius

v⃗

<latexit sha1_base64="HLxWfJVDHyacOCknQvtwQe7Lm44=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBlk1m/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfk aV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeONnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVa9WvX2sVep3eRxFOINzuAQPrqEOD9CAJjAYwzO8wpuTOC/Ou/OxbC04+cwp/IHz+QOyuY/U</latexit>

=
( q

m2c4

)2
cR−2

L (E)E4

<latexit sha1_base64="i7iAQNhuQy5flypvR0Tvs/ywq0E="></latexit>

synchrotron

P ∼
( q

mc2

)4
cE2B2

<latexit sha1_base64="WNbiryti7bg1EZQkkmf3hYOu7c8=">AAACG3icbVDLSgNBEJz1bXxFPXppDIJewu4SUG9BETxGMFHIJmF2MpsMzuyuM71CWPIfXvwVLx4U8SR48G+cPA6+ChqKqm66u8JUCoOu++nMzM7NLywuLRdWVtfWN4qbWw2TZJrxOktkoq9DargUMa+jQMmvU82pCiW/Cm9OR/7VHddGJPElDlLeUrQXi0gwilbqFP0aBEYoCCSPcB+CSFOW3w5zBaztDyHQotfHg3YFGMBZ24eTtt8pltyyOwb8Jd6UlMgUtU7xPegmLFM8RiapMU3PTbGVU42CST4sBJnhKWU3tMeblsZUcdPKx78NYc8qXYgSbStGGKvfJ3KqjBmo0HYqin3z2xuJ/3nNDKOjVi7iNEMes8miKJOACYyCgq7QnKEcWEKZFvZWYH1q40EbZ8GG4P1++S9p+GWvUj6+qJSqJ9M4lsgO2SX7xCOHpErOSY3UCSP35JE8kxfnwXlyXp23SeuMM53ZJj/gfHwBC9me5w==</latexit>

⊥

<latexit sha1_base64="/abL2F3/Rzr96uMWG8YK7HSbndI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VTFtoQ9lsJ+3SzWbZ3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5keRMG8/7dkpr6xubW+Xtys7u3v5B9fCopdNMUQxoylPViYhGzgQGhhmOHamQJBHHdjS+m/ntJ1SapeLRTCSGCRkKFjNKjJWCnkQl+9WaV/fmcFeJX5AaFGj2q1+9QUqzBIWhnGjd9T1pwpwowyjHaaWXaZSEjskQu5YKkqAO8/mxU/fMKgM3TpUtYdy5+nsiJ4nWkySynQkxI73szcT/vG5m4uswZ0JmBgVdLIoz7prUnX3uDphCavjEEkIVs7e6dEQUocbmU7Eh+Msvr5LWRd2/rN88XNYat0UcZTiBUzgHH66gAffQhAAoMHiGV3hzhPPivDsfi9aSU8wcwx84nz/wyo7L</latexit>



Curvature radiation
radiation emitted by particles that move along curve field lines

B⃗

<latexit sha1_base64="mKol0oHFYYH+Pr7YcvsEgOlA/j0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBltVn/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeOtnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVe+6evd4XanV8ziKcAbncAke3EANHqABTWAwhmd4hTcncV6cd+dj2Vpw8plT+APn8wdjtY+g</latexit>

Rc

<latexit sha1_base64="0kh9UednbXvlOzwMjxfTfh+lBwo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjzGRx6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVI44T7kd0oEQoGEUrPdz3WK9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDC/9TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8q3rn1au780rtOo+jCEdwDKfgwQXU4Bbq0AAGA3iGV3hzpPPivDsf89aCk88cwh84nz8hdI24</latexit>

curvature radius

v⃗

<latexit sha1_base64="HLxWfJVDHyacOCknQvtwQe7Lm44=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBlk1m/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfk aV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeONnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVa9WvX2sVep3eRxFOINzuAQPrqEOD9CAJjAYwzO8wpuTOC/Ou/OxbC04+cwp/IHz+QOyuY/U</latexit>

=
( q

m2c4

)2
cR−2

L (E)E4

<latexit sha1_base64="i7iAQNhuQy5flypvR0Tvs/ywq0E="></latexit>

synchrotron

P ∼
( q

mc2

)4
cE2B2

<latexit sha1_base64="WNbiryti7bg1EZQkkmf3hYOu7c8=">AAACG3icbVDLSgNBEJz1bXxFPXppDIJewu4SUG9BETxGMFHIJmF2MpsMzuyuM71CWPIfXvwVLx4U8SR48G+cPA6+ChqKqm66u8JUCoOu++nMzM7NLywuLRdWVtfWN4qbWw2TZJrxOktkoq9DargUMa+jQMmvU82pCiW/Cm9OR/7VHddGJPElDlLeUrQXi0gwilbqFP0aBEYoCCSPcB+CSFOW3w5zBaztDyHQotfHg3YFGMBZ24eTtt8pltyyOwb8Jd6UlMgUtU7xPegmLFM8RiapMU3PTbGVU42CST4sBJnhKWU3tMeblsZUcdPKx78NYc8qXYgSbStGGKvfJ3KqjBmo0HYqin3z2xuJ/3nNDKOjVi7iNEMes8miKJOACYyCgq7QnKEcWEKZFvZWYH1q40EbZ8GG4P1++S9p+GWvUj6+qJSqJ9M4lsgO2SX7xCOHpErOSY3UCSP35JE8kxfnwXlyXp23SeuMM53ZJj/gfHwBC9me5w==</latexit>

⊥

<latexit sha1_base64="/abL2F3/Rzr96uMWG8YK7HSbndI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VTFtoQ9lsJ+3SzWbZ3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5keRMG8/7dkpr6xubW+Xtys7u3v5B9fCopdNMUQxoylPViYhGzgQGhhmOHamQJBHHdjS+m/ntJ1SapeLRTCSGCRkKFjNKjJWCnkQl+9WaV/fmcFeJX5AaFGj2q1+9QUqzBIWhnGjd9T1pwpwowyjHaaWXaZSEjskQu5YKkqAO8/mxU/fMKgM3TpUtYdy5+nsiJ4nWkySynQkxI73szcT/vG5m4uswZ0JmBgVdLIoz7prUnX3uDphCavjEEkIVs7e6dEQUocbmU7Eh+Msvr5LWRd2/rN88XNYat0UcZTiBUzgHH66gAffQhAAoMHiGV3hzhPPivDsfi9aSU8wcwx84nz/wyo7L</latexit>

curvature

c

<latexit sha1_base64="bhiSapZqB4YpGiPqZwij2aj/HSs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmqxfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fykWM8w==</latexit>

✗✗
✗



Curvature radiation
radiation emitted by particles that move along curve field lines

B⃗

<latexit sha1_base64="mKol0oHFYYH+Pr7YcvsEgOlA/j0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBltVn/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeOtnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVe+6evd4XanV8ziKcAbncAke3EANHqABTWAwhmd4hTcncV6cd+dj2Vpw8plT+APn8wdjtY+g</latexit>

Rc

<latexit sha1_base64="0kh9UednbXvlOzwMjxfTfh+lBwo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjzGRx6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVI44T7kd0oEQoGEUrPdz3WK9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDC/9TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8q3rn1au780rtOo+jCEdwDKfgwQXU4Bbq0AAGA3iGV3hzpPPivDsf89aCk88cwh84nz8hdI24</latexit>

curvature radius

v⃗

<latexit sha1_base64="HLxWfJVDHyacOCknQvtwQe7Lm44=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBlk1m/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfk aV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeONnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVa9WvX2sVep3eRxFOINzuAQPrqEOD9CAJjAYwzO8wpuTOC/Ou/OxbC04+cwp/IHz+QOyuY/U</latexit>

=
( q

m2c4

)2
cR−2

L (E)E4

<latexit sha1_base64="i7iAQNhuQy5flypvR0Tvs/ywq0E="></latexit>

it does not depend on B!
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Synchrotron versus curvature losses
Pc
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⊥

<latexit sha1_base64="/abL2F3/Rzr96uMWG8YK7HSbndI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VTFtoQ9lsJ+3SzWbZ3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5keRMG8/7dkpr6xubW+Xtys7u3v5B9fCopdNMUQxoylPViYhGzgQGhhmOHamQJBHHdjS+m/ntJ1SapeLRTCSGCRkKFjNKjJWCnkQl+9WaV/fmcFeJX5AaFGj2q1+9QUqzBIWhnGjd9T1pwpwowyjHaaWXaZSEjskQu5YKkqAO8/mxU/fMKgM3TpUtYdy5+nsiJ4nWkySynQkxI73szcT/vG5m4uswZ0JmBgVdLIoz7prUnX3uDphCavjEEkIVs7e6dEQUocbmU7Eh+Msvr5LWRd2/rN88XNYat0UcZTiBUzgHH66gAffQhAAoMHiGV3hzhPPivDsfi9aSU8wcwx84nz/wyo7L</latexit>

Aharonian el at. PRD (2002)



Synchrotron versus curvature losses
Pc

PS
=

E2

q2B2L2

<latexit sha1_base64="BYWidQuBg5TlepylBm3Wy3qEt50=">AAACEnicbVBNS8MwGE7n15xfVY9egkPQy2jHQD0IYyJ48DDRbcLWlTRLt7A0rUkqjNLf4MW/4sWDIl49efPfmG096OYDb3jyPO9L8j5exKhUlvVt5BYWl5ZX8quFtfWNzS1ze6cpw1hg0sAhC8WdhyRhlJOGooqRu0gQFHiMtLzh+dhvPRAhachv1SgiToD6nPoUI6Ul1zzq+ALhpO7iVB83KTyDU+WiW06T+24Z1nRd6YtrFq2SNQGcJ3ZGiiBD3TW/Or0QxwHhCjMkZdu2IuUkSCiKGUkLnViSCOEh6pO2phwFRDrJZKUUHmilB/1Q6OIKTtTfEwkKpBwFnu4MkBrIWW8s/ue1Y+WfOAnlUawIx9OH/JhBFcJxPrBHBcGKjTRBWFD9V4gHSCeidIoFHYI9u/I8aZZLdqV0el0pVmtZHHmwB/bBIbDBMaiCS1AHDYDBI3gGr+DNeDJejHfjY9qaM7KZXfAHxucPFlqcdg==</latexit>

