
Konstantinos Tassis
University of Crete 

Foundation for Research and Technology – Hellas

MHD of the Interstellar Medium 



The Interstellar Medium...

...is everything that exists between the stars.

1. Gas
2. Dust
3. Radiation
4. Cosmic Rays
5. Magnetic Fields



Structure of the ISM
Ionized Gas:
- Very Hot Ionized Medium (HIM)

n ~ 0.01 cm-3 T ~ 105 K
- Warm Ionized Medium (WIM)

n ~ 0.1 cm-3 T ~ 104 K
- HII Regions:  T ~ 104 K    n ~ 0.1-104 cm-3

Neutral Gas:
- Warm Neutral Medium (WNM)

n ~ 1 cm-3 T ~ 6000 K 
- Cold Neutral Medium (CNM)

n ~ 50 cm-3 T ~ 100 K
Molecular Gas:

n ~ 1000 cm-3 T ~ 10 K
“cores”:  n ~ 104 – 106 cm-3 T ~ 10 K

(Ultra High Vacuum: n~106 cm-3)



Dust Thermal Emission



Molecular Clouds (Birthplaces of Stars):
• Very Cold

MT,crit = 5.8 M � (n = 103 cm-3, T = 10 K)
but Mcloud » 103 - 106M�

• Weakly Ionized
xi » 10-4

• Magnetized 
B » several µG

Star Formation 

Read more in Review here



Magneto Hydro Dynamics

Gaseous ➯ fluid description HD ✔

Magnetized    ➯ MHD✔

but weakly ionized  ➯ Non-Ideal MHD



Hydro Dynamics
Lagrangian   vs.   Eulerian reference frames



Hydro Dynamics

Continuity Equation represents local mass conservation 

The change in density of a Lagrangian fluid element is produced by a change 
in the specific volume



Hydro Dynamics

Force Equation represents local momentum conservation 
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Magneto HD
Lorenz force for charged particles 

Maxwell’s Equations 
+



3 (n, i, e) fluid MHD
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3 (n, i, e) fluid MHD
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<latexit sha1_base64="b3v2NBKp66hsgIEWfM1aGPF+CqY=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgIYRd8XURgl48RjAPSJYwO+kkQ2Znl5lZISz5CC8eFPHq93jzb5wke9DEgoaiqpvuriAWXBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRDGss0hEqhVQjYJLrBtuBLZihTQMBDaD0d3Ubz6h0jySj2Ycox/SgeR9zqixUlPfyDIvY7dYcivuDGSZeBkpQYZat/jV6UUsCVEaJqjWbc+NjZ9SZTgTOCl0Eo0xZSM6wLalkoao/XR27oScWKVH+pGyJQ2Zqb8nUhpqPQ4D2xlSM9SL3lT8z2snpn/tp1zGiUHJ5ov6iSAmItPfSY8rZEaMLaFMcXsrYUOqKDM2oYINwVt8eZk0zireZeXi4bxUvc3iyMMRHMMpeHAFVbiHGtSBwQie4RXenNh5cd6dj3lrzslmDuEPnM8fh3iPDg==</latexit>

s = n, i, e



3 (n, i, e) fluid MHD
<latexit sha1_base64="1oC0ubcI5LedOyN5tSM57uHfMmg="></latexit>

⇢e

✓
D

Dt

◆

e

ve = �rPe � ⇢eg � nee(E+
ve

c
⇥B) + Fei + Fen

<latexit sha1_base64="AvHdH8OFkkC3hK8YYSpt33t7dpY="></latexit>

⇢n

✓
D

Dt

◆

n

vn = �rPn � ⇢ng + Fne + Fni

<latexit sha1_base64="qjQOT+9u1mnb5d1WXx+TjcDI5EQ="></latexit>✓
D

Dt

◆

s

⇢s = �⇢sr · vs

<latexit sha1_base64="FUag7loVQJHP8t75ppMFSWolkko="></latexit>

F12 = n1�12


m1m2

m1 +m2
(v2 � v1)

�
<latexit sha1_base64="zvPHLQUXk53VTZ2NVrCmYTnpryY=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4scwUXxuhKIjLCvYB7TBkMmkbmkmGJCOUYTZu/BU3LhRx6z+4829M2wG19cCFk3PuJfeeIGZUacf5submFxaXlgsrxdW19Y1Ne2u7oUQiMaljwYRsBUgRRjmpa6oZacWSoChgpBkMrkZ+855IRQW/08OYeBHqcdqlGGkj+fZeJxAsTK8zP3Ur2cXRz7PiZr5dcsrOGHCWuDkpgRw13/7shAInEeEaM6RU23Vi7aVIaooZyYqdRJEY4QHqkbahHEVEeen4igweGCWEXSFNcQ3H6u+JFEVKDaPAdEZI99W0NxL/89qJ7p57KeVxognHk4+6CYNawFEkMKSSYM2GhiAsqdkV4j6SCGsTXNGE4E6fPEsalbJ7Wj65PS5VL/M4CmAX7IND4IIzUAU3oAbqAIMH8ARewKv1aD1bb9b7pHXOymd2wB9YH9/JmJgh</latexit>

F12 = �F21

<latexit sha1_base64="J2ATcJPd0DqKLvl9zOj2kaDqCyQ=">AAACE3icbVC7SgNBFJ31GeNr1dJmMAhiEXYlPhohaKFlBPOAbAizs5NkyOzMMnNXCEv+wcZfsbFQxNbGzr9x8ig08cCFwzn3cu89YSK4Ac/7dhYWl5ZXVnNr+fWNza1td2e3ZlSqKatSJZRuhMQwwSWrAgfBGolmJA4Fq4f965Fff2DacCXvYZCwVky6knc4JWCltnscSBIKggMaKcBBqESUdYf4EpdwkHB8gwPdU+0MFAzbbsEremPgeeJPSQFNUWm7X0GkaBozCVQQY5q+l0ArIxo4FWyYD1LDEkL7pMualkoSM9PKxj8N8aFVItxR2pYEPFZ/T2QkNmYQh7YzJtAzs95I/M9rptC5aGVcJikwSSeLOqnAoPAoIBxxzSiIgSWEam5vxbRHNKFgY8zbEPzZl+dJ7aTonxVP70qF8tU0jhzaRwfoCPnoHJXRLaqgKqLoET2jV/TmPDkvzrvzMWldcKYze+gPnM8fUYidNQ==</latexit>

r · g = 4⇡G⇢tot
<latexit sha1_base64="rJj8b0BPHk8PFEqZ0/+Akn0faaA=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9gVXxch6MVjBPOA7Bp6J5NkyMzsMjMbCEv+xIsHRbz6J978GyfJHjSxoKGo6qa7K0o408bzvp3Cyura+kZxs7S1vbO75+4fNHScKkLrJOaxakWgKWeS1g0znLYSRUFEnDaj4d3Ub46o0iyWj2ac0FBAX7IeI2Cs1HHd2s0wUIP4KQv6IARMOm7Zq3gz4GXi56SMctQ67lfQjUkqqDSEg9Zt30tMmIEyjHA6KQWppgmQIfRp21IJguowm10+wSdW6eJerGxJg2fq74kMhNZjEdlOAWagF72p+J/XTk3vOsyYTFJDJZkv6qUcmxhPY8BdpigxfGwJEMXsrZgMQAExNqySDcFffHmZNM4q/mXl4uG8XL3N4yiiI3SMTpGPrlAV3aMaqiOCRugZvaI3J3NenHfnY95acPKZQ/QHzucPl7eTpw==</latexit>

P = k⇢�
<latexit sha1_base64="FgvN8B+SeEbs/u20rIraOa5qCNE=">AAACAnicbVDJSgNBEO2JW4zbqCfx0hgET2FG3C5CiBePEcwCmRBqejpJk57uobtHCEPw4q948aCIV7/Cm39jZzlo4oOCx3tVVNULE8608bxvJ7e0vLK6ll8vbGxube+4u3t1LVNFaI1ILlUzBE05E7RmmOG0mSgKcchpIxzcjP3GA1WaSXFvhgltx9ATrMsIGCt13INAQMgBBySSBgeh5FFWGeFr7HXcolfyJsCLxJ+RIpqh2nG/gkiSNKbCEA5at3wvMe0MlGGE01EhSDVNgAygR1uWCoipbmeTF0b42CoR7kplSxg8UX9PZBBrPYxD2xmD6et5byz+57VS071qZ0wkqaGCTBd1U46NxOM8cMQUJYYPLQGimL0Vkz4oIMamVrAh+PMvL5L6acm/KJ3fnRXLlVkceXSIjtAJ8tElKqNbVEU1RNAjekav6M15cl6cd+dj2ppzZjP76A+czx96Y5Yz</latexit>r ·B = 0

<latexit sha1_base64="2KPWRz8aPa502a/hLRhf1kQCd/k=">AAACKXicbVDLSgMxFM3UV62vqks3wSK4scyIr41QKoLLCvYBnVLupJk2NJMZkoxQhvkdN/6KGwVF3fojpu2A2nohcDjnXE7u8SLOlLbtDyu3sLi0vJJfLaytb2xuFbd3GiqMJaF1EvJQtjxQlDNB65ppTluRpBB4nDa94dVYb95TqVgo7vQoop0A+oL5jIA2VLdYcX0JJHEjkJoBx64X8l5STdMfSqf4Eh8R7ArwOGBXs4CqzHiddoslu2xPBs8DJwMllE2tW3xxeyGJAyo04aBU27Ej3UnGYYTTtODGikZAhtCnbQMFmLROMrk0xQeG6WE/lOYJjSfs740EAqVGgWecAeiBmtXG5H9aO9b+RSdhIoo1FWQa5Mfm+BCPa8M9JinRfGQAEMnMXzEZgKlOm3ILpgRn9uR50DguO2fl09uTUqWa1ZFHe2gfHSIHnaMKukE1VEcEPaAn9IrerEfr2Xq3PqfWnJXt7KI/Y319Aw4fpxk=</latexit>

@B

@t
= �cr⇥E

<latexit sha1_base64="kYpz61sHaEpYG0pnKKeJgpHhQAs="></latexit>

⇢i

✓
D

Dt

◆

i

vi = �rPi � ⇢ig + niZe(E+
vi

c
⇥B) + Fie + Fin

<latexit sha1_base64="fpDgkeRhdU2VV13+BbWKR7wqwv8=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyURX8uiG5cV7APbECbTm3boZBJmJmIJBX/FjQtF3Pod7vwbp2kWWj1w4cw59zL3niDhTGnH+bJKC4tLyyvl1cra+sbmlr2901JxKik0acxj2QmIAs4ENDXTHDqJBBIFHNrB6Grqt+9BKhaLWz1OwIvIQLCQUaKN5Nt7dxiw8BnukSSR8UP+At+uOjUnB/5L3IJUUYGGb3/2+jFNIxCacqJU13US7WVEakY5TCq9VEFC6IgMoGuoIBEoL8vXn+BDo/RxGEtTQuNc/TmRkUipcRSYzojooZr3puJ/XjfV4YWXMZGkGgSdfRSmHOsYT7PAfSaBaj42hFDJzK6YDokkVJvEKiYEd/7kv6R1XHPPaqc3J9X6ZRFHGe2jA3SEXHSO6ugaNVATUZShJ/SCXq1H69l6s95nrSWrmNlFv2B9fAOkIpSp</latexit>

Zeni ⇡ ene
<latexit sha1_base64="cj4rj1WkWTJbdoFBGtfC7Ma43rU=">AAACE3icbVDLSgMxFM3UV62vqks3wSJUwTIjvjZC0Y3LCvYB7TBkMrdtbCYzJJlCGfoPbvwVNy4UcevGnX9j+kC0euDCyTn3knuPH3OmtG1/Wpm5+YXFpexybmV1bX0jv7lVU1EiKVRpxCPZ8IkCzgRUNdMcGrEEEvoc6n7vauTX+yAVi8StHsTghqQjWJtRoo3k5Q9afsSD9G6IL7DwAAMuTpT+0GP4EH8/YN/LF+ySPQb+S5wpKaApKl7+oxVENAlBaMqJUk3HjrWbEqkZ5TDMtRIFMaE90oGmoYKEoNx0fNMQ7xklwO1ImhIaj9WfEykJlRqEvukMie6qWW8k/uc1E90+d1Mm4kSDoJOP2gnHOsKjgHDAJFDNB4YQKpnZFdMukYRqE2POhODMnvyX1I5Kzmnp5Oa4UL6cxpFFO2gXFZGDzlAZXaMKqiKK7tEjekYv1oP1ZL1ab5PWjDWd2Ua/YL1/AUS8nSw=</latexit>

j = nee(vi � ve)

<latexit sha1_base64="88Qh3izlXMsilTNwhR744oGiiDg=">AAACAnicbVDJSgNBEO2JW4zbqCfx0hgET2FG3C5CUASPEcwCmRB6ejpJk57uobtGCEPw4q948aCIV7/Cm39jZzlo4oOCx3tVVNULE8ENeN63k1tYXFpeya8W1tY3Nrfc7Z2aUammrEqVULoREsMEl6wKHARrJJqROBSsHvavR379gWnDlbyHQcJaMelK3uGUgJXa7l4gSSgIDmikAAehElF2M8SX2Gu7Ra/kjYHniT8lRTRFpe1+BZGiacwkUEGMafpeAq2MaOBUsGEhSA1LCO2TLmtaKknMTCsbvzDEh1aJcEdpWxLwWP09kZHYmEEc2s6YQM/MeiPxP6+ZQueilXGZpMAknSzqpAKDwqM8cMQ1oyAGlhCqub0V0x7RhIJNrWBD8Gdfnie145J/Vjq9OymWr6Zx5NE+OkBHyEfnqIxuUQVVEUWP6Bm9ojfnyXlx3p2PSWvOmc7soj9wPn8Afv6WNg==</latexit>r ·E = 0

<latexit sha1_base64="SU8uFGiQryUs+3bs8v4nNBPit8c=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtRFK3bisYB/QhDKZTNqxk5kwMxFKyG+48VfcuFDEpa78G6dtFtp64MLhnHu5954gYVRpx/m2SkvLK6tr5fXKxubW9o69u9dWIpWYtLBgQnYDpAijnLQ01Yx0E0lQHDDSCUbXE7/zQKSigt/pcUL8GA04jShG2kh92/E4ChiCnqYxUdALBAuzRg6voBdJhLNTL6F5hvPCuc/7dtWpOVPAReIWpAoKNPv2pxcKnMaEa8yQUj3XSbSfIakpZiSveKkiCcIjNCA9Qzkyd/jZ9LMcHhklhJGQpriGU/X3RIZipcZxYDpjpIdq3puI/3m9VEeXfkZ5kmrC8WxRlDKoBZzEBEMqCdZsbAjCkppbIR4ik4g2YVZMCO78y4ukfVJzz2tnt6fVeqOIowwOwCE4Bi64AHVwA5qgBTB4BM/gFbxZT9aL9W59zFpLVjGzD/7A+voBYxWglA==</latexit>

r⇥B =
4⇡

c
j



3 (n, i, e) fluid MHD

<latexit sha1_base64="AvHdH8OFkkC3hK8YYSpt33t7dpY="></latexit>

⇢n

✓
D

Dt

◆

n

vn = �rPn � ⇢ng + Fne + Fni

<latexit sha1_base64="qjQOT+9u1mnb5d1WXx+TjcDI5EQ="></latexit>✓
D

Dt

◆

s

⇢s = �⇢sr · vs

<latexit sha1_base64="FUag7loVQJHP8t75ppMFSWolkko="></latexit>

F12 = n1�12


m1m2

m1 +m2
(v2 � v1)

�
<latexit sha1_base64="zvPHLQUXk53VTZ2NVrCmYTnpryY=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4scwUXxuhKIjLCvYB7TBkMmkbmkmGJCOUYTZu/BU3LhRx6z+4829M2wG19cCFk3PuJfeeIGZUacf5submFxaXlgsrxdW19Y1Ne2u7oUQiMaljwYRsBUgRRjmpa6oZacWSoChgpBkMrkZ+855IRQW/08OYeBHqcdqlGGkj+fZeJxAsTK8zP3Ur2cXRz7PiZr5dcsrOGHCWuDkpgRw13/7shAInEeEaM6RU23Vi7aVIaooZyYqdRJEY4QHqkbahHEVEeen4igweGCWEXSFNcQ3H6u+JFEVKDaPAdEZI99W0NxL/89qJ7p57KeVxognHk4+6CYNawFEkMKSSYM2GhiAsqdkV4j6SCGsTXNGE4E6fPEsalbJ7Wj65PS5VL/M4CmAX7IND4IIzUAU3oAbqAIMH8ARewKv1aD1bb9b7pHXOymd2wB9YH9/JmJgh</latexit>

F12 = �F21

<latexit sha1_base64="J2ATcJPd0DqKLvl9zOj2kaDqCyQ=">AAACE3icbVC7SgNBFJ31GeNr1dJmMAhiEXYlPhohaKFlBPOAbAizs5NkyOzMMnNXCEv+wcZfsbFQxNbGzr9x8ig08cCFwzn3cu89YSK4Ac/7dhYWl5ZXVnNr+fWNza1td2e3ZlSqKatSJZRuhMQwwSWrAgfBGolmJA4Fq4f965Fff2DacCXvYZCwVky6knc4JWCltnscSBIKggMaKcBBqESUdYf4EpdwkHB8gwPdU+0MFAzbbsEremPgeeJPSQFNUWm7X0GkaBozCVQQY5q+l0ArIxo4FWyYD1LDEkL7pMualkoSM9PKxj8N8aFVItxR2pYEPFZ/T2QkNmYQh7YzJtAzs95I/M9rptC5aGVcJikwSSeLOqnAoPAoIBxxzSiIgSWEam5vxbRHNKFgY8zbEPzZl+dJ7aTonxVP70qF8tU0jhzaRwfoCPnoHJXRLaqgKqLoET2jV/TmPDkvzrvzMWldcKYze+gPnM8fUYidNQ==</latexit>

r · g = 4⇡G⇢tot
<latexit sha1_base64="rJj8b0BPHk8PFEqZ0/+Akn0faaA=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9gVXxch6MVjBPOA7Bp6J5NkyMzsMjMbCEv+xIsHRbz6J978GyfJHjSxoKGo6qa7K0o408bzvp3Cyura+kZxs7S1vbO75+4fNHScKkLrJOaxakWgKWeS1g0znLYSRUFEnDaj4d3Ub46o0iyWj2ac0FBAX7IeI2Cs1HHd2s0wUIP4KQv6IARMOm7Zq3gz4GXi56SMctQ67lfQjUkqqDSEg9Zt30tMmIEyjHA6KQWppgmQIfRp21IJguowm10+wSdW6eJerGxJg2fq74kMhNZjEdlOAWagF72p+J/XTk3vOsyYTFJDJZkv6qUcmxhPY8BdpigxfGwJEMXsrZgMQAExNqySDcFffHmZNM4q/mXl4uG8XL3N4yiiI3SMTpGPrlAV3aMaqiOCRugZvaI3J3NenHfnY95acPKZQ/QHzucPl7eTpw==</latexit>