⊥

<latexit sha1_base64="/abL2F3/Rzr96uMWG8YK7HSbndI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VTFtoQ9lsJ+3SzWbZ3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5keRMG8/7dkpr6xubW+Xtys7u3v5B9fCopdNMUQxoylPViYhGzgQGhhmOHamQJBHHdjS+m/ntJ1SapeLRTCSGCRkKFjNKjJWCnkQl+9WaV/fmcFeJX5AaFGj2q1+9QUqzBIWhnGjd9T1pwpwowyjHaaWXaZSEjskQu5YKkqAO8/mxU/fMKgM3TpUtYdy5+nsiJ4nWkySynQkxI73szcT/vG5m4uswZ0JmBgVdLIoz7prUnX3uDphCavjEEkIVs7e6dEQUocbmU7Eh+Msvr5LWRd2/rN88XNYat0UcZTiBUzgHH66gAffQhAAoMHiGV3hzhPPivDsfi9aSU8wcwx84nz/wyo7L</latexit>

−→ E∗ = qB⊥L

<latexit sha1_base64="EOoomxAYrV+8lPpe75Ff+Ij4ZS0=">AAACDHicbVDLSgMxFM3UV62vqks3wSKIizIjBXUhlIrgwkUF+4DOMGTSTBuaScYko5ShH+DGX3HjQhG3foA7/8a0nYW2HggczjmXm3uCmFGlbfvbyi0sLi2v5FcLa+sbm1vF7Z2mEonEpIEFE7IdIEUY5aShqWakHUuCooCRVjC4GPuteyIVFfxWD2PiRajHaUgx0kbyiyWXCd6TtNfXSErxAC/9I3gO72DNT92YyHgEr03KLtsTwHniZKQEMtT94pfbFTiJCNeYIaU6jh1rL0VSU8zIqOAmisQID1CPdAzlKCLKSyfHjOCBUbowFNI8ruFE/T2RokipYRSYZIR0X816Y/E/r5Po8NRLKY8TTTieLgoTBrWA42Zgl0qCNRsagrCk5q8Q95FEWJv+CqYEZ/bkedI8LjuV8tlNpVStZXXkwR7YB4fAASegCq5AHTQABo/gGbyCN+vJerHerY9pNGdlM7vgD6zPH0Z0mn4=</latexit>

Aharonian el at. PRD (2002)



Synchrotron versus curvature losses
Pc

PS
=

E2

q2B2L2

<latexit sha1_base64="BYWidQuBg5TlepylBm3Wy3qEt50=">AAACEnicbVBNS8MwGE7n15xfVY9egkPQy2jHQD0IYyJ48DDRbcLWlTRLt7A0rUkqjNLf4MW/4sWDIl49efPfmG096OYDb3jyPO9L8j5exKhUlvVt5BYWl5ZX8quFtfWNzS1ze6cpw1hg0sAhC8WdhyRhlJOGooqRu0gQFHiMtLzh+dhvPRAhachv1SgiToD6nPoUI6Ul1zzq+ALhpO7iVB83KTyDU+WiW06T+24Z1nRd6YtrFq2SNQGcJ3ZGiiBD3TW/Or0QxwHhCjMkZdu2IuUkSCiKGUkLnViSCOEh6pO2phwFRDrJZKUUHmilB/1Q6OIKTtTfEwkKpBwFnu4MkBrIWW8s/ue1Y+WfOAnlUawIx9OH/JhBFcJxPrBHBcGKjTRBWFD9V4gHSCeidIoFHYI9u/I8aZZLdqV0el0pVmtZHHmwB/bBIbDBMaiCS1AHDYDBI3gGr+DNeDJejHfjY9qaM7KZXfAHxucPFlqcdg==</latexit>

⊥

<latexit sha1_base64="/abL2F3/Rzr96uMWG8YK7HSbndI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VTFtoQ9lsJ+3SzWbZ3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5keRMG8/7dkpr6xubW+Xtys7u3v5B9fCopdNMUQxoylPViYhGzgQGhhmOHamQJBHHdjS+m/ntJ1SapeLRTCSGCRkKFjNKjJWCnkQl+9WaV/fmcFeJX5AaFGj2q1+9QUqzBIWhnGjd9T1pwpwowyjHaaWXaZSEjskQu5YKkqAO8/mxU/fMKgM3TpUtYdy5+nsiJ4nWkySynQkxI73szcT/vG5m4uswZ0JmBgVdLIoz7prUnX3uDphCavjEEkIVs7e6dEQUocbmU7Eh+Msvr5LWRd2/rN88XNYat0UcZTiBUzgHH66gAffQhAAoMHiGV3hzhPPivDsfi9aSU8wcwx84nz/wyo7L</latexit>

−→ E∗ = qB⊥L

<latexit sha1_base64="EOoomxAYrV+8lPpe75Ff+Ij4ZS0=">AAACDHicbVDLSgMxFM3UV62vqks3wSKIizIjBXUhlIrgwkUF+4DOMGTSTBuaScYko5ShH+DGX3HjQhG3foA7/8a0nYW2HggczjmXm3uCmFGlbfvbyi0sLi2v5FcLa+sbm1vF7Z2mEonEpIEFE7IdIEUY5aShqWakHUuCooCRVjC4GPuteyIVFfxWD2PiRajHaUgx0kbyiyWXCd6TtNfXSErxAC/9I3gO72DNT92YyHgEr03KLtsTwHniZKQEMtT94pfbFTiJCNeYIaU6jh1rL0VSU8zIqOAmisQID1CPdAzlKCLKSyfHjOCBUbowFNI8ruFE/T2RokipYRSYZIR0X816Y/E/r5Po8NRLKY8TTTieLgoTBrWA42Zgl0qCNRsagrCk5q8Q95FEWJv+CqYEZ/bkedI8LjuV8tlNpVStZXXkwR7YB4fAASegCq5AHTQABo/gGbyCN+vJerHerY9pNGdlM7vgD6zPH0Z0mn4=</latexit>

Hillas!

−→ RL = L

<latexit sha1_base64="e4w4Y0I4jn7qHgn7MghcEt85P7w=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5JIQV0IRTcuuqhiH9CGMJlO0qGTmTAzUUqoG3/FjQtF3PoX7vwbp20W2nrgwuGce7n3niBhVGnH+bYWFpeWV1YLa8X1jc2tbXtnt6lEKjFpYMGEbAdIEUY5aWiqGWknkqA4YKQVDK7GfuueSEUFv9PDhHgxijgNKUbaSL6932WCR5JGfY2kFA/w1q/BCwhrvl1yys4EcJ64OSmBHHXf/ur2BE5jwjVmSKmO6yTay5DUFDMyKnZTRRKEBygiHUM5ionysskHI3hklB4MhTTFNZyovycyFCs1jAPTGSPdV7PeWPzP66Q6PPMyypNUE46ni8KUQS3gOA7Yo5JgzYaGICypuRXiPpIIaxNa0YTgzr48T5onZbdSPr+plKqXeRwFcAAOwTFwwSmogmtQBw2AwSN4Bq/gzXqyXqx362PaumDlM3vgD6zPHxdilgI=</latexit>

Aharonian el at. PRD (2002)



Synchrotron versus curvature losses

E > E∗

<latexit sha1_base64="E+dNv/LFhL19f4wRRUBqrWaM2MA=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDEQ9iVgHqRoAQ8RjAPSJYwO+lNhszOLjOzQgj5CC8eFPHq93jzb5wke9DEgoaiqpvuriARXBvX/XZWVtfWNzZzW/ntnd29/cLBYUPHqWJYZ7GIVSugGgWXWDfcCGwlCmkUCGwGw7up33xCpXksH80oQT+ifclDzqixUrNKbki1e94tFN2SOwNZJl5GipCh1i18dXoxSyOUhgmqddtzE+OPqTKcCZzkO6nGhLIh7WPbUkkj1P54du6EnFqlR8JY2ZKGzNTfE2MaaT2KAtsZUTPQi95U/M9rpya88sdcJqlByeaLwlQQE5Pp76THFTIjRpZQpri9lbABVZQZm1DehuAtvrxMGhclr1y6figXK7dZHDk4hhM4Aw8uoQL3UIM6MBjCM7zCm5M4L8678zFvXXGymSP4A+fzB3Yfjl0=</latexit>

—> these particles cannot be confined in the accelerator

Pc

PS
=

E2

q2B2L2

<latexit sha1_base64="BYWidQuBg5TlepylBm3Wy3qEt50=">AAACEnicbVBNS8MwGE7n15xfVY9egkPQy2jHQD0IYyJ48DDRbcLWlTRLt7A0rUkqjNLf4MW/4sWDIl49efPfmG096OYDb3jyPO9L8j5exKhUlvVt5BYWl5ZX8quFtfWNzS1ze6cpw1hg0sAhC8WdhyRhlJOGooqRu0gQFHiMtLzh+dhvPRAhachv1SgiToD6nPoUI6Ul1zzq+ALhpO7iVB83KTyDU+WiW06T+24Z1nRd6YtrFq2SNQGcJ3ZGiiBD3TW/Or0QxwHhCjMkZdu2IuUkSCiKGUkLnViSCOEh6pO2phwFRDrJZKUUHmilB/1Q6OIKTtTfEwkKpBwFnu4MkBrIWW8s/ue1Y+WfOAnlUawIx9OH/JhBFcJxPrBHBcGKjTRBWFD9V4gHSCeidIoFHYI9u/I8aZZLdqV0el0pVmtZHHmwB/bBIbDBMaiCS1AHDYDBI3gGr+DNeDJejHfjY9qaM7KZXfAHxucPFlqcdg==</latexit>

⊥

<latexit sha1_base64="/abL2F3/Rzr96uMWG8YK7HSbndI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VTFtoQ9lsJ+3SzWbZ3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5keRMG8/7dkpr6xubW+Xtys7u3v5B9fCopdNMUQxoylPViYhGzgQGhhmOHamQJBHHdjS+m/ntJ1SapeLRTCSGCRkKFjNKjJWCnkQl+9WaV/fmcFeJX5AaFGj2q1+9QUqzBIWhnGjd9T1pwpwowyjHaaWXaZSEjskQu5YKkqAO8/mxU/fMKgM3TpUtYdy5+nsiJ4nWkySynQkxI73szcT/vG5m4uswZ0JmBgVdLIoz7prUnX3uDphCavjEEkIVs7e6dEQUocbmU7Eh+Msvr5LWRd2/rN88XNYat0UcZTiBUzgHH66gAffQhAAoMHiGV3hzhPPivDsfi9aSU8wcwx84nz/wyo7L</latexit>

−→ E∗ = qB⊥L

<latexit sha1_base64="EOoomxAYrV+8lPpe75Ff+Ij4ZS0=">AAACDHicbVDLSgMxFM3UV62vqks3wSKIizIjBXUhlIrgwkUF+4DOMGTSTBuaScYko5ShH+DGX3HjQhG3foA7/8a0nYW2HggczjmXm3uCmFGlbfvbyi0sLi2v5FcLa+sbm1vF7Z2mEonEpIEFE7IdIEUY5aShqWakHUuCooCRVjC4GPuteyIVFfxWD2PiRajHaUgx0kbyiyWXCd6TtNfXSErxAC/9I3gO72DNT92YyHgEr03KLtsTwHniZKQEMtT94pfbFTiJCNeYIaU6jh1rL0VSU8zIqOAmisQID1CPdAzlKCLKSyfHjOCBUbowFNI8ruFE/T2RokipYRSYZIR0X816Y/E/r5Po8NRLKY8TTTieLgoTBrWA42Zgl0qCNRsagrCk5q8Q95FEWJv+CqYEZ/bkedI8LjuV8tlNpVStZXXkwR7YB4fAASegCq5AHTQABo/gGbyCN+vJerHerY9pNGdlM7vgD6zPH0Z0mn4=</latexit>

Hillas!

−→ RL = L

<latexit sha1_base64="e4w4Y0I4jn7qHgn7MghcEt85P7w=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5JIQV0IRTcuuqhiH9CGMJlO0qGTmTAzUUqoG3/FjQtF3PoX7vwbp20W2nrgwuGce7n3niBhVGnH+bYWFpeWV1YLa8X1jc2tbXtnt6lEKjFpYMGEbAdIEUY5aWiqGWknkqA4YKQVDK7GfuueSEUFv9PDhHgxijgNKUbaSL6932WCR5JGfY2kFA/w1q/BCwhrvl1yys4EcJ64OSmBHHXf/ur2BE5jwjVmSKmO6yTay5DUFDMyKnZTRRKEBygiHUM5ionysskHI3hklB4MhTTFNZyovycyFCs1jAPTGSPdV7PeWPzP66Q6PPMyypNUE46ni8KUQS3gOA7Yo5JgzYaGICypuRXiPpIIaxNa0YTgzr48T5onZbdSPr+plKqXeRwFcAAOwTFwwSmogmtQBw2AwSN4Bq/gzXqyXqx362PaumDlM3vgD6zPHxdilgI=</latexit>

Aharonian el at. PRD (2002)



Synchrotron versus curvature losses

E > E∗

<latexit sha1_base64="E+dNv/LFhL19f4wRRUBqrWaM2MA=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDEQ9iVgHqRoAQ8RjAPSJYwO+lNhszOLjOzQgj5CC8eFPHq93jzb5wke9DEgoaiqpvuriARXBvX/XZWVtfWNzZzW/ntnd29/cLBYUPHqWJYZ7GIVSugGgWXWDfcCGwlCmkUCGwGw7up33xCpXksH80oQT+ifclDzqixUrNKbki1e94tFN2SOwNZJl5GipCh1i18dXoxSyOUhgmqddtzE+OPqTKcCZzkO6nGhLIh7WPbUkkj1P54du6EnFqlR8JY2ZKGzNTfE2MaaT2KAtsZUTPQi95U/M9rpya88sdcJqlByeaLwlQQE5Pp76THFTIjRpZQpri9lbABVZQZm1DehuAtvrxMGhclr1y6figXK7dZHDk4hhM4Aw8uoQL3UIM6MBjCM7zCm5M4L8678zFvXXGymSP4A+fzB3Yfjl0=</latexit>

—> these particles cannot be confined in the accelerator

E < E∗

<latexit sha1_base64="93QIZlPehhMk1eJrnJwSAfxjB/I=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDEQ9iVgAoeghLwGME8IFnC7KQ3GTI7u8zMCiHkI7x4UMSr3+PNv3GS7EETCxqKqm66u4JEcG1c99tZWV1b39jMbeW3d3b39gsHhw0dp4phncUiVq2AahRcYt1wI7CVKKRRILAZDO+mfvMJleaxfDSjBP2I9iUPOaPGSs0quSHV7nm3UHRL7gxkmXgZKUKGWrfw1enFLI1QGiao1m3PTYw/pspwJnCS76QaE8qGtI9tSyWNUPvj2bkTcmqVHgljZUsaMlN/T4xppPUoCmxnRM1AL3pT8T+vnZrwyh9zmaQGJZsvClNBTEymv5MeV8iMGFlCmeL2VsIGVFFmbEJ5G4K3+PIyaVyUvHLp+qFcrNxmceTgGE7gDDy4hArcQw3qwGAIz/AKb07ivDjvzse8dcXJZo7gD5zPH3MPjls=</latexit>

—> we consider curvature radiation for these particles, as it 
maximises the value of Emax

Pc

PS
=

E2

q2B2L2

<latexit sha1_base64="BYWidQuBg5TlepylBm3Wy3qEt50=">AAACEnicbVBNS8MwGE7n15xfVY9egkPQy2jHQD0IYyJ48DDRbcLWlTRLt7A0rUkqjNLf4MW/4sWDIl49efPfmG096OYDb3jyPO9L8j5exKhUlvVt5BYWl5ZX8quFtfWNzS1ze6cpw1hg0sAhC8WdhyRhlJOGooqRu0gQFHiMtLzh+dhvPRAhachv1SgiToD6nPoUI6Ul1zzq+ALhpO7iVB83KTyDU+WiW06T+24Z1nRd6YtrFq2SNQGcJ3ZGiiBD3TW/Or0QxwHhCjMkZdu2IuUkSCiKGUkLnViSCOEh6pO2phwFRDrJZKUUHmilB/1Q6OIKTtTfEwkKpBwFnu4MkBrIWW8s/ue1Y+WfOAnlUawIx9OH/JhBFcJxPrBHBcGKjTRBWFD9V4gHSCeidIoFHYI9u/I8aZZLdqV0el0pVmtZHHmwB/bBIbDBMaiCS1AHDYDBI3gGr+DNeDJejHfjY9qaM7KZXfAHxucPFlqcdg==</latexit>

⊥

<latexit sha1_base64="/abL2F3/Rzr96uMWG8YK7HSbndI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VTFtoQ9lsJ+3SzWbZ3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5keRMG8/7dkpr6xubW+Xtys7u3v5B9fCopdNMUQxoylPViYhGzgQGhhmOHamQJBHHdjS+m/ntJ1SapeLRTCSGCRkKFjNKjJWCnkQl+9WaV/fmcFeJX5AaFGj2q1+9QUqzBIWhnGjd9T1pwpwowyjHaaWXaZSEjskQu5YKkqAO8/mxU/fMKgM3TpUtYdy5+nsiJ4nWkySynQkxI73szcT/vG5m4uswZ0JmBgVdLIoz7prUnX3uDphCavjEEkIVs7e6dEQUocbmU7Eh+Msvr5LWRd2/rN88XNYat0UcZTiBUzgHH66gAffQhAAoMHiGV3hzhPPivDsfi9aSU8wcwx84nz/wyo7L</latexit>

−→ E∗ = qB⊥L

<latexit sha1_base64="EOoomxAYrV+8lPpe75Ff+Ij4ZS0=">AAACDHicbVDLSgMxFM3UV62vqks3wSKIizIjBXUhlIrgwkUF+4DOMGTSTBuaScYko5ShH+DGX3HjQhG3foA7/8a0nYW2HggczjmXm3uCmFGlbfvbyi0sLi2v5FcLa+sbm1vF7Z2mEonEpIEFE7IdIEUY5aShqWakHUuCooCRVjC4GPuteyIVFfxWD2PiRajHaUgx0kbyiyWXCd6TtNfXSErxAC/9I3gO72DNT92YyHgEr03KLtsTwHniZKQEMtT94pfbFTiJCNeYIaU6jh1rL0VSU8zIqOAmisQID1CPdAzlKCLKSyfHjOCBUbowFNI8ruFE/T2RokipYRSYZIR0X816Y/E/r5Po8NRLKY8TTTieLgoTBrWA42Zgl0qCNRsagrCk5q8Q95FEWJv+CqYEZ/bkedI8LjuV8tlNpVStZXXkwR7YB4fAASegCq5AHTQABo/gGbyCN+vJerHerY9pNGdlM7vgD6zPH0Z0mn4=</latexit>

Hillas!

−→ RL = L

<latexit sha1_base64="e4w4Y0I4jn7qHgn7MghcEt85P7w=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5JIQV0IRTcuuqhiH9CGMJlO0qGTmTAzUUqoG3/FjQtF3PoX7vwbp20W2nrgwuGce7n3niBhVGnH+bYWFpeWV1YLa8X1jc2tbXtnt6lEKjFpYMGEbAdIEUY5aWiqGWknkqA4YKQVDK7GfuueSEUFv9PDhHgxijgNKUbaSL6932WCR5JGfY2kFA/w1q/BCwhrvl1yys4EcJ64OSmBHHXf/ur2BE5jwjVmSKmO6yTay5DUFDMyKnZTRRKEBygiHUM5ionysskHI3hklB4MhTTFNZyovycyFCs1jAPTGSPdV7PeWPzP66Q6PPMyypNUE46ni8KUQS3gOA7Yo5JgzYaGICypuRXiPpIIaxNa0YTgzr48T5onZbdSPr+plKqXeRwFcAAOwTFwwSmogmtQBw2AwSN4Bq/gzXqyXqx362PaumDlM3vgD6zPHxdilgI=</latexit>

Aharonian el at. PRD (2002)



Energetics

Aharonian el at. PRD (2002)

Pc = qBc −→ Emax =

(
BL2

q

)1/4

mc2

<latexit sha1_base64="5mTdLELUcEVXn+tZXdRBzm/0ND0="></latexit>

accelerationlosses



Energetics

Aharonian el at. PRD (2002)

atomic number

atomic mass

Total magnetic energy in the accelerator

WB =
L3B2

6
∼ 2× 1050

Z2

A8

(
Emax

1020eV
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FIG. 1: The energy requirements for protons of energy
1020 eV. Eq. (7a), dotted lines (for acceleration efficiencies
η = 1 and η = 10−2), and Eq. (7b), dashed line, as functions
of the size of an acceleration region.

in Eq. (7b). Doing this, we derive the optimal size

R(opt) ≃
2

3

√

1 + η2

η

q2ε3max

(mc2)4
, (8)

such that both conditions become quantitatively the
same. This finally gives the optimal (the minimum pos-
sible) estimate for the amount of electromagnetic energy
stored in the acceleration region:

W (opt)
em ≃

1

9

√

1 + η2

η

ε5max

(mc2)4
. (9)