P = k⇢�
<latexit sha1_base64="FgvN8B+SeEbs/u20rIraOa5qCNE=">AAACAnicbVDJSgNBEO2JW4zbqCfx0hgET2FG3C5CiBePEcwCmRBqejpJk57uobtHCEPw4q948aCIV7/Cm39jZzlo4oOCx3tVVNULE8608bxvJ7e0vLK6ll8vbGxube+4u3t1LVNFaI1ILlUzBE05E7RmmOG0mSgKcchpIxzcjP3GA1WaSXFvhgltx9ATrMsIGCt13INAQMgBBySSBgeh5FFWGeFr7HXcolfyJsCLxJ+RIpqh2nG/gkiSNKbCEA5at3wvMe0MlGGE01EhSDVNgAygR1uWCoipbmeTF0b42CoR7kplSxg8UX9PZBBrPYxD2xmD6et5byz+57VS071qZ0wkqaGCTBd1U46NxOM8cMQUJYYPLQGimL0Vkz4oIMamVrAh+PMvL5L6acm/KJ3fnRXLlVkceXSIjtAJ8tElKqNbVEU1RNAjekav6M15cl6cd+dj2ppzZjP76A+czx96Y5Yz</latexit>r ·B = 0

<latexit sha1_base64="2KPWRz8aPa502a/hLRhf1kQCd/k=">AAACKXicbVDLSgMxFM3UV62vqks3wSK4scyIr41QKoLLCvYBnVLupJk2NJMZkoxQhvkdN/6KGwVF3fojpu2A2nohcDjnXE7u8SLOlLbtDyu3sLi0vJJfLaytb2xuFbd3GiqMJaF1EvJQtjxQlDNB65ppTluRpBB4nDa94dVYb95TqVgo7vQoop0A+oL5jIA2VLdYcX0JJHEjkJoBx64X8l5STdMfSqf4Eh8R7ArwOGBXs4CqzHiddoslu2xPBs8DJwMllE2tW3xxeyGJAyo04aBU27Ej3UnGYYTTtODGikZAhtCnbQMFmLROMrk0xQeG6WE/lOYJjSfs740EAqVGgWecAeiBmtXG5H9aO9b+RSdhIoo1FWQa5Mfm+BCPa8M9JinRfGQAEMnMXzEZgKlOm3ILpgRn9uR50DguO2fl09uTUqWa1ZFHe2gfHSIHnaMKukE1VEcEPaAn9IrerEfr2Xq3PqfWnJXt7KI/Y319Aw4fpxk=</latexit>

@B

@t
= �cr⇥E <latexit sha1_base64="fpDgkeRhdU2VV13+BbWKR7wqwv8=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyURX8uiG5cV7APbECbTm3boZBJmJmIJBX/FjQtF3Pod7vwbp2kWWj1w4cw59zL3niDhTGnH+bJKC4tLyyvl1cra+sbmlr2901JxKik0acxj2QmIAs4ENDXTHDqJBBIFHNrB6Grqt+9BKhaLWz1OwIvIQLCQUaKN5Nt7dxiw8BnukSSR8UP+At+uOjUnB/5L3IJUUYGGb3/2+jFNIxCacqJU13US7WVEakY5TCq9VEFC6IgMoGuoIBEoL8vXn+BDo/RxGEtTQuNc/TmRkUipcRSYzojooZr3puJ/XjfV4YWXMZGkGgSdfRSmHOsYT7PAfSaBaj42hFDJzK6YDokkVJvEKiYEd/7kv6R1XHPPaqc3J9X6ZRFHGe2jA3SEXHSO6ugaNVATUZShJ/SCXq1H69l6s95nrSWrmNlFv2B9fAOkIpSp</latexit>

Zeni ⇡ ene
<latexit sha1_base64="cj4rj1WkWTJbdoFBGtfC7Ma43rU=">AAACE3icbVDLSgMxFM3UV62vqks3wSJUwTIjvjZC0Y3LCvYB7TBkMrdtbCYzJJlCGfoPbvwVNy4UcevGnX9j+kC0euDCyTn3knuPH3OmtG1/Wpm5+YXFpexybmV1bX0jv7lVU1EiKVRpxCPZ8IkCzgRUNdMcGrEEEvoc6n7vauTX+yAVi8StHsTghqQjWJtRoo3k5Q9afsSD9G6IL7DwAAMuTpT+0GP4EH8/YN/LF+ySPQb+S5wpKaApKl7+oxVENAlBaMqJUk3HjrWbEqkZ5TDMtRIFMaE90oGmoYKEoNx0fNMQ7xklwO1ImhIaj9WfEykJlRqEvukMie6qWW8k/uc1E90+d1Mm4kSDoJOP2gnHOsKjgHDAJFDNB4YQKpnZFdMukYRqE2POhODMnvyX1I5Kzmnp5Oa4UL6cxpFFO2gXFZGDzlAZXaMKqiKK7tEjekYv1oP1ZL1ab5PWjDWd2Ua/YL1/AUS8nSw=</latexit>

j = nee(vi � ve)

<latexit sha1_base64="88Qh3izlXMsilTNwhR744oGiiDg=">AAACAnicbVDJSgNBEO2JW4zbqCfx0hgET2FG3C5CUASPEcwCmRB6ejpJk57uobtGCEPw4q948aCIV7/Cm39jZzlo4oOCx3tVVNULE8ENeN63k1tYXFpeya8W1tY3Nrfc7Z2aUammrEqVULoREsMEl6wKHARrJJqROBSsHvavR379gWnDlbyHQcJaMelK3uGUgJXa7l4gSSgIDmikAAehElF2M8SX2Gu7Ra/kjYHniT8lRTRFpe1+BZGiacwkUEGMafpeAq2MaOBUsGEhSA1LCO2TLmtaKknMTCsbvzDEh1aJcEdpWxLwWP09kZHYmEEc2s6YQM/MeiPxP6+ZQueilXGZpMAknSzqpAKDwqM8cMQ1oyAGlhCqub0V0x7RhIJNrWBD8Gdfnie145J/Vjq9OymWr6Zx5NE+OkBHyEfnqIxuUQVVEUWP6Bm9ojfnyXlx3p2PSWvOmc7soj9wPn8Afv6WNg==</latexit>r ·E = 0

<latexit sha1_base64="SU8uFGiQryUs+3bs8v4nNBPit8c=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtRFK3bisYB/QhDKZTNqxk5kwMxFKyG+48VfcuFDEpa78G6dtFtp64MLhnHu5954gYVRpx/m2SkvLK6tr5fXKxubW9o69u9dWIpWYtLBgQnYDpAijnLQ01Yx0E0lQHDDSCUbXE7/zQKSigt/pcUL8GA04jShG2kh92/E4ChiCnqYxUdALBAuzRg6voBdJhLNTL6F5hvPCuc/7dtWpOVPAReIWpAoKNPv2pxcKnMaEa8yQUj3XSbSfIakpZiSveKkiCcIjNCA9Qzkyd/jZ9LMcHhklhJGQpriGU/X3RIZipcZxYDpjpIdq3puI/3m9VEeXfkZ5kmrC8WxRlDKoBZzEBEMqCdZsbAjCkppbIR4ik4g2YVZMCO78y4ukfVJzz2tnt6fVeqOIowwOwCE4Bi64AHVwA5qgBTB4BM/gFbxZT9aL9W59zFpLVjGzD/7A+voBYxWglA==</latexit>

r⇥B =
4⇡

c
j

<latexit sha1_base64="VALQ881ave8boQTtmVDZPlcIqK8="></latexit>

0 = (niZe� nee)E+
1

c
(niZevi � neeve)⇥B+ Fei + Fie + Fen + Fin

j



2 (n, i+e) fluid MHD

<latexit sha1_base64="AvHdH8OFkkC3hK8YYSpt33t7dpY="></latexit>

⇢n

✓
D

Dt

◆

n

vn = �rPn � ⇢ng + Fne + Fni

<latexit sha1_base64="qjQOT+9u1mnb5d1WXx+TjcDI5EQ="></latexit>✓
D

Dt

◆

s

⇢s = �⇢sr · vs

<latexit sha1_base64="FUag7loVQJHP8t75ppMFSWolkko="></latexit>

F12 = n1�12


m1m2

m1 +m2
(v2 � v1)

�
<latexit sha1_base64="zvPHLQUXk53VTZ2NVrCmYTnpryY=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4scwUXxuhKIjLCvYB7TBkMmkbmkmGJCOUYTZu/BU3LhRx6z+4829M2wG19cCFk3PuJfeeIGZUacf5submFxaXlgsrxdW19Y1Ne2u7oUQiMaljwYRsBUgRRjmpa6oZacWSoChgpBkMrkZ+855IRQW/08OYeBHqcdqlGGkj+fZeJxAsTK8zP3Ur2cXRz7PiZr5dcsrOGHCWuDkpgRw13/7shAInEeEaM6RU23Vi7aVIaooZyYqdRJEY4QHqkbahHEVEeen4igweGCWEXSFNcQ3H6u+JFEVKDaPAdEZI99W0NxL/89qJ7p57KeVxognHk4+6CYNawFEkMKSSYM2GhiAsqdkV4j6SCGsTXNGE4E6fPEsalbJ7Wj65PS5VL/M4CmAX7IND4IIzUAU3oAbqAIMH8ARewKv1aD1bb9b7pHXOymd2wB9YH9/JmJgh</latexit>