The corresponding optimal strength of the magnetic field
is

B(opt) ≃
3

2

η

1 + η2

(

mc2
)4

q3ε2max
, (10)

and E(opt) = ηB(opt).
The energy requirements given by Eqs. (7) as functions

of accelerator size are presented in Fig. 1. The required
accelerator energy increases as the region size deviates
from the optimal one. A smaller region would accelerate
particles to the energy εmax only if the energy budget
is increased by R(opt)/R times; in a larger region, the
energy budget has to be increased by R/R(opt) times.
To have an idea of typical numbers, let us make the

estimates for a proton of energy εmax = 1020 eV. In this
case, the total electromagnetic energy in the acceleration

region should exceed W (opt)
em ≃ 3× 1051 erg; the optimal

size R(opt) is of the order of 1017 cm and the optimal mag-
netic field is of ∼ 3 G. When making these estimates we
assumed η = 1 to lower the energy requirements. Taking
η still larger does not reduce them too much, by a factor
of 2 at most.
All the results obtained are valid also for an accelera-

tor that moves as a whole with the Lorentz factor Γ ≫ 1,
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1020 eV. Eq. (7a), dotted lines (for accelerator at rest and
for bulk Lorentz factors Γ = 10 and Γ = 300), and Eq. (7b),
dashed lines, as functions of the comoving size of an accelera-
tion region. For AGN inner jets, the upper zone corresponds
to hadronic models of high-energy γ-ray emission, and lower
zone – to leptonic models.

if the quantities are measured in the comoving frame.
However, it is more convenient to present the results in a

form where W (opt)
em and εmax are measured in the labora-

tory frame, while R(opt), B(opt) and E(opt) are measured
in the comoving frame. Then

W (opt)
em ≃

1

9Γ4

√

1 + η2

η

ε5max

(mc2)4
, (11a)

R′(opt) ≃
2

3Γ3

√

1 + η2

η
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(mc2)4
, (11b)

B′(opt) ≃
3Γ2

2

η

1 + η2

(

mc2
)4

q3ε2max

, (11c)

where the primed quantities are measured in the comov-
ing frame. A comparison of energy requirements given by
Eqs. (7), generalized for the case Γ ≫ 1, for accelerators
with different bulk Lorentz factors is presented in Fig. 2.
Apparently, the acceleration of EHECRs in ultrarela-

tivistic bulk flows has an advantage of bringing the opti-
mal source size to a more ”comfortable” (for short-lived
phenomena like Gamma-Ray Bursts) range and reduc-
ing the energy requirements to the source. However, for
wind-like relativistic flows the actual requirements are
geometry-dependent. Indeed, for the causality reasons,
the acceleration region does not occupy the whole sphere
of radius R, but rather extends to a distance R′ = R/Γ
transverse to the radius and to a distance R′/Γ along it,
so that the total energy within the volume of radius R
is of ∼ Γ4Wem for a wind with a broad beam pattern.
Since the energy stored in the acceleration region, Wem,
is multiplied by Γ4 in this case, one can only gain from
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and E(opt) = ηB(opt).
The energy requirements given by Eqs. (7) as functions

of accelerator size are presented in Fig. 1. The required
accelerator energy increases as the region size deviates
from the optimal one. A smaller region would accelerate
particles to the energy εmax only if the energy budget
is increased by R(opt)/R times; in a larger region, the
energy budget has to be increased by R/R(opt) times.
To have an idea of typical numbers, let us make the

estimates for a proton of energy εmax = 1020 eV. In this
case, the total electromagnetic energy in the acceleration

region should exceed W (opt)
em ≃ 3× 1051 erg; the optimal

size R(opt) is of the order of 1017 cm and the optimal mag-
netic field is of ∼ 3 G. When making these estimates we
assumed η = 1 to lower the energy requirements. Taking
η still larger does not reduce them too much, by a factor
of 2 at most.
All the results obtained are valid also for an accelera-

tor that moves as a whole with the Lorentz factor Γ ≫ 1,
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if the quantities are measured in the comoving frame.
However, it is more convenient to present the results in a

form where W (opt)
em and εmax are measured in the labora-

tory frame, while R(opt), B(opt) and E(opt) are measured
in the comoving frame. Then
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where the primed quantities are measured in the comov-
ing frame. A comparison of energy requirements given by
Eqs. (7), generalized for the case Γ ≫ 1, for accelerators
with different bulk Lorentz factors is presented in Fig. 2.
Apparently, the acceleration of EHECRs in ultrarela-

tivistic bulk flows has an advantage of bringing the opti-
mal source size to a more ”comfortable” (for short-lived
phenomena like Gamma-Ray Bursts) range and reduc-
ing the energy requirements to the source. However, for
wind-like relativistic flows the actual requirements are
geometry-dependent. Indeed, for the causality reasons,
the acceleration region does not occupy the whole sphere
of radius R, but rather extends to a distance R′ = R/Γ
transverse to the radius and to a distance R′/Γ along it,
so that the total energy within the volume of radius R
is of ∼ Γ4Wem for a wind with a broad beam pattern.
Since the energy stored in the acceleration region, Wem,
is multiplied by Γ4 in this case, one can only gain from
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and E(opt) = ηB(opt).
The energy requirements given by Eqs. (7) as functions

of accelerator size are presented in Fig. 1. The required
accelerator energy increases as the region size deviates
from the optimal one. A smaller region would accelerate
particles to the energy εmax only if the energy budget
is increased by R(opt)/R times; in a larger region, the
energy budget has to be increased by R/R(opt) times.
To have an idea of typical numbers, let us make the

estimates for a proton of energy εmax = 1020 eV. In this
case, the total electromagnetic energy in the acceleration

region should exceed W (opt)
em ≃ 3× 1051 erg; the optimal

size R(opt) is of the order of 1017 cm and the optimal mag-
netic field is of ∼ 3 G. When making these estimates we
assumed η = 1 to lower the energy requirements. Taking
η still larger does not reduce them too much, by a factor
of 2 at most.
All the results obtained are valid also for an accelera-

tor that moves as a whole with the Lorentz factor Γ ≫ 1,
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where the primed quantities are measured in the comov-
ing frame. A comparison of energy requirements given by
Eqs. (7), generalized for the case Γ ≫ 1, for accelerators
with different bulk Lorentz factors is presented in Fig. 2.
Apparently, the acceleration of EHECRs in ultrarela-

tivistic bulk flows has an advantage of bringing the opti-
mal source size to a more ”comfortable” (for short-lived
phenomena like Gamma-Ray Bursts) range and reduc-
ing the energy requirements to the source. However, for
wind-like relativistic flows the actual requirements are
geometry-dependent. Indeed, for the causality reasons,
the acceleration region does not occupy the whole sphere
of radius R, but rather extends to a distance R′ = R/Γ
transverse to the radius and to a distance R′/Γ along it,
so that the total energy within the volume of radius R
is of ∼ Γ4Wem for a wind with a broad beam pattern.
Since the energy stored in the acceleration region, Wem,
is multiplied by Γ4 in this case, one can only gain from
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WB =
q2

6L

(
Emax

mc2

)8

<latexit sha1_base64="rScNzJIfENRLkmry/q7GYpXU/kI="></latexit>

Hillas radiative losses

optimal size Lopt =
q2E3

max

(mc2)4
∼ 0.06

Z2

A4

(
Emax

1020eV

)3

pc

<latexit sha1_base64="AXnIIffNVdUbsMfoR5jTsj/buBA="></latexit>

≡

<latexit sha1_base64="0rgPR6LB8jxn5jVpfGzJxPi1Z4g=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvXiMYB6QLGF20puMmd1ZZ2YDIeQfvHhQxKv/482/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjhpapYlhnUkjVCqhGwWOsG24EthKFNAoENoPh7cxvjlBpLuMHM07Qj2g/5iFn1Fip0cGnlI+6xZJbducgq8TLSAky1LrFr05PsjTC2DBBtW57bmL8CVWGM4HTQifVmFA2pH1sWxrTCLU/mV87JWdW6ZFQKluxIXP198SERlqPo8B2RtQM9LI3E//z2qkJr/wJj5PUYMwWi8JUECPJ7HXS4wqZEWNLKFPc3krYgCrKjA2oYEPwll9eJY2LslcpX99XStWbLI48nMApnIMHl1CFO6hBHRg8wjO8wpsjnRfn3flYtOacbOYY/sD5/AHGG49I</latexit>

Aharonian el at. PRD (2002)



Optimal size

WB =
E2

maxL

6 q2

<latexit sha1_base64="OfFw7qj43oEK89actzc1WUM1rlE=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSlKKj4VQKoILFxXsA9o0TKaTduhkEmcmYglx68ZfceNCEbd+gTv/xuljoa0HLhzOuZd77/EiRqWyrG9jbn5hcWk5s5JdXVvf2DS3tmsyjAUmVRyyUDQ8JAmjnFQVVYw0IkFQ4DFS9/rnQ79+R4SkIb9Rg4g4Aepy6lOMlJZcc6/uluEZbPkC4eTCTQJ0n7YL8CpNjuDDbbuQQtfMWXlrBDhL7AnJgQkqrvnV6oQ4DghXmCEpm7YVKSdBQlHMSJptxZJECPdRlzQ15Sgg0klGr6TwQCsd6IdCF1dwpP6eSFAg5SDwdGeAVE9Oe0PxP68ZK//ESSiPYkU4Hi/yYwZVCIe5wA4VBCs20ARhQfWtEPeQTkXp9LI6BHv65VlSK+TtYv70upgrlSdxZMAu2AeHwAbHoAQuQQVUAQaP4Bm8gjfjyXgx3o2PceucMZnZAX9gfP4A9gGZMQ==</latexit>

WB =
q2

6L

(
Emax

mc2

)8

<latexit sha1_base64="rScNzJIfENRLkmry/q7GYpXU/kI="></latexit>

Hillas radiative losses

optimal size Lopt =
q2E3

max

(mc2)4
∼ 0.06

Z2

A4

(
Emax

1020eV

)3

pc

<latexit sha1_base64="AXnIIffNVdUbsMfoR5jTsj/buBA="></latexit>

≡

<latexit sha1_base64="0rgPR6LB8jxn5jVpfGzJxPi1Z4g=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvXiMYB6QLGF20puMmd1ZZ2YDIeQfvHhQxKv/482/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjhpapYlhnUkjVCqhGwWOsG24EthKFNAoENoPh7cxvjlBpLuMHM07Qj2g/5iFn1Fip0cGnlI+6xZJbducgq8TLSAky1LrFr05PsjTC2DBBtW57bmL8CVWGM4HTQifVmFA2pH1sWxrTCLU/mV87JWdW6ZFQKluxIXP198SERlqPo8B2RtQM9LI3E//z2qkJr/wJj5PUYMwWi8JUECPJ7HXS4wqZEWNLKFPc3krYgCrKjA2oYEPwll9eJY2LslcpX99XStWbLI48nMApnIMHl1CFO6hBHRg8wjO8wpsjnRfn3flYtOacbOYY/sD5/AHGG49I</latexit>