F12 = �F21

<latexit sha1_base64="J2ATcJPd0DqKLvl9zOj2kaDqCyQ=">AAACE3icbVC7SgNBFJ31GeNr1dJmMAhiEXYlPhohaKFlBPOAbAizs5NkyOzMMnNXCEv+wcZfsbFQxNbGzr9x8ig08cCFwzn3cu89YSK4Ac/7dhYWl5ZXVnNr+fWNza1td2e3ZlSqKatSJZRuhMQwwSWrAgfBGolmJA4Fq4f965Fff2DacCXvYZCwVky6knc4JWCltnscSBIKggMaKcBBqESUdYf4EpdwkHB8gwPdU+0MFAzbbsEremPgeeJPSQFNUWm7X0GkaBozCVQQY5q+l0ArIxo4FWyYD1LDEkL7pMualkoSM9PKxj8N8aFVItxR2pYEPFZ/T2QkNmYQh7YzJtAzs95I/M9rptC5aGVcJikwSSeLOqnAoPAoIBxxzSiIgSWEam5vxbRHNKFgY8zbEPzZl+dJ7aTonxVP70qF8tU0jhzaRwfoCPnoHJXRLaqgKqLoET2jV/TmPDkvzrvzMWldcKYze+gPnM8fUYidNQ==</latexit>

r · g = 4⇡G⇢tot
<latexit sha1_base64="rJj8b0BPHk8PFEqZ0/+Akn0faaA=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9gVXxch6MVjBPOA7Bp6J5NkyMzsMjMbCEv+xIsHRbz6J978GyfJHjSxoKGo6qa7K0o408bzvp3Cyura+kZxs7S1vbO75+4fNHScKkLrJOaxakWgKWeS1g0znLYSRUFEnDaj4d3Ub46o0iyWj2ac0FBAX7IeI2Cs1HHd2s0wUIP4KQv6IARMOm7Zq3gz4GXi56SMctQ67lfQjUkqqDSEg9Zt30tMmIEyjHA6KQWppgmQIfRp21IJguowm10+wSdW6eJerGxJg2fq74kMhNZjEdlOAWagF72p+J/XTk3vOsyYTFJDJZkv6qUcmxhPY8BdpigxfGwJEMXsrZgMQAExNqySDcFffHmZNM4q/mXl4uG8XL3N4yiiI3SMTpGPrlAV3aMaqiOCRugZvaI3J3NenHfnY95acPKZQ/QHzucPl7eTpw==</latexit>

P = k⇢�
<latexit sha1_base64="FgvN8B+SeEbs/u20rIraOa5qCNE=">AAACAnicbVDJSgNBEO2JW4zbqCfx0hgET2FG3C5CiBePEcwCmRBqejpJk57uobtHCEPw4q948aCIV7/Cm39jZzlo4oOCx3tVVNULE8608bxvJ7e0vLK6ll8vbGxube+4u3t1LVNFaI1ILlUzBE05E7RmmOG0mSgKcchpIxzcjP3GA1WaSXFvhgltx9ATrMsIGCt13INAQMgBBySSBgeh5FFWGeFr7HXcolfyJsCLxJ+RIpqh2nG/gkiSNKbCEA5at3wvMe0MlGGE01EhSDVNgAygR1uWCoipbmeTF0b42CoR7kplSxg8UX9PZBBrPYxD2xmD6et5byz+57VS071qZ0wkqaGCTBd1U46NxOM8cMQUJYYPLQGimL0Vkz4oIMamVrAh+PMvL5L6acm/KJ3fnRXLlVkceXSIjtAJ8tElKqNbVEU1RNAjekav6M15cl6cd+dj2ppzZjP76A+czx96Y5Yz</latexit>r ·B = 0

<latexit sha1_base64="2KPWRz8aPa502a/hLRhf1kQCd/k=">AAACKXicbVDLSgMxFM3UV62vqks3wSK4scyIr41QKoLLCvYBnVLupJk2NJMZkoxQhvkdN/6KGwVF3fojpu2A2nohcDjnXE7u8SLOlLbtDyu3sLi0vJJfLaytb2xuFbd3GiqMJaF1EvJQtjxQlDNB65ppTluRpBB4nDa94dVYb95TqVgo7vQoop0A+oL5jIA2VLdYcX0JJHEjkJoBx64X8l5STdMfSqf4Eh8R7ArwOGBXs4CqzHiddoslu2xPBs8DJwMllE2tW3xxeyGJAyo04aBU27Ej3UnGYYTTtODGikZAhtCnbQMFmLROMrk0xQeG6WE/lOYJjSfs740EAqVGgWecAeiBmtXG5H9aO9b+RSdhIoo1FWQa5Mfm+BCPa8M9JinRfGQAEMnMXzEZgKlOm3ILpgRn9uR50DguO2fl09uTUqWa1ZFHe2gfHSIHnaMKukE1VEcEPaAn9IrerEfr2Xq3PqfWnJXt7KI/Y319Aw4fpxk=</latexit>

@B

@t
= �cr⇥E <latexit sha1_base64="fpDgkeRhdU2VV13+BbWKR7wqwv8=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyURX8uiG5cV7APbECbTm3boZBJmJmIJBX/FjQtF3Pod7vwbp2kWWj1w4cw59zL3niDhTGnH+bJKC4tLyyvl1cra+sbmlr2901JxKik0acxj2QmIAs4ENDXTHDqJBBIFHNrB6Grqt+9BKhaLWz1OwIvIQLCQUaKN5Nt7dxiw8BnukSSR8UP+At+uOjUnB/5L3IJUUYGGb3/2+jFNIxCacqJU13US7WVEakY5TCq9VEFC6IgMoGuoIBEoL8vXn+BDo/RxGEtTQuNc/TmRkUipcRSYzojooZr3puJ/XjfV4YWXMZGkGgSdfRSmHOsYT7PAfSaBaj42hFDJzK6YDokkVJvEKiYEd/7kv6R1XHPPaqc3J9X6ZRFHGe2jA3SEXHSO6ugaNVATUZShJ/SCXq1H69l6s95nrSWrmNlFv2B9fAOkIpSp</latexit>

Zeni ⇡ ene
<latexit sha1_base64="cj4rj1WkWTJbdoFBGtfC7Ma43rU=">AAACE3icbVDLSgMxFM3UV62vqks3wSJUwTIjvjZC0Y3LCvYB7TBkMrdtbCYzJJlCGfoPbvwVNy4UcevGnX9j+kC0euDCyTn3knuPH3OmtG1/Wpm5+YXFpexybmV1bX0jv7lVU1EiKVRpxCPZ8IkCzgRUNdMcGrEEEvoc6n7vauTX+yAVi8StHsTghqQjWJtRoo3k5Q9afsSD9G6IL7DwAAMuTpT+0GP4EH8/YN/LF+ySPQb+S5wpKaApKl7+oxVENAlBaMqJUk3HjrWbEqkZ5TDMtRIFMaE90oGmoYKEoNx0fNMQ7xklwO1ImhIaj9WfEykJlRqEvukMie6qWW8k/uc1E90+d1Mm4kSDoJOP2gnHOsKjgHDAJFDNB4YQKpnZFdMukYRqE2POhODMnvyX1I5Kzmnp5Oa4UL6cxpFFO2gXFZGDzlAZXaMKqiKK7tEjekYv1oP1ZL1ab5PWjDWd2Ua/YL1/AUS8nSw=</latexit>

j = nee(vi � ve)

<latexit sha1_base64="88Qh3izlXMsilTNwhR744oGiiDg=">AAACAnicbVDJSgNBEO2JW4zbqCfx0hgET2FG3C5CUASPEcwCmRB6ejpJk57uobtGCEPw4q948aCIV7/Cm39jZzlo4oOCx3tVVNULE8ENeN63k1tYXFpeya8W1tY3Nrfc7Z2aUammrEqVULoREsMEl6wKHARrJJqROBSsHvavR379gWnDlbyHQcJaMelK3uGUgJXa7l4gSSgIDmikAAehElF2M8SX2Gu7Ra/kjYHniT8lRTRFpe1+BZGiacwkUEGMafpeAq2MaOBUsGEhSA1LCO2TLmtaKknMTCsbvzDEh1aJcEdpWxLwWP09kZHYmEEc2s6YQM/MeiPxP6+ZQueilXGZpMAknSzqpAKDwqM8cMQ1oyAGlhCqub0V0x7RhIJNrWBD8Gdfnie145J/Vjq9OymWr6Zx5NE+OkBHyEfnqIxuUQVVEUWP6Bm9ojfnyXlx3p2PSWvOmc7soj9wPn8Afv6WNg==</latexit>r ·E = 0

<latexit sha1_base64="SU8uFGiQryUs+3bs8v4nNBPit8c=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtRFK3bisYB/QhDKZTNqxk5kwMxFKyG+48VfcuFDEpa78G6dtFtp64MLhnHu5954gYVRpx/m2SkvLK6tr5fXKxubW9o69u9dWIpWYtLBgQnYDpAijnLQ01Yx0E0lQHDDSCUbXE7/zQKSigt/pcUL8GA04jShG2kh92/E4ChiCnqYxUdALBAuzRg6voBdJhLNTL6F5hvPCuc/7dtWpOVPAReIWpAoKNPv2pxcKnMaEa8yQUj3XSbSfIakpZiSveKkiCcIjNCA9Qzkyd/jZ9LMcHhklhJGQpriGU/X3RIZipcZxYDpjpIdq3puI/3m9VEeXfkZ5kmrC8WxRlDKoBZzEBEMqCdZsbAjCkppbIR4ik4g2YVZMCO78y4ukfVJzz2tnt6fVeqOIowwOwCE4Bi64AHVwA5qgBTB4BM/gFbxZT9aL9W59zFpLVjGzD/7A+voBYxWglA==</latexit>

r⇥B =
4⇡

c
j

<latexit sha1_base64="1awwAlacY43dYWb/uarcx07cRv4=">AAACLXicbZBLS8NAEMc39VXrK+rRy2IRBKEk4usilCrisYJ9QBPCZrtp1242YXcjlJAv5MWvIoKHinj1a7htc6itAwu/+c8MO/P3Y0alsqyRUVhaXlldK66XNja3tnfM3b2mjBKBSQNHLBJtH0nCKCcNRRUj7VgQFPqMtPzBzbjeeiZC0og/qmFM3BD1OA0oRkpLnnlrXUMnEAindpbiDDp+xLrpkwZFQyLzvJbBkyndZV5KeDaTUZ55ZtmqWJOAi2DnUAZ51D3z3elGOAkJV5ghKTu2FSs3RUJRzEhWchJJYoQHqEc6GjnSq7jp5NoMHmmlC4NI6McVnKizEykKpRyGvu4MkerL+dpY/K/WSVRw5ep74kQRjqcfBQmDKoJj62CXCoIVG2pAWFC9K8R9pL1T2uCSNsGeP3kRmqcV+6Jy/nBWrtZyO4rgAByCY2CDS1AF96AOGgCDF/AGRuDTeDU+jC/je9paMPKZffAnjJ9ft8GpHg==</latexit>

0 =
1

c
j⇥B+ Fen + Fin



2 (n, i+e) fluid MHD
<latexit sha1_base64="qjQOT+9u1mnb5d1WXx+TjcDI5EQ="></latexit>✓
D

Dt

◆

s

⇢s = �⇢sr · vs

<latexit sha1_base64="FUag7loVQJHP8t75ppMFSWolkko="></latexit>

F12 = n1�12


m1m2

m1 +m2
(v2 � v1)

�
<latexit sha1_base64="zvPHLQUXk53VTZ2NVrCmYTnpryY=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4scwUXxuhKIjLCvYB7TBkMmkbmkmGJCOUYTZu/BU3LhRx6z+4829M2wG19cCFk3PuJfeeIGZUacf5submFxaXlgsrxdW19Y1Ne2u7oUQiMaljwYRsBUgRRjmpa6oZacWSoChgpBkMrkZ+855IRQW/08OYeBHqcdqlGGkj+fZeJxAsTK8zP3Ur2cXRz7PiZr5dcsrOGHCWuDkpgRw13/7shAInEeEaM6RU23Vi7aVIaooZyYqdRJEY4QHqkbahHEVEeen4igweGCWEXSFNcQ3H6u+JFEVKDaPAdEZI99W0NxL/89qJ7p57KeVxognHk4+6CYNawFEkMKSSYM2GhiAsqdkV4j6SCGsTXNGE4E6fPEsalbJ7Wj65PS5VL/M4CmAX7IND4IIzUAU3oAbqAIMH8ARewKv1aD1bb9b7pHXOymd2wB9YH9/JmJgh</latexit>

F12 = �F21

<latexit sha1_base64="J2ATcJPd0DqKLvl9zOj2kaDqCyQ=">AAACE3icbVC7SgNBFJ31GeNr1dJmMAhiEXYlPhohaKFlBPOAbAizs5NkyOzMMnNXCEv+wcZfsbFQxNbGzr9x8ig08cCFwzn3cu89YSK4Ac/7dhYWl5ZXVnNr+fWNza1td2e3ZlSqKatSJZRuhMQwwSWrAgfBGolmJA4Fq4f965Fff2DacCXvYZCwVky6knc4JWCltnscSBIKggMaKcBBqESUdYf4EpdwkHB8gwPdU+0MFAzbbsEremPgeeJPSQFNUWm7X0GkaBozCVQQY5q+l0ArIxo4FWyYD1LDEkL7pMualkoSM9PKxj8N8aFVItxR2pYEPFZ/T2QkNmYQh7YzJtAzs95I/M9rptC5aGVcJikwSSeLOqnAoPAoIBxxzSiIgSWEam5vxbRHNKFgY8zbEPzZl+dJ7aTonxVP70qF8tU0jhzaRwfoCPnoHJXRLaqgKqLoET2jV/TmPDkvzrvzMWldcKYze+gPnM8fUYidNQ==</latexit>

r · g = 4⇡G⇢tot
<latexit sha1_base64="rJj8b0BPHk8PFEqZ0/+Akn0faaA=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9gVXxch6MVjBPOA7Bp6J5NkyMzsMjMbCEv+xIsHRbz6J978GyfJHjSxoKGo6qa7K0o408bzvp3Cyura+kZxs7S1vbO75+4fNHScKkLrJOaxakWgKWeS1g0znLYSRUFEnDaj4d3Ub46o0iyWj2ac0FBAX7IeI2Cs1HHd2s0wUIP4KQv6IARMOm7Zq3gz4GXi56SMctQ67lfQjUkqqDSEg9Zt30tMmIEyjHA6KQWppgmQIfRp21IJguowm10+wSdW6eJerGxJg2fq74kMhNZjEdlOAWagF72p+J/XTk3vOsyYTFJDJZkv6qUcmxhPY8BdpigxfGwJEMXsrZgMQAExNqySDcFffHmZNM4q/mXl4uG8XL3N4yiiI3SMTpGPrlAV3aMaqiOCRugZvaI3J3NenHfnY95acPKZQ/QHzucPl7eTpw==</latexit>

P = k⇢�
<latexit sha1_base64="FgvN8B+SeEbs/u20rIraOa5qCNE=">AAACAnicbVDJSgNBEO2JW4zbqCfx0hgET2FG3C5CiBePEcwCmRBqejpJk57uobtHCEPw4q948aCIV7/Cm39jZzlo4oOCx3tVVNULE8608bxvJ7e0vLK6ll8vbGxube+4u3t1LVNFaI1ILlUzBE05E7RmmOG0mSgKcchpIxzcjP3GA1WaSXFvhgltx9ATrMsIGCt13INAQMgBBySSBgeh5FFWGeFr7HXcolfyJsCLxJ+RIpqh2nG/gkiSNKbCEA5at3wvMe0MlGGE01EhSDVNgAygR1uWCoipbmeTF0b42CoR7kplSxg8UX9PZBBrPYxD2xmD6et5byz+57VS071qZ0wkqaGCTBd1U46NxOM8cMQUJYYPLQGimL0Vkz4oIMamVrAh+PMvL5L6acm/KJ3fnRXLlVkceXSIjtAJ8tElKqNbVEU1RNAjekav6M15cl6cd+dj2ppzZjP76A+czx96Y5Yz</latexit>r ·B = 0

<latexit sha1_base64="2KPWRz8aPa502a/hLRhf1kQCd/k=">AAACKXicbVDLSgMxFM3UV62vqks3wSK4scyIr41QKoLLCvYBnVLupJk2NJMZkoxQhvkdN/6KGwVF3fojpu2A2nohcDjnXE7u8SLOlLbtDyu3sLi0vJJfLaytb2xuFbd3GiqMJaF1EvJQtjxQlDNB65ppTluRpBB4nDa94dVYb95TqVgo7vQoop0A+oL5jIA2VLdYcX0JJHEjkJoBx64X8l5STdMfSqf4Eh8R7ArwOGBXs4CqzHiddoslu2xPBs8DJwMllE2tW3xxeyGJAyo04aBU27Ej3UnGYYTTtODGikZAhtCnbQMFmLROMrk0xQeG6WE/lOYJjSfs740EAqVGgWecAeiBmtXG5H9aO9b+RSdhIoo1FWQa5Mfm+BCPa8M9JinRfGQAEMnMXzEZgKlOm3ILpgRn9uR50DguO2fl09uTUqWa1ZFHe2gfHSIHnaMKukE1VEcEPaAn9IrerEfr2Xq3PqfWnJXt7KI/Y319Aw4fpxk=</latexit>

@B

@t
= �cr⇥E <latexit sha1_base64="fpDgkeRhdU2VV13+BbWKR7wqwv8=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyURX8uiG5cV7APbECbTm3boZBJmJmIJBX/FjQtF3Pod7vwbp2kWWj1w4cw59zL3niDhTGnH+bJKC4tLyyvl1cra+sbmlr2901JxKik0acxj2QmIAs4ENDXTHDqJBBIFHNrB6Grqt+9BKhaLWz1OwIvIQLCQUaKN5Nt7dxiw8BnukSSR8UP+At+uOjUnB/5L3IJUUYGGb3/2+jFNIxCacqJU13US7WVEakY5TCq9VEFC6IgMoGuoIBEoL8vXn+BDo/RxGEtTQuNc/TmRkUipcRSYzojooZr3puJ/XjfV4YWXMZGkGgSdfRSmHOsYT7PAfSaBaj42hFDJzK6YDokkVJvEKiYEd/7kv6R1XHPPaqc3J9X6ZRFHGe2jA3SEXHSO6ugaNVATUZShJ/SCXq1H69l6s95nrSWrmNlFv2B9fAOkIpSp</latexit>