Aharonian el at. PRD (2002)

optimal field Bopt =
(mc2)4

q3E2
max

∼ 2A4

(
Emax

1020eV

)−2

G

<latexit sha1_base64="wOu62JAx3Gh5W1RSuiQUejrj+1U="></latexit>



Optimal size

WB =
E2

maxL

6 q2

<latexit sha1_base64="OfFw7qj43oEK89actzc1WUM1rlE=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSlKKj4VQKoILFxXsA9o0TKaTduhkEmcmYglx68ZfceNCEbd+gTv/xuljoa0HLhzOuZd77/EiRqWyrG9jbn5hcWk5s5JdXVvf2DS3tmsyjAUmVRyyUDQ8JAmjnFQVVYw0IkFQ4DFS9/rnQ79+R4SkIb9Rg4g4Aepy6lOMlJZcc6/uluEZbPkC4eTCTQJ0n7YL8CpNjuDDbbuQQtfMWXlrBDhL7AnJgQkqrvnV6oQ4DghXmCEpm7YVKSdBQlHMSJptxZJECPdRlzQ15Sgg0klGr6TwQCsd6IdCF1dwpP6eSFAg5SDwdGeAVE9Oe0PxP68ZK//ESSiPYkU4Hi/yYwZVCIe5wA4VBCs20ARhQfWtEPeQTkXp9LI6BHv65VlSK+TtYv70upgrlSdxZMAu2AeHwAbHoAQuQQVUAQaP4Bm8gjfjyXgx3o2PceucMZnZAX9gfP4A9gGZMQ==</latexit>

WB =
q2

6L

(
Emax

mc2

)8

<latexit sha1_base64="rScNzJIfENRLkmry/q7GYpXU/kI="></latexit>

Hillas radiative losses

optimal size Lopt =
q2E3

max

(mc2)4
∼ 0.06

Z2

A4

(
Emax

1020eV

)3

pc

<latexit sha1_base64="AXnIIffNVdUbsMfoR5jTsj/buBA="></latexit>

≡

<latexit sha1_base64="0rgPR6LB8jxn5jVpfGzJxPi1Z4g=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvXiMYB6QLGF20puMmd1ZZ2YDIeQfvHhQxKv/482/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjhpapYlhnUkjVCqhGwWOsG24EthKFNAoENoPh7cxvjlBpLuMHM07Qj2g/5iFn1Fip0cGnlI+6xZJbducgq8TLSAky1LrFr05PsjTC2DBBtW57bmL8CVWGM4HTQifVmFA2pH1sWxrTCLU/mV87JWdW6ZFQKluxIXP198SERlqPo8B2RtQM9LI3E//z2qkJr/wJj5PUYMwWi8JUECPJ7HXS4wqZEWNLKFPc3krYgCrKjA2oYEPwll9eJY2LslcpX99XStWbLI48nMApnIMHl1CFO6hBHRg8wjO8wpsjnRfn3flYtOacbOYY/sD5/AHGG49I</latexit>

min. energy Wopt =
1

6

E5
max

(mc2)4
∼ 3× 1051A−4

(
Emax

1020eV

)5

erg

<latexit sha1_base64="5MhuaYUEGRMkHTxzsOuUQonbfzQ="></latexit>

Aharonian el at. PRD (2002)

optimal field Bopt =
(mc2)4

q3E2
max

∼ 2A4

(
Emax

1020eV

)−2

G

<latexit sha1_base64="wOu62JAx3Gh5W1RSuiQUejrj+1U="></latexit>



Optimal size

WB =
E2

maxL

6 q2

<latexit sha1_base64="OfFw7qj43oEK89actzc1WUM1rlE=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSlKKj4VQKoILFxXsA9o0TKaTduhkEmcmYglx68ZfceNCEbd+gTv/xuljoa0HLhzOuZd77/EiRqWyrG9jbn5hcWk5s5JdXVvf2DS3tmsyjAUmVRyyUDQ8JAmjnFQVVYw0IkFQ4DFS9/rnQ79+R4SkIb9Rg4g4Aepy6lOMlJZcc6/uluEZbPkC4eTCTQJ0n7YL8CpNjuDDbbuQQtfMWXlrBDhL7AnJgQkqrvnV6oQ4DghXmCEpm7YVKSdBQlHMSJptxZJECPdRlzQ15Sgg0klGr6TwQCsd6IdCF1dwpP6eSFAg5SDwdGeAVE9Oe0PxP68ZK//ESSiPYkU4Hi/yYwZVCIe5wA4VBCs20ARhQfWtEPeQTkXp9LI6BHv65VlSK+TtYv70upgrlSdxZMAu2AeHwAbHoAQuQQVUAQaP4Bm8gjfjyXgx3o2PceucMZnZAX9gfP4A9gGZMQ==</latexit>

WB =
q2

6L

(
Emax

mc2

)8

<latexit sha1_base64="rScNzJIfENRLkmry/q7GYpXU/kI="></latexit>

Hillas radiative losses

optimal size Lopt =
q2E3

max

(mc2)4
∼ 0.06

Z2

A4

(
Emax

1020eV

)3

pc

<latexit sha1_base64="AXnIIffNVdUbsMfoR5jTsj/buBA="></latexit>

≡

<latexit sha1_base64="0rgPR6LB8jxn5jVpfGzJxPi1Z4g=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvXiMYB6QLGF20puMmd1ZZ2YDIeQfvHhQxKv/482/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjhpapYlhnUkjVCqhGwWOsG24EthKFNAoENoPh7cxvjlBpLuMHM07Qj2g/5iFn1Fip0cGnlI+6xZJbducgq8TLSAky1LrFr05PsjTC2DBBtW57bmL8CVWGM4HTQifVmFA2pH1sWxrTCLU/mV87JWdW6ZFQKluxIXP198SERlqPo8B2RtQM9LI3E//z2qkJr/wJj5PUYMwWi8JUECPJ7HXS4wqZEWNLKFPc3krYgCrKjA2oYEPwll9eJY2LslcpX99XStWbLI48nMApnIMHl1CFO6hBHRg8wjO8wpsjnRfn3flYtOacbOYY/sD5/AHGG49I</latexit>

min. energy Wopt =
1

6

E5
max

(mc2)4
∼ 3× 1051A−4

(
Emax

1020eV

)5

erg

<latexit sha1_base64="5MhuaYUEGRMkHTxzsOuUQonbfzQ="></latexit>

Aharonian el at. PRD (2002)

optimal field Bopt =
(mc2)4

q3E2
max

∼ 2A4

(
Emax

1020eV

)−2

G

<latexit sha1_base64="wOu62JAx3Gh5W1RSuiQUejrj+1U="></latexit>
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Relativistic sources
AGN jets

GRBsrelativistic 
bulk motions

Γ
bulk Lorentz factor



Relativistic sources
AGN jets

GRBsrelativistic 
bulk motions

WB , Emax

<latexit sha1_base64="b3I4Ix/v9agHOyuV5H49w0s8zi8=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg5RECuqtVASPFewHtCFsttt26WYTdjfFEtpf4sWDIl79J978N27bHLT1wcDjvRlm5gUxZ0o7zreVW1vf2NzKbxd2dvf2D+zDo4aKEklonUQ8kq0AK8qZoHXNNKetWFIcBpw2g+HtzG+OqFQsEo96HFMvxH3BeoxgbSTftpt+FU0v0BTd+WmInya+XXRKzhxolbgZKUKGmm9/dboRSUIqNOFYqbbrxNpLsdSMcDopdBJFY0yGuE/bhgocUuWl88sn6MwoXdSLpCmh0Vz9PZHiUKlxGJjOEOuBWvZm4n9eO9G9ay9lIk40FWSxqJdwpCM0iwF1maRE87EhmEhmbkVkgCUm2oRVMCG4yy+vksZlyS2Xbh7KxUo1iyMPJ3AK5+DCFVTgHmpQBwIjeIZXeLNS68V6tz4WrTkrmzmGP7A+fwAjhZK5</latexit>

L′ , B′

<latexit sha1_base64="GFdA+vpG2bQa6e8Ucoqh8v15aHc=">AAACAnicbVDLSgMxFM34rPU16krcBIvgQsqMFNRdqRsXLirYB7RjyaR32tBMZkgyQhlaN/6KGxeKuPUr3Pk3pg9EWw9cODnnXnLv8WPOlHacL2thcWl5ZTWzll3f2Nzatnd2qypKJIUKjXgk6z5RwJmAimaaQz2WQEKfQ83vXY782j1IxSJxq/sxeCHpCBYwSrSRWvb+9V3ajCULYYCHJ0Nc+nm27JyTd8bA88SdkhyaotyyP5vtiCYhCE05UarhOrH2UiI1oxwG2WaiICa0RzrQMFSQEJSXjk8Y4COjtHEQSVNC47H6eyIloVL90DedIdFdNeuNxP+8RqKDcy9lIk40CDr5KEg41hEe5YHbTALVvG8IoZKZXTHtEkmoNqllTQju7MnzpHqadwv5i5tCrliaxpFBB+gQHSMXnaEiukJlVEEUPaAn9IJerUfr2Xqz3ietC9Z0Zg/9gfXxDRtal0U=</latexit>

-> lab frame

-> comoving frame

Γ
bulk Lorentz factor



Change rest frame

observer

moves with 
Lorentz factor Γ



Change rest frame

observer

moves with 
Lorentz factor Γ

Emax ∼ ΓE′
max

<latexit sha1_base64="/fp7nqAlZC9pG98Vm2zi3pfNJNw=">AAACDXicbVBNS8NAEN3Ur1q/qh69LFbBU0mkoN6KInqsYD+giWGy3bZLd5OwuxFL6B/w4l/x4kERr969+W/ctjlo64OBx3szzMwLYs6Utu1vK7ewuLS8kl8trK1vbG4Vt3caKkokoXUS8Ui2AlCUs5DWNdOctmJJQQScNoPBxdhv3lOpWBTe6mFMPQG9kHUZAW0kv3hw6acCHkbYVUxg9wqEAJxpd6kbSyboyC+W7LI9AZ4nTkZKKEPNL365nYgkgoaacFCq7dix9lKQmhFORwU3UTQGMoAebRsagqDKSyffjPChUTq4G0lTocYT9fdECkKpoQhMpwDdV7PeWPzPaye6e+qlLIwTTUMyXdRNONYRHkeDO0xSovnQECCSmVsx6YMEok2ABROCM/vyPGkcl51K+eymUqqeZ3Hk0R7aR0fIQSeoiq5RDdURQY/oGb2iN+vJerHerY9pa87KZnbRH1ifP6O3m/Y=</latexit>



Change rest frame

observer

moves with 
Lorentz factor Γ

Emax ∼ ΓE′
max

<latexit sha1_base64="/fp7nqAlZC9pG98Vm2zi3pfNJNw=">AAACDXicbVBNS8NAEN3Ur1q/qh69LFbBU0mkoN6KInqsYD+giWGy3bZLd5OwuxFL6B/w4l/x4kERr969+W/ctjlo64OBx3szzMwLYs6Utu1vK7ewuLS8kl8trK1vbG4Vt3caKkokoXUS8Ui2AlCUs5DWNdOctmJJQQScNoPBxdhv3lOpWBTe6mFMPQG9kHUZAW0kv3hw6acCHkbYVUxg9wqEAJxpd6kbSyboyC+W7LI9AZ4nTkZKKEPNL365nYgkgoaacFCq7dix9lKQmhFORwU3UTQGMoAebRsagqDKSyffjPChUTq4G0lTocYT9fdECkKpoQhMpwDdV7PeWPzPaye6e+qlLIwTTUMyXdRNONYRHkeDO0xSovnQECCSmVsx6YMEok2ABROCM/vyPGkcl51K+eymUqqeZ3Hk0R7aR0fIQSeoiq5RDdURQY/oGb2iN+vJerHerY9pa87KZnbRH1ifP6O3m/Y=</latexit>

WB ∼ ΓW ′
B

<latexit sha1_base64="+KiO309Jm+a9RQ6ikrFb0/YjdPM=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRIpqLtSF7qsYB/QxDCZTtqhM5MwMxFKyNaNv+LGhSJu/QN3/o3TNgttPXDhcM693HtPmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOr6Z+94FIRWNxpycJ8TkaChpRjLSRAht2g6yZQ09RDr1rxDmaK/eZl0jKSR7YVafmzACXiVuQKijQCuwvbxDjlBOhMUNK9V0n0X6GpKaYkbzipYokCI/RkPQNFYgT5WezT3J4YpQBjGJpSmg4U39PZIgrNeGh6eRIj9SiNxX/8/qpji78jIok1UTg+aIoZVDHcBoLHFBJsGYTQxCW1NwK8QhJhLUJr2JCcBdfXiads5pbr13e1quNZhFHGRyBY3AKXHAOGuAGtEAbYPAInsEreLOerBfr3fqYt5asYuYQ/IH1+QP4HZnq</latexit>



Change rest frame

observer

moves with 
Lorentz factor Γ

Emax ∼ ΓE′
max

<latexit sha1_base64="/fp7nqAlZC9pG98Vm2zi3pfNJNw=">AAACDXicbVBNS8NAEN3Ur1q/qh69LFbBU0mkoN6KInqsYD+giWGy3bZLd5OwuxFL6B/w4l/x4kERr969+W/ctjlo64OBx3szzMwLYs6Utu1vK7ewuLS8kl8trK1vbG4Vt3caKkokoXUS8Ui2AlCUs5DWNdOctmJJQQScNoPBxdhv3lOpWBTe6mFMPQG9kHUZAW0kv3hw6acCHkbYVUxg9wqEAJxpd6kbSyboyC+W7LI9AZ4nTkZKKEPNL365nYgkgoaacFCq7dix9lKQmhFORwU3UTQGMoAebRsagqDKSyffjPChUTq4G0lTocYT9fdECkKpoQhMpwDdV7PeWPzPaye6e+qlLIwTTUMyXdRNONYRHkeDO0xSovnQECCSmVsx6YMEok2ABROCM/vyPGkcl51K+eymUqqeZ3Hk0R7aR0fIQSeoiq5RDdURQY/oGb2iN+vJerHerY9pa87KZnbRH1ifP6O3m/Y=</latexit>

WB ∼ ΓW ′
B

<latexit sha1_base64="+KiO309Jm+a9RQ6ikrFb0/YjdPM=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRIpqLtSF7qsYB/QxDCZTtqhM5MwMxFKyNaNv+LGhSJu/QN3/o3TNgttPXDhcM693HtPmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOr6Z+94FIRWNxpycJ8TkaChpRjLSRAht2g6yZQ09RDr1rxDmaK/eZl0jKSR7YVafmzACXiVuQKijQCuwvbxDjlBOhMUNK9V0n0X6GpKaYkbzipYokCI/RkPQNFYgT5WezT3J4YpQBjGJpSmg4U39PZIgrNeGh6eRIj9SiNxX/8/qpji78jIok1UTg+aIoZVDHcBoLHFBJsGYTQxCW1NwK8QhJhLUJr2JCcBdfXiads5pbr13e1quNZhFHGRyBY3AKXHAOGuAGtEAbYPAInsEreLOerBfr3fqYt5asYuYQ/IH1+QP4HZnq</latexit>

Wopt =
1

Γ4

E5
max

6(mc2)4

<latexit sha1_base64="PbmAX853pf9TzDn2aR8gJjvqgDU="></latexit>

L′
opt =

1

Γ3

q2E3
max

(mc2)4

<latexit sha1_base64="M2XxkH+fNsGpZMYIqDRlcOXy4TE="></latexit>

B′
opt = Γ2 (mc2)4

q3E2
max

<latexit sha1_base64="ECiTDnt1Uwh1W1INmWaMAd//zfk="></latexit>



Change rest frame

observer

moves with 
Lorentz factor Γ

Emax ∼ ΓE′
max

<latexit sha1_base64="/fp7nqAlZC9pG98Vm2zi3pfNJNw=">AAACDXicbVBNS8NAEN3Ur1q/qh69LFbBU0mkoN6KInqsYD+giWGy3bZLd5OwuxFL6B/w4l/x4kERr969+W/ctjlo64OBx3szzMwLYs6Utu1vK7ewuLS8kl8trK1vbG4Vt3caKkokoXUS8Ui2AlCUs5DWNdOctmJJQQScNoPBxdhv3lOpWBTe6mFMPQG9kHUZAW0kv3hw6acCHkbYVUxg9wqEAJxpd6kbSyboyC+W7LI9AZ4nTkZKKEPNL365nYgkgoaacFCq7dix9lKQmhFORwU3UTQGMoAebRsagqDKSyffjPChUTq4G0lTocYT9fdECkKpoQhMpwDdV7PeWPzPaye6e+qlLIwTTUMyXdRNONYRHkeDO0xSovnQECCSmVsx6YMEok2ABROCM/vyPGkcl51K+eymUqqeZ3Hk0R7aR0fIQSeoiq5RDdURQY/oGb2iN+vJerHerY9pa87KZnbRH1ifP6O3m/Y=</latexit>

WB ∼ ΓW ′
B

<latexit sha1_base64="+KiO309Jm+a9RQ6ikrFb0/YjdPM=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRIpqLtSF7qsYB/QxDCZTtqhM5MwMxFKyNaNv+LGhSJu/QN3/o3TNgttPXDhcM693HtPmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOr6Z+94FIRWNxpycJ8TkaChpRjLSRAht2g6yZQ09RDr1rxDmaK/eZl0jKSR7YVafmzACXiVuQKijQCuwvbxDjlBOhMUNK9V0n0X6GpKaYkbzipYokCI/RkPQNFYgT5WezT3J4YpQBjGJpSmg4U39PZIgrNeGh6eRIj9SiNxX/8/qpji78jIok1UTg+aIoZVDHcBoLHFBJsGYTQxCW1NwK8QhJhLUJr2JCcBdfXiads5pbr13e1quNZhFHGRyBY3AKXHAOGuAGtEAbYPAInsEreLOerBfr3fqYt5asYuYQ/IH1+QP4HZnq</latexit>
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FIG. 1: The energy requirements for protons of energy
1020 eV. Eq. (7a), dotted lines (for acceleration efficiencies
η = 1 and η = 10−2), and Eq. (7b), dashed line, as functions
of the size of an acceleration region.

in Eq. (7b). Doing this, we derive the optimal size

R(opt) ≃
2

3

√

1 + η2

η

q2ε3max

(mc2)4
, (8)

such that both conditions become quantitatively the
same. This finally gives the optimal (the minimum pos-
sible) estimate for the amount of electromagnetic energy
stored in the acceleration region:

W (opt)
em ≃

1

9

√

1 + η2

η

ε5max

(mc2)4
. (9)

The corresponding optimal strength of the magnetic field
is

B(opt) ≃
3

2

η

1 + η2

(

mc2
)4

q3ε2max
, (10)

and E(opt) = ηB(opt).
The energy requirements given by Eqs. (7) as functions

of accelerator size are presented in Fig. 1. The required
accelerator energy increases as the region size deviates
from the optimal one. A smaller region would accelerate
particles to the energy εmax only if the energy budget
is increased by R(opt)/R times; in a larger region, the
energy budget has to be increased by R/R(opt) times.
To have an idea of typical numbers, let us make the

estimates for a proton of energy εmax = 1020 eV. In this
case, the total electromagnetic energy in the acceleration

region should exceed W (opt)
em ≃ 3× 1051 erg; the optimal

size R(opt) is of the order of 1017 cm and the optimal mag-
netic field is of ∼ 3 G. When making these estimates we
assumed η = 1 to lower the energy requirements. Taking
η still larger does not reduce them too much, by a factor
of 2 at most.
All the results obtained are valid also for an accelera-

tor that moves as a whole with the Lorentz factor Γ ≫ 1,
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1020 eV. Eq. (7a), dotted lines (for accelerator at rest and
for bulk Lorentz factors Γ = 10 and Γ = 300), and Eq. (7b),
dashed lines, as functions of the comoving size of an accelera-
tion region. For AGN inner jets, the upper zone corresponds
to hadronic models of high-energy γ-ray emission, and lower
zone – to leptonic models.

if the quantities are measured in the comoving frame.
However, it is more convenient to present the results in a

form where W (opt)
em and εmax are measured in the labora-

tory frame, while R(opt), B(opt) and E(opt) are measured
in the comoving frame. Then

W (opt)
em ≃

1

9Γ4

√

1 + η2

η

ε5max

(mc2)4
, (11a)

R′(opt) ≃
2

3Γ3

√

1 + η2

η

q2ε3max

(mc2)4
, (11b)

B′(opt) ≃
3Γ2

2

η

1 + η2

(

mc2
)4

q3ε2max

, (11c)

where the primed quantities are measured in the comov-
ing frame. A comparison of energy requirements given by
Eqs. (7), generalized for the case Γ ≫ 1, for accelerators
with different bulk Lorentz factors is presented in Fig. 2.
Apparently, the acceleration of EHECRs in ultrarela-

tivistic bulk flows has an advantage of bringing the opti-
mal source size to a more ”comfortable” (for short-lived
phenomena like Gamma-Ray Bursts) range and reduc-
ing the energy requirements to the source. However, for
wind-like relativistic flows the actual requirements are
geometry-dependent. Indeed, for the causality reasons,
the acceleration region does not occupy the whole sphere
of radius R, but rather extends to a distance R′ = R/Γ
transverse to the radius and to a distance R′/Γ along it,
so that the total energy within the volume of radius R
is of ∼ Γ4Wem for a wind with a broad beam pattern.
Since the energy stored in the acceleration region, Wem,
is multiplied by Γ4 in this case, one can only gain from
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FIG. 1: The energy requirements for protons of energy
1020 eV. Eq. (7a), dotted lines (for acceleration efficiencies
η = 1 and η = 10−2), and Eq. (7b), dashed line, as functions
of the size of an acceleration region.