Zeni ⇡ ene
<latexit sha1_base64="cj4rj1WkWTJbdoFBGtfC7Ma43rU=">AAACE3icbVDLSgMxFM3UV62vqks3wSJUwTIjvjZC0Y3LCvYB7TBkMrdtbCYzJJlCGfoPbvwVNy4UcevGnX9j+kC0euDCyTn3knuPH3OmtG1/Wpm5+YXFpexybmV1bX0jv7lVU1EiKVRpxCPZ8IkCzgRUNdMcGrEEEvoc6n7vauTX+yAVi8StHsTghqQjWJtRoo3k5Q9afsSD9G6IL7DwAAMuTpT+0GP4EH8/YN/LF+ySPQb+S5wpKaApKl7+oxVENAlBaMqJUk3HjrWbEqkZ5TDMtRIFMaE90oGmoYKEoNx0fNMQ7xklwO1ImhIaj9WfEykJlRqEvukMie6qWW8k/uc1E90+d1Mm4kSDoJOP2gnHOsKjgHDAJFDNB4YQKpnZFdMukYRqE2POhODMnvyX1I5Kzmnp5Oa4UL6cxpFFO2gXFZGDzlAZXaMKqiKK7tEjekYv1oP1ZL1ab5PWjDWd2Ua/YL1/AUS8nSw=</latexit>

j = nee(vi � ve)

<latexit sha1_base64="88Qh3izlXMsilTNwhR744oGiiDg=">AAACAnicbVDJSgNBEO2JW4zbqCfx0hgET2FG3C5CUASPEcwCmRB6ejpJk57uobtGCEPw4q948aCIV7/Cm39jZzlo4oOCx3tVVNULE8ENeN63k1tYXFpeya8W1tY3Nrfc7Z2aUammrEqVULoREsMEl6wKHARrJJqROBSsHvavR379gWnDlbyHQcJaMelK3uGUgJXa7l4gSSgIDmikAAehElF2M8SX2Gu7Ra/kjYHniT8lRTRFpe1+BZGiacwkUEGMafpeAq2MaOBUsGEhSA1LCO2TLmtaKknMTCsbvzDEh1aJcEdpWxLwWP09kZHYmEEc2s6YQM/MeiPxP6+ZQueilXGZpMAknSzqpAKDwqM8cMQ1oyAGlhCqub0V0x7RhIJNrWBD8Gdfnie145J/Vjq9OymWr6Zx5NE+OkBHyEfnqIxuUQVVEUWP6Bm9ojfnyXlx3p2PSWvOmc7soj9wPn8Afv6WNg==</latexit>r ·E = 0

<latexit sha1_base64="SU8uFGiQryUs+3bs8v4nNBPit8c=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtRFK3bisYB/QhDKZTNqxk5kwMxFKyG+48VfcuFDEpa78G6dtFtp64MLhnHu5954gYVRpx/m2SkvLK6tr5fXKxubW9o69u9dWIpWYtLBgQnYDpAijnLQ01Yx0E0lQHDDSCUbXE7/zQKSigt/pcUL8GA04jShG2kh92/E4ChiCnqYxUdALBAuzRg6voBdJhLNTL6F5hvPCuc/7dtWpOVPAReIWpAoKNPv2pxcKnMaEa8yQUj3XSbSfIakpZiSveKkiCcIjNCA9Qzkyd/jZ9LMcHhklhJGQpriGU/X3RIZipcZxYDpjpIdq3puI/3m9VEeXfkZ5kmrC8WxRlDKoBZzEBEMqCdZsbAjCkppbIR4ik4g2YVZMCO78y4ukfVJzz2tnt6fVeqOIowwOwCE4Bi64AHVwA5qgBTB4BM/gFbxZT9aL9W59zFpLVjGzD/7A+voBYxWglA==</latexit>

r⇥B =
4⇡

c
j

<latexit sha1_base64="1awwAlacY43dYWb/uarcx07cRv4=">AAACLXicbZBLS8NAEMc39VXrK+rRy2IRBKEk4usilCrisYJ9QBPCZrtp1242YXcjlJAv5MWvIoKHinj1a7htc6itAwu/+c8MO/P3Y0alsqyRUVhaXlldK66XNja3tnfM3b2mjBKBSQNHLBJtH0nCKCcNRRUj7VgQFPqMtPzBzbjeeiZC0og/qmFM3BD1OA0oRkpLnnlrXUMnEAindpbiDDp+xLrpkwZFQyLzvJbBkyndZV5KeDaTUZ55ZtmqWJOAi2DnUAZ51D3z3elGOAkJV5ghKTu2FSs3RUJRzEhWchJJYoQHqEc6GjnSq7jp5NoMHmmlC4NI6McVnKizEykKpRyGvu4MkerL+dpY/K/WSVRw5ep74kQRjqcfBQmDKoJj62CXCoIVG2pAWFC9K8R9pL1T2uCSNsGeP3kRmqcV+6Jy/nBWrtZyO4rgAByCY2CDS1AF96AOGgCDF/AGRuDTeDU+jC/je9paMPKZffAnjJ9ft8GpHg==</latexit>

0 =
1

c
j⇥B+ Fen + Fin

<latexit sha1_base64="L/6R1hn8BBwxR49YIZZ31yB90X8="></latexit>

⇢n

✓
D

Dt

◆

n

vn = �rPn � ⇢ng +
1

c
j⇥B



2 (n, i+e) fluid MHD
<latexit sha1_base64="qjQOT+9u1mnb5d1WXx+TjcDI5EQ="></latexit>✓
D

Dt

◆

s

⇢s = �⇢sr · vs

<latexit sha1_base64="FUag7loVQJHP8t75ppMFSWolkko="></latexit>

F12 = n1�12


m1m2

m1 +m2
(v2 � v1)

�
<latexit sha1_base64="zvPHLQUXk53VTZ2NVrCmYTnpryY=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4scwUXxuhKIjLCvYB7TBkMmkbmkmGJCOUYTZu/BU3LhRx6z+4829M2wG19cCFk3PuJfeeIGZUacf5submFxaXlgsrxdW19Y1Ne2u7oUQiMaljwYRsBUgRRjmpa6oZacWSoChgpBkMrkZ+855IRQW/08OYeBHqcdqlGGkj+fZeJxAsTK8zP3Ur2cXRz7PiZr5dcsrOGHCWuDkpgRw13/7shAInEeEaM6RU23Vi7aVIaooZyYqdRJEY4QHqkbahHEVEeen4igweGCWEXSFNcQ3H6u+JFEVKDaPAdEZI99W0NxL/89qJ7p57KeVxognHk4+6CYNawFEkMKSSYM2GhiAsqdkV4j6SCGsTXNGE4E6fPEsalbJ7Wj65PS5VL/M4CmAX7IND4IIzUAU3oAbqAIMH8ARewKv1aD1bb9b7pHXOymd2wB9YH9/JmJgh</latexit>

F12 = �F21

<latexit sha1_base64="J2ATcJPd0DqKLvl9zOj2kaDqCyQ=">AAACE3icbVC7SgNBFJ31GeNr1dJmMAhiEXYlPhohaKFlBPOAbAizs5NkyOzMMnNXCEv+wcZfsbFQxNbGzr9x8ig08cCFwzn3cu89YSK4Ac/7dhYWl5ZXVnNr+fWNza1td2e3ZlSqKatSJZRuhMQwwSWrAgfBGolmJA4Fq4f965Fff2DacCXvYZCwVky6knc4JWCltnscSBIKggMaKcBBqESUdYf4EpdwkHB8gwPdU+0MFAzbbsEremPgeeJPSQFNUWm7X0GkaBozCVQQY5q+l0ArIxo4FWyYD1LDEkL7pMualkoSM9PKxj8N8aFVItxR2pYEPFZ/T2QkNmYQh7YzJtAzs95I/M9rptC5aGVcJikwSSeLOqnAoPAoIBxxzSiIgSWEam5vxbRHNKFgY8zbEPzZl+dJ7aTonxVP70qF8tU0jhzaRwfoCPnoHJXRLaqgKqLoET2jV/TmPDkvzrvzMWldcKYze+gPnM8fUYidNQ==</latexit>

r · g = 4⇡G⇢tot
<latexit sha1_base64="rJj8b0BPHk8PFEqZ0/+Akn0faaA=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9gVXxch6MVjBPOA7Bp6J5NkyMzsMjMbCEv+xIsHRbz6J978GyfJHjSxoKGo6qa7K0o408bzvp3Cyura+kZxs7S1vbO75+4fNHScKkLrJOaxakWgKWeS1g0znLYSRUFEnDaj4d3Ub46o0iyWj2ac0FBAX7IeI2Cs1HHd2s0wUIP4KQv6IARMOm7Zq3gz4GXi56SMctQ67lfQjUkqqDSEg9Zt30tMmIEyjHA6KQWppgmQIfRp21IJguowm10+wSdW6eJerGxJg2fq74kMhNZjEdlOAWagF72p+J/XTk3vOsyYTFJDJZkv6qUcmxhPY8BdpigxfGwJEMXsrZgMQAExNqySDcFffHmZNM4q/mXl4uG8XL3N4yiiI3SMTpGPrlAV3aMaqiOCRugZvaI3J3NenHfnY95acPKZQ/QHzucPl7eTpw==</latexit>

P = k⇢�
<latexit sha1_base64="FgvN8B+SeEbs/u20rIraOa5qCNE=">AAACAnicbVDJSgNBEO2JW4zbqCfx0hgET2FG3C5CiBePEcwCmRBqejpJk57uobtHCEPw4q948aCIV7/Cm39jZzlo4oOCx3tVVNULE8608bxvJ7e0vLK6ll8vbGxube+4u3t1LVNFaI1ILlUzBE05E7RmmOG0mSgKcchpIxzcjP3GA1WaSXFvhgltx9ATrMsIGCt13INAQMgBBySSBgeh5FFWGeFr7HXcolfyJsCLxJ+RIpqh2nG/gkiSNKbCEA5at3wvMe0MlGGE01EhSDVNgAygR1uWCoipbmeTF0b42CoR7kplSxg8UX9PZBBrPYxD2xmD6et5byz+57VS071qZ0wkqaGCTBd1U46NxOM8cMQUJYYPLQGimL0Vkz4oIMamVrAh+PMvL5L6acm/KJ3fnRXLlVkceXSIjtAJ8tElKqNbVEU1RNAjekav6M15cl6cd+dj2ppzZjP76A+czx96Y5Yz</latexit>r ·B = 0

<latexit sha1_base64="2KPWRz8aPa502a/hLRhf1kQCd/k=">AAACKXicbVDLSgMxFM3UV62vqks3wSK4scyIr41QKoLLCvYBnVLupJk2NJMZkoxQhvkdN/6KGwVF3fojpu2A2nohcDjnXE7u8SLOlLbtDyu3sLi0vJJfLaytb2xuFbd3GiqMJaF1EvJQtjxQlDNB65ppTluRpBB4nDa94dVYb95TqVgo7vQoop0A+oL5jIA2VLdYcX0JJHEjkJoBx64X8l5STdMfSqf4Eh8R7ArwOGBXs4CqzHiddoslu2xPBs8DJwMllE2tW3xxeyGJAyo04aBU27Ej3UnGYYTTtODGikZAhtCnbQMFmLROMrk0xQeG6WE/lOYJjSfs740EAqVGgWecAeiBmtXG5H9aO9b+RSdhIoo1FWQa5Mfm+BCPa8M9JinRfGQAEMnMXzEZgKlOm3ILpgRn9uR50DguO2fl09uTUqWa1ZFHe2gfHSIHnaMKukE1VEcEPaAn9IrerEfr2Xq3PqfWnJXt7KI/Y319Aw4fpxk=</latexit>

@B

@t
= �cr⇥E <latexit sha1_base64="fpDgkeRhdU2VV13+BbWKR7wqwv8=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyURX8uiG5cV7APbECbTm3boZBJmJmIJBX/FjQtF3Pod7vwbp2kWWj1w4cw59zL3niDhTGnH+bJKC4tLyyvl1cra+sbmlr2901JxKik0acxj2QmIAs4ENDXTHDqJBBIFHNrB6Grqt+9BKhaLWz1OwIvIQLCQUaKN5Nt7dxiw8BnukSSR8UP+At+uOjUnB/5L3IJUUYGGb3/2+jFNIxCacqJU13US7WVEakY5TCq9VEFC6IgMoGuoIBEoL8vXn+BDo/RxGEtTQuNc/TmRkUipcRSYzojooZr3puJ/XjfV4YWXMZGkGgSdfRSmHOsYT7PAfSaBaj42hFDJzK6YDokkVJvEKiYEd/7kv6R1XHPPaqc3J9X6ZRFHGe2jA3SEXHSO6ugaNVATUZShJ/SCXq1H69l6s95nrSWrmNlFv2B9fAOkIpSp</latexit>

Zeni ⇡ ene
<latexit sha1_base64="cj4rj1WkWTJbdoFBGtfC7Ma43rU=">AAACE3icbVDLSgMxFM3UV62vqks3wSJUwTIjvjZC0Y3LCvYB7TBkMrdtbCYzJJlCGfoPbvwVNy4UcevGnX9j+kC0euDCyTn3knuPH3OmtG1/Wpm5+YXFpexybmV1bX0jv7lVU1EiKVRpxCPZ8IkCzgRUNdMcGrEEEvoc6n7vauTX+yAVi8StHsTghqQjWJtRoo3k5Q9afsSD9G6IL7DwAAMuTpT+0GP4EH8/YN/LF+ySPQb+S5wpKaApKl7+oxVENAlBaMqJUk3HjrWbEqkZ5TDMtRIFMaE90oGmoYKEoNx0fNMQ7xklwO1ImhIaj9WfEykJlRqEvukMie6qWW8k/uc1E90+d1Mm4kSDoJOP2gnHOsKjgHDAJFDNB4YQKpnZFdMukYRqE2POhODMnvyX1I5Kzmnp5Oa4UL6cxpFFO2gXFZGDzlAZXaMKqiKK7tEjekYv1oP1ZL1ab5PWjDWd2Ua/YL1/AUS8nSw=</latexit>

j = nee(vi � ve)

<latexit sha1_base64="88Qh3izlXMsilTNwhR744oGiiDg=">AAACAnicbVDJSgNBEO2JW4zbqCfx0hgET2FG3C5CUASPEcwCmRB6ejpJk57uobtGCEPw4q948aCIV7/Cm39jZzlo4oOCx3tVVNULE8ENeN63k1tYXFpeya8W1tY3Nrfc7Z2aUammrEqVULoREsMEl6wKHARrJJqROBSsHvavR379gWnDlbyHQcJaMelK3uGUgJXa7l4gSSgIDmikAAehElF2M8SX2Gu7Ra/kjYHniT8lRTRFpe1+BZGiacwkUEGMafpeAq2MaOBUsGEhSA1LCO2TLmtaKknMTCsbvzDEh1aJcEdpWxLwWP09kZHYmEEc2s6YQM/MeiPxP6+ZQueilXGZpMAknSzqpAKDwqM8cMQ1oyAGlhCqub0V0x7RhIJNrWBD8Gdfnie145J/Vjq9OymWr6Zx5NE+OkBHyEfnqIxuUQVVEUWP6Bm9ojfnyXlx3p2PSWvOmc7soj9wPn8Afv6WNg==</latexit>r ·E = 0

<latexit sha1_base64="SU8uFGiQryUs+3bs8v4nNBPit8c=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtRFK3bisYB/QhDKZTNqxk5kwMxFKyG+48VfcuFDEpa78G6dtFtp64MLhnHu5954gYVRpx/m2SkvLK6tr5fXKxubW9o69u9dWIpWYtLBgQnYDpAijnLQ01Yx0E0lQHDDSCUbXE7/zQKSigt/pcUL8GA04jShG2kh92/E4ChiCnqYxUdALBAuzRg6voBdJhLNTL6F5hvPCuc/7dtWpOVPAReIWpAoKNPv2pxcKnMaEa8yQUj3XSbSfIakpZiSveKkiCcIjNCA9Qzkyd/jZ9LMcHhklhJGQpriGU/X3RIZipcZxYDpjpIdq3puI/3m9VEeXfkZ5kmrC8WxRlDKoBZzEBEMqCdZsbAjCkppbIR4ik4g2YVZMCO78y4ukfVJzz2tnt6fVeqOIowwOwCE4Bi64AHVwA5qgBTB4BM/gFbxZT9aL9W59zFpLVjGzD/7A+voBYxWglA==</latexit>

r⇥B =
4⇡

c
j

<latexit sha1_base64="1awwAlacY43dYWb/uarcx07cRv4=">AAACLXicbZBLS8NAEMc39VXrK+rRy2IRBKEk4usilCrisYJ9QBPCZrtp1242YXcjlJAv5MWvIoKHinj1a7htc6itAwu/+c8MO/P3Y0alsqyRUVhaXlldK66XNja3tnfM3b2mjBKBSQNHLBJtH0nCKCcNRRUj7VgQFPqMtPzBzbjeeiZC0og/qmFM3BD1OA0oRkpLnnlrXUMnEAindpbiDDp+xLrpkwZFQyLzvJbBkyndZV5KeDaTUZ55ZtmqWJOAi2DnUAZ51D3z3elGOAkJV5ghKTu2FSs3RUJRzEhWchJJYoQHqEc6GjnSq7jp5NoMHmmlC4NI6McVnKizEykKpRyGvu4MkerL+dpY/K/WSVRw5ep74kQRjqcfBQmDKoJj62CXCoIVG2pAWFC9K8R9pL1T2uCSNsGeP3kRmqcV+6Jy/nBWrtZyO4rgAByCY2CDS1AF96AOGgCDF/AGRuDTeDU+jC/je9paMPKZffAnjJ9ft8GpHg==</latexit>

0 =
1

c
j⇥B+ Fen + Fin

<latexit sha1_base64="kGbhpao2SC4k8DPWf4iy1DRjokg="></latexit>

⇢n

✓
D

Dt

◆

n

vn = �rPn � ⇢ng +
1

4⇡
(r⇥B)⇥B

Neutral particles 
experience a 
magnetic force 
due to collisions 
with charged 
particles



2 (n, i+e) fluid MHD

<latexit sha1_base64="cj4rj1WkWTJbdoFBGtfC7Ma43rU=">AAACE3icbVDLSgMxFM3UV62vqks3wSJUwTIjvjZC0Y3LCvYB7TBkMrdtbCYzJJlCGfoPbvwVNy4UcevGnX9j+kC0euDCyTn3knuPH3OmtG1/Wpm5+YXFpexybmV1bX0jv7lVU1EiKVRpxCPZ8IkCzgRUNdMcGrEEEvoc6n7vauTX+yAVi8StHsTghqQjWJtRoo3k5Q9afsSD9G6IL7DwAAMuTpT+0GP4EH8/YN/LF+ySPQb+S5wpKaApKl7+oxVENAlBaMqJUk3HjrWbEqkZ5TDMtRIFMaE90oGmoYKEoNx0fNMQ7xklwO1ImhIaj9WfEykJlRqEvukMie6qWW8k/uc1E90+d1Mm4kSDoJOP2gnHOsKjgHDAJFDNB4YQKpnZFdMukYRqE2POhODMnvyX1I5Kzmnp5Oa4UL6cxpFFO2gXFZGDzlAZXaMKqiKK7tEjekYv1oP1ZL1ab5PWjDWd2Ua/YL1/AUS8nSw=</latexit>

j = nee(vi � ve)