in Eq. (7b). Doing this, we derive the optimal size

R(opt) ≃
2

3

√

1 + η2

η

q2ε3max

(mc2)4
, (8)

such that both conditions become quantitatively the
same. This finally gives the optimal (the minimum pos-
sible) estimate for the amount of electromagnetic energy
stored in the acceleration region:

W (opt)
em ≃

1

9

√

1 + η2

η

ε5max

(mc2)4
. (9)

The corresponding optimal strength of the magnetic field
is

B(opt) ≃
3

2

η

1 + η2

(

mc2
)4

q3ε2max
, (10)

and E(opt) = ηB(opt).
The energy requirements given by Eqs. (7) as functions

of accelerator size are presented in Fig. 1. The required
accelerator energy increases as the region size deviates
from the optimal one. A smaller region would accelerate
particles to the energy εmax only if the energy budget
is increased by R(opt)/R times; in a larger region, the
energy budget has to be increased by R/R(opt) times.
To have an idea of typical numbers, let us make the

estimates for a proton of energy εmax = 1020 eV. In this
case, the total electromagnetic energy in the acceleration

region should exceed W (opt)
em ≃ 3× 1051 erg; the optimal

size R(opt) is of the order of 1017 cm and the optimal mag-
netic field is of ∼ 3 G. When making these estimates we
assumed η = 1 to lower the energy requirements. Taking
η still larger does not reduce them too much, by a factor
of 2 at most.
All the results obtained are valid also for an accelera-

tor that moves as a whole with the Lorentz factor Γ ≫ 1,
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dashed lines, as functions of the comoving size of an accelera-
tion region. For AGN inner jets, the upper zone corresponds
to hadronic models of high-energy γ-ray emission, and lower
zone – to leptonic models.

if the quantities are measured in the comoving frame.
However, it is more convenient to present the results in a

form where W (opt)
em and εmax are measured in the labora-

tory frame, while R(opt), B(opt) and E(opt) are measured
in the comoving frame. Then

W (opt)
em ≃

1

9Γ4

√

1 + η2

η

ε5max

(mc2)4
, (11a)

R′(opt) ≃
2

3Γ3

√

1 + η2

η

q2ε3max

(mc2)4
, (11b)

B′(opt) ≃
3Γ2

2

η

1 + η2

(

mc2
)4

q3ε2max

, (11c)

where the primed quantities are measured in the comov-
ing frame. A comparison of energy requirements given by
Eqs. (7), generalized for the case Γ ≫ 1, for accelerators
with different bulk Lorentz factors is presented in Fig. 2.
Apparently, the acceleration of EHECRs in ultrarela-

tivistic bulk flows has an advantage of bringing the opti-
mal source size to a more ”comfortable” (for short-lived
phenomena like Gamma-Ray Bursts) range and reduc-
ing the energy requirements to the source. However, for
wind-like relativistic flows the actual requirements are
geometry-dependent. Indeed, for the causality reasons,
the acceleration region does not occupy the whole sphere
of radius R, but rather extends to a distance R′ = R/Γ
transverse to the radius and to a distance R′/Γ along it,
so that the total energy within the volume of radius R
is of ∼ Γ4Wem for a wind with a broad beam pattern.
Since the energy stored in the acceleration region, Wem,
is multiplied by Γ4 in this case, one can only gain from
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in Eq. (7b). Doing this, we derive the optimal size

R(opt) ≃
2

3

√

1 + η2

η

q2ε3max

(mc2)4
, (8)

such that both conditions become quantitatively the
same. This finally gives the optimal (the minimum pos-
sible) estimate for the amount of electromagnetic energy
stored in the acceleration region:

W (opt)
em ≃

1

9

√

1 + η2

η

ε5max

(mc2)4
. (9)

The corresponding optimal strength of the magnetic field
is

B(opt) ≃
3

2

η

1 + η2

(

mc2
)4

q3ε2max
, (10)

and E(opt) = ηB(opt).
The energy requirements given by Eqs. (7) as functions

of accelerator size are presented in Fig. 1. The required
accelerator energy increases as the region size deviates
from the optimal one. A smaller region would accelerate
particles to the energy εmax only if the energy budget
is increased by R(opt)/R times; in a larger region, the
energy budget has to be increased by R/R(opt) times.
To have an idea of typical numbers, let us make the

estimates for a proton of energy εmax = 1020 eV. In this
case, the total electromagnetic energy in the acceleration

region should exceed W (opt)
em ≃ 3× 1051 erg; the optimal

size R(opt) is of the order of 1017 cm and the optimal mag-
netic field is of ∼ 3 G. When making these estimates we
assumed η = 1 to lower the energy requirements. Taking
η still larger does not reduce them too much, by a factor
of 2 at most.
All the results obtained are valid also for an accelera-

tor that moves as a whole with the Lorentz factor Γ ≫ 1,
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for bulk Lorentz factors Γ = 10 and Γ = 300), and Eq. (7b),
dashed lines, as functions of the comoving size of an accelera-
tion region. For AGN inner jets, the upper zone corresponds
to hadronic models of high-energy γ-ray emission, and lower
zone – to leptonic models.

if the quantities are measured in the comoving frame.
However, it is more convenient to present the results in a

form where W (opt)
em and εmax are measured in the labora-

tory frame, while R(opt), B(opt) and E(opt) are measured
in the comoving frame. Then

W (opt)
em ≃

1

9Γ4

√

1 + η2

η

ε5max

(mc2)4
, (11a)

R′(opt) ≃
2

3Γ3

√

1 + η2

η

q2ε3max

(mc2)4
, (11b)

B′(opt) ≃
3Γ2

2

η

1 + η2

(

mc2
)4

q3ε2max

, (11c)

where the primed quantities are measured in the comov-
ing frame. A comparison of energy requirements given by
Eqs. (7), generalized for the case Γ ≫ 1, for accelerators
with different bulk Lorentz factors is presented in Fig. 2.
Apparently, the acceleration of EHECRs in ultrarela-

tivistic bulk flows has an advantage of bringing the opti-
mal source size to a more ”comfortable” (for short-lived
phenomena like Gamma-Ray Bursts) range and reduc-
ing the energy requirements to the source. However, for
wind-like relativistic flows the actual requirements are
geometry-dependent. Indeed, for the causality reasons,
the acceleration region does not occupy the whole sphere
of radius R, but rather extends to a distance R′ = R/Γ
transverse to the radius and to a distance R′/Γ along it,
so that the total energy within the volume of radius R
is of ∼ Γ4Wem for a wind with a broad beam pattern.
Since the energy stored in the acceleration region, Wem,
is multiplied by Γ4 in this case, one can only gain from
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FIG. 1: The energy requirements for protons of energy
1020 eV. Eq. (7a), dotted lines (for acceleration efficiencies
η = 1 and η = 10−2), and Eq. (7b), dashed line, as functions
of the size of an acceleration region.

in Eq. (7b). Doing this, we derive the optimal size

R(opt) ≃
2

3

√

1 + η2

η

q2ε3max

(mc2)4
, (8)

such that both conditions become quantitatively the
same. This finally gives the optimal (the minimum pos-
sible) estimate for the amount of electromagnetic energy
stored in the acceleration region:

W (opt)
em ≃

1

9

√

1 + η2

η

ε5max

(mc2)4
. (9)

The corresponding optimal strength of the magnetic field
is

B(opt) ≃
3

2

η

1 + η2

(

mc2
)4

q3ε2max
, (10)

and E(opt) = ηB(opt).
The energy requirements given by Eqs. (7) as functions

of accelerator size are presented in Fig. 1. The required
accelerator energy increases as the region size deviates
from the optimal one. A smaller region would accelerate
particles to the energy εmax only if the energy budget
is increased by R(opt)/R times; in a larger region, the
energy budget has to be increased by R/R(opt) times.
To have an idea of typical numbers, let us make the

estimates for a proton of energy εmax = 1020 eV. In this
case, the total electromagnetic energy in the acceleration

region should exceed W (opt)
em ≃ 3× 1051 erg; the optimal

size R(opt) is of the order of 1017 cm and the optimal mag-
netic field is of ∼ 3 G. When making these estimates we
assumed η = 1 to lower the energy requirements. Taking
η still larger does not reduce them too much, by a factor
of 2 at most.
All the results obtained are valid also for an accelera-

tor that moves as a whole with the Lorentz factor Γ ≫ 1,
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1020 eV. Eq. (7a), dotted lines (for accelerator at rest and
for bulk Lorentz factors Γ = 10 and Γ = 300), and Eq. (7b),
dashed lines, as functions of the comoving size of an accelera-
tion region. For AGN inner jets, the upper zone corresponds
to hadronic models of high-energy γ-ray emission, and lower
zone – to leptonic models.

if the quantities are measured in the comoving frame.
However, it is more convenient to present the results in a

form where W (opt)
em and εmax are measured in the labora-

tory frame, while R(opt), B(opt) and E(opt) are measured
in the comoving frame. Then

W (opt)
em ≃

1

9Γ4

√

1 + η2

η

ε5max

(mc2)4
, (11a)

R′(opt) ≃
2

3Γ3

√

1 + η2

η

q2ε3max

(mc2)4
, (11b)

B′(opt) ≃
3Γ2

2

η

1 + η2

(

mc2
)4

q3ε2max

, (11c)

where the primed quantities are measured in the comov-
ing frame. A comparison of energy requirements given by
Eqs. (7), generalized for the case Γ ≫ 1, for accelerators
with different bulk Lorentz factors is presented in Fig. 2.
Apparently, the acceleration of EHECRs in ultrarela-

tivistic bulk flows has an advantage of bringing the opti-
mal source size to a more ”comfortable” (for short-lived
phenomena like Gamma-Ray Bursts) range and reduc-
ing the energy requirements to the source. However, for
wind-like relativistic flows the actual requirements are
geometry-dependent. Indeed, for the causality reasons,
the acceleration region does not occupy the whole sphere
of radius R, but rather extends to a distance R′ = R/Γ
transverse to the radius and to a distance R′/Γ along it,
so that the total energy within the volume of radius R
is of ∼ Γ4Wem for a wind with a broad beam pattern.
Since the energy stored in the acceleration region, Wem,
is multiplied by Γ4 in this case, one can only gain from
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Causality
unfortunately the situation is not as simple as that… 

consider for example a wind-type accelerator

2L
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 If the plasma expands, the B field 
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 So we have a limited time to 
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<latexit sha1_base64="cJih33XiFg0EMqDvBAhKAjlyE04=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5CQO2CNhYWEc0HJEfY28wlS/b2jt09IYT8BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRjczv/WESvNYPppxgn5EB5KHnFFjpYcKuesVS27ZnYOsEi8jJchQ7xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3VKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhNe+hMuk9SgZItFYSqIicnsb9LnCpkRY0soU9zeStiQKsqMTadgQ/CWX14lzUrZq5av7qul2nUWRx5O4BTOwYMLqMEt1KEBDAbwDK/w5gjnxXl3PhatOSebOYY/cD5/AG4OjUI=</latexit>

Γ

<latexit sha1_base64="FbKIIXQcpeKtyvoku2mevJwPPQE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CHvQYwTwgWcLsZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLRzdRvPVFtmJIPdpzQUOCBZDEj2Dqp2b3FQuBeueJX/RnQMglyUoEc9V75q9tXJBVUWsKxMZ3AT2yYYW0Z4XRS6qaGJpiM8IB2HJVYUBNms2sn6MQpfRQr7UpaNFN/T2RYGDMWkesU2A7NojcV//M6qY0vw4zJJLVUkvmiOOXIKjR9HfWZpsTysSOYaOZuRWSINSbWBVRyIQSLLy+T5lk1OK9e3Z9Xatd5HEU4gmM4hQAuoAZ3UIcGEHiEZ3iFN095L9679zFvLXj5zCH8gff5A1nLjwE=</latexit>

 If the plasma expands, the B field 
decreases 
 So we have a limited time to 
accelerate particles 
 Let’s say the field drops when:

∆L ≈ L

<latexit sha1_base64="OEDUcglxzunR4Lgx16euFehz3qY=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqsyIoO6KunDRRQX7gM5QMmmmDc0kIclIy9BfceNCEbf+iDv/xrSdhbYeuHA4517uvSeSjGrjed9OYW19Y3OruF3a2d3bP3APyy0tUoVJEwsmVCdCmjDKSdNQw0hHKoKSiJF2NLqd+e0nojQV/NFMJAkTNOA0phgZK/XccnBHmEGwDgMkpRJjWO+5Fa/qzQFXiZ+TCsjR6LlfQV/gNCHcYIa07vqeNGGGlKGYkWkpSDWRCI/QgHQt5SghOszmt0/hqVX6MBbKFjdwrv6eyFCi9SSJbGeCzFAvezPxP6+bmvgqzCiXqSEcLxbFKYNGwFkQsE8VwYZNLEFYUXsrxEOkEDY2rpINwV9+eZW0zqv+RfX64aJSu8njKIJjcALOgA8uQQ3cgwZoAgzG4Bm8gjdn6rw4787HorXg5DNH4A+czx+8lpOf</latexit>

t = ∆L/c ∼ L/c

<latexit sha1_base64="95mxhcrnNKF4Ok0YWQz0W0po93M=">AAACAnicbVC7SgNBFJ2Nrxhfq1ZiMxgEq2RXAmohBLWwSBHBPCC7hNnJbDJk9sHMXSEswcZfsbFQxNavsPNvnCRbaOKBC4dz7uXee7xYcAWW9W3klpZXVtfy64WNza3tHXN3r6miRFLWoJGIZNsjigkesgZwEKwdS0YCT7CWN7ye+K0HJhWPwnsYxcwNSD/kPqcEtNQ1DwDjS+eGCSC4hsuYYkfxANfKtGsWrZI1BV4kdkaKKEO9a345vYgmAQuBCqJUx7ZicFMigVPBxgUnUSwmdEj6rKNpSAKm3HT6whgfa6WH/UjqCgFP1d8TKQmUGgWe7gwIDNS8NxH/8zoJ+OduysM4ARbS2SI/ERgiPMkD97hkFMRIE0Il17diOiCSUNCpFXQI9vzLi6R5WrIrpYu7SrF6lcWRR4foCJ0gG52hKrpFddRAFD2iZ/SK3own48V4Nz5mrTkjm9lHf2B8/gBsWZTp</latexit>

R′ ∼ L/Γ

<latexit sha1_base64="bsmGQy0yu/Rawm6xZSVxJhPTXQc=">AAACAXicbVA9SwNBEN3zM8avUxvBZjEIVvFOAmoXtNDCIor5gNwZ9jaTZMnu3bG7J4QjNv4VGwtFbP0Xdv4bN8kVmvhg4PHeDDPzgpgzpR3n25qbX1hcWs6t5FfX1jc27a3tmooSSaFKIx7JRkAUcBZCVTPNoRFLICLgUA/6FyO//gBSsSi804MYfEG6IeswSrSRWvbu7X3qxZIJGGJPMYGvj7xLIgRp2QWn6IyBZ4mbkQLKUGnZX147oomAUFNOlGq6Tqz9lEjNKIdh3ksUxIT2SReahoZEgPLT8QdDfGCUNu5E0lSo8Vj9PZESodRABKZTEN1T095I/M9rJrpz6qcsjBMNIZ0s6iQc6wiP4sBtJoFqPjCEUMnMrZj2iCRUm9DyJgR3+uVZUjsuuqXi2U2pUD7P4sihPbSPDpGLTlAZXaEKqiKKHtEzekVv1pP1Yr1bH5PWOSub2UF/YH3+AKthlmc=</latexit>

 A particle moving will the flow can be 
accelerated over a time (region):

t′ ∼ L/Γc

<latexit sha1_base64="5fdlrdbT0W/hUdDPAGh1ssLPb64=">AAACA3icbVA9SwNBEN2LXzF+ndppsxgEq3gnAbULWmhhEcF8QO4Mc5tNsmT37tjdE8IRsPGv2FgoYuufsPPfuEmu0MQHA4/3ZpiZF8ScKe0431ZuYXFpeSW/Wlhb39jcsrd36ipKJKE1EvFINgNQlLOQ1jTTnDZjSUEEnDaCweXYbzxQqVgU3ulhTH0BvZB1GQFtpLa9p+9TL5ZM0BH2FBP45ti7AiEAk7ZddErOBHieuBkpogzVtv3ldSKSCBpqwkGpluvE2k9BakY4HRW8RNEYyAB6tGVoCIIqP538MMKHRungbiRNhRpP1N8TKQilhiIwnQJ0X816Y/E/r5Xo7pmfsjBONA3JdFE34VhHeBwI7jBJieZDQ4BIZm7FpA8SiDaxFUwI7uzL86R+UnLLpfPbcrFykcWRR/voAB0hF52iCrpGVVRDBD2iZ/SK3qwn68V6tz6mrTkrm9lFf2B9/gAE6Zcg</latexit>

—> the constrain refers to a very small fraction 
of the volume of the source —> the total energy 
is much larger!



Things to remember

Hillas criterium 

 Combined with constraints due to radiative losses can be used to 
identify possible particle accelerators 
 Even in the most optimistic scenarios, large energy budgets are 
required to reach 1020 eV —> extreme accelerators  
 Relativistic effects may, under certain conditions, mitigate the 
requirements. Otherwise very large sizes have to be invoked.



Summary



Hillas, Hillas, and Hillas 
(1) Hillas review paper19
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A. M. Hillas, Annual Review of Astronomy and Astrophysics, 22 (1984) 425 



Hillas, Hillas, and Hillas 
(2) Hillas criterium

Hillas criterium

Emax ! qB
u

c
L

<latexit sha1_base64="IZ6TSCkL6k6ej/gfSXEaJNxwqD4=">AAACC3icbVC7SgNBFJ31GeNr1ULEZkgQrMKuCMYuRAQLiwjmAdmwzE5mkyEzu+vMrBiW7W38FRsLRWztxU4bWz/DyaPQxAMXDufcy733eBGjUlnWhzEzOze/sJhZyi6vrK6tmxubNRnGApMqDlkoGh6ShNGAVBVVjDQiQRD3GKl7vZOBX78mQtIwuFT9iLQ46gTUpxgpLblm7tRNOLpJocOIlJJyeAXL0PEFwkmcJjiF566ZtwrWEHCa2GOSLxW/3rY/v3cqrvnutEMccxIozJCUTduKVCtBQlHMSJp1YkkihHuoQ5qaBogT2UqGv6RwTytt6IdCV6DgUP09kSAuZZ97upMj1ZWT3kD8z2vGyi+2EhpEsSIBHi3yYwZVCAfBwDYVBCvW1wRhQfWtEHeRzkHp+LI6BHvy5WlSOyjYh4XjC51GGYyQAbsgB/aBDY5ACZyBCqgCDG7BPXgET8ad8WA8Gy+j1hljPLMF/sB4/QHmqZ69</latexit>

−→ Emax ! qBL −→ RL(Emax) ! L

<latexit sha1_base64="Pbw066Wkz/6TzoPToaSbfqIyR6U="></latexit>

relativistic motion

Emax ! ΓqBL

<latexit sha1_base64="xmpEo1mb3TJh64/HBMovuZK+pCw=">AAACBnicbVDJSgNBEO2JW4xb1KMLjUHwFGZEUG8hInrwkIBZIAmhptNJmnTPjN09YhhyEsFf8eJBEXP0G7z5Df6EneWgiQ8KHu9VUVXPDThT2ra/rNjM7Nz8QnwxsbS8srqWXN8oKj+UhBaIz31ZdkFRzjxa0ExzWg4kBeFyWnI7ZwO/dEulYr53rbsBrQloeazJCGgj1ZM75/VIwF0PVzlVSjGBqxcgBOAbnMVX9WTKTttD4GnijEkqs93Pfz/s9nP15Ge14ZNQUE8TDkpVHDvQtQikZoTTXqIaKhoA6UCLVgz1QFBVi4Zv9PC+URq46UtTnsZD9fdEBEKprnBNpwDdVpPeQPzPq4S6eVKLmBeEmnpktKgZcqx9PMgEN5ikRPOuIUAkM7di0gYJRJvkEiYEZ/LlaVI8TDtH6dO8SSOLRoijLbSHDpCDjlEGXaIcKiCC7tETekGv1qP1bL1Z76PWmDWe2UR/YH38AJLqm5w=</latexit>
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Hillas, Hillas, and Hillas 
(3) Hillas plot

A. M. Hillas, Annual Review of Astronomy and Astrophysics, 22 (1984) 425 
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Hillas, Hillas, and Hillas 
(3) Hillas plot (updated)

A. M. Hillas, Annual Review of Astronomy and Astrophysics, 22 (1984) 425 

GRB



The End 

Thanks to everybody