<latexit sha1_base64="SU8uFGiQryUs+3bs8v4nNBPit8c=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtRFK3bisYB/QhDKZTNqxk5kwMxFKyG+48VfcuFDEpa78G6dtFtp64MLhnHu5954gYVRpx/m2SkvLK6tr5fXKxubW9o69u9dWIpWYtLBgQnYDpAijnLQ01Yx0E0lQHDDSCUbXE7/zQKSigt/pcUL8GA04jShG2kh92/E4ChiCnqYxUdALBAuzRg6voBdJhLNTL6F5hvPCuc/7dtWpOVPAReIWpAoKNPv2pxcKnMaEa8yQUj3XSbSfIakpZiSveKkiCcIjNCA9Qzkyd/jZ9LMcHhklhJGQpriGU/X3RIZipcZxYDpjpIdq3puI/3m9VEeXfkZ5kmrC8WxRlDKoBZzEBEMqCdZsbAjCkppbIR4ik4g2YVZMCO78y4ukfVJzz2tnt6fVeqOIowwOwCE4Bi64AHVwA5qgBTB4BM/gFbxZT9aL9W59zFpLVjGzD/7A+voBYxWglA==</latexit>

r⇥B =
4⇡

c
j

<latexit sha1_base64="CbGBMInOgEPmUB7WY1laHwRjTgA="></latexit>

vi � ve =
1

nee

c

4⇡
r⇥B

For Molecular Clouds (diffuse parts)
ne ≂ ni ≂10-1 cm-3

B ∼ 10 µG
L ∼ 1019 cm

➡       |vi-ve|∼10-4 cm/s = 10-9 km/s

Vi ≈ Ve

But in ISM        0.1 km/s < |vi|∽|ve|∽|vn| < 10 km/s 

Since me << mi  => Plasma Density ∽ ρi



Single fluid MHD
Vn ≈ Vi ≈ VeIf coupling due to collisions very effective 

<latexit sha1_base64="2KPWRz8aPa502a/hLRhf1kQCd/k=">AAACKXicbVDLSgMxFM3UV62vqks3wSK4scyIr41QKoLLCvYBnVLupJk2NJMZkoxQhvkdN/6KGwVF3fojpu2A2nohcDjnXE7u8SLOlLbtDyu3sLi0vJJfLaytb2xuFbd3GiqMJaF1EvJQtjxQlDNB65ppTluRpBB4nDa94dVYb95TqVgo7vQoop0A+oL5jIA2VLdYcX0JJHEjkJoBx64X8l5STdMfSqf4Eh8R7ArwOGBXs4CqzHiddoslu2xPBs8DJwMllE2tW3xxeyGJAyo04aBU27Ej3UnGYYTTtODGikZAhtCnbQMFmLROMrk0xQeG6WE/lOYJjSfs740EAqVGgWecAeiBmtXG5H9aO9b+RSdhIoo1FWQa5Mfm+BCPa8M9JinRfGQAEMnMXzEZgKlOm3ILpgRn9uR50DguO2fl09uTUqWa1ZFHe2gfHSIHnaMKukE1VEcEPaAn9IrerEfr2Xq3PqfWnJXt7KI/Y319Aw4fpxk=</latexit>

@B

@t
= �cr⇥E

<latexit sha1_base64="hGThG6bOQv/YLjF3EmMPIvzuJ30="></latexit>✓
D

Dt

◆
⇢ = �⇢r · v

<latexit sha1_base64="9OUvru4AQZq1w/oGtfUMORwVSds=">AAACDXicbVC7SgNBFJ31GeNr1dJmMApWYVfioxGCFlpGMA/IhnB3dpIMmZ1ZZmaFsOQHbPwVGwtFbO3t/Bsnj0ITD1w4nHMv994TJpxp43nfzsLi0vLKam4tv76xubXt7uzWtEwVoVUiuVSNEDTlTNCqYYbTRqIoxCGn9bB/PfLrD1RpJsW9GSS0FUNXsA4jYKzUdg8DASEHHJBIGhyEkkdZd4gvcQkHCcM3OFA92XYLXtEbA88Tf0oKaIpK2/0KIknSmApDOGjd9L3EtDJQhhFOh/kg1TQB0ocubVoqIKa6lY2/GeIjq0S4I5UtYfBY/T2RQaz1IA5tZwymp2e9kfif10xN56KVMZGkhgoyWdRJOTYSj6LBEVOUGD6wBIhi9lZMeqCAGBtg3obgz748T2onRf+seHpXKpSvpnHk0D46QMfIR+eojG5RBVURQY/oGb2iN+fJeXHenY9J64IzndlDf+B8/gASKJpL</latexit>

r · g = 4⇡G⇢

<latexit sha1_base64="ZB4cdcUjj0WeuhxEdebp3CpODxw="></latexit>

⇢

✓
D

Dt

◆
v = �rP � ⇢g +

1

4⇡
(r⇥B)⇥B

<latexit sha1_base64="rJj8b0BPHk8PFEqZ0/+Akn0faaA=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9gVXxch6MVjBPOA7Bp6J5NkyMzsMjMbCEv+xIsHRbz6J978GyfJHjSxoKGo6qa7K0o408bzvp3Cyura+kZxs7S1vbO75+4fNHScKkLrJOaxakWgKWeS1g0znLYSRUFEnDaj4d3Ub46o0iyWj2ac0FBAX7IeI2Cs1HHd2s0wUIP4KQv6IARMOm7Zq3gz4GXi56SMctQ67lfQjUkqqDSEg9Zt30tMmIEyjHA6KQWppgmQIfRp21IJguowm10+wSdW6eJerGxJg2fq74kMhNZjEdlOAWagF72p+J/XTk3vOsyYTFJDJZkv6qUcmxhPY8BdpigxfGwJEMXsrZgMQAExNqySDcFffHmZNM4q/mXl4uG8XL3N4yiiI3SMTpGPrlAV3aMaqiOCRugZvaI3J3NenHfnY95acPKZQ/QHzucPl7eTpw==</latexit>

P = k⇢�

<latexit sha1_base64="88Qh3izlXMsilTNwhR744oGiiDg=">AAACAnicbVDJSgNBEO2JW4zbqCfx0hgET2FG3C5CUASPEcwCmRB6ejpJk57uobtGCEPw4q948aCIV7/Cm39jZzlo4oOCx3tVVNULE8ENeN63k1tYXFpeya8W1tY3Nrfc7Z2aUammrEqVULoREsMEl6wKHARrJJqROBSsHvavR379gWnDlbyHQcJaMelK3uGUgJXa7l4gSSgIDmikAAehElF2M8SX2Gu7Ra/kjYHniT8lRTRFpe1+BZGiacwkUEGMafpeAq2MaOBUsGEhSA1LCO2TLmtaKknMTCsbvzDEh1aJcEdpWxLwWP09kZHYmEEc2s6YQM/MeiPxP6+ZQueilXGZpMAknSzqpAKDwqM8cMQ1oyAGlhCqub0V0x7RhIJNrWBD8Gdfnie145J/Vjq9OymWr6Zx5NE+OkBHyEfnqIxuUQVVEUWP6Bm9ojfnyXlx3p2PSWvOmc7soj9wPn8Afv6WNg==</latexit>r ·E = 0Can not use 

E = ? 



Single fluid MHD
<latexit sha1_base64="AqWIkFK+pXyOlEt1w3EWJmNfkFU="></latexit>

0 = �nee(E+
ve

c
⇥B) + Fei + Fen

<latexit sha1_base64="jAAo7vkjMmledvAL8jtUTGwP0ww=">AAACQXicbVBLS8NAGNz4rPUV9ehlsQheLIn4ugilInisYB/QhLDZbtqlm03Y3RRKyF/z4j/w5t2LB0W8enHb5KBtBxaGmfn4vh0/ZlQqy3o1lpZXVtfWSxvlza3tnV1zb78lo0Rg0sQRi0THR5IwyklTUcVIJxYEhT4jbX94O/HbIyIkjfijGsfEDVGf04BipLTkmR3Hj1gvvcvgDTyFTiAQTnNplHkkS3EGHUVDImGu1hcFF8U8s2JVrSngPLELUgEFGp754vQinISEK8yQlF3bipWbIqEoZiQrO4kkMcJD1CddTTnS29x02kAGj7XSg0Ek9OMKTtW/EykKpRyHvk6GSA3krDcRF3ndRAXXbkp5nCjCcb4oSBhUEZzUCXtUEKzYWBOEBdW3QjxAuhylSy/rEuzZL8+T1lnVvqxePJxXavWijhI4BEfgBNjgCtTAPWiAJsDgCbyBD/BpPBvvxpfxnUeXjGLmAPyD8fMLvPGxDQ==</latexit>

E = �ve

c
⇥B = �v

c
⇥B

Ideal MHD

<latexit sha1_base64="hGThG6bOQv/YLjF3EmMPIvzuJ30="></latexit>✓
D

Dt

◆
⇢ = �⇢r · v

<latexit sha1_base64="9OUvru4AQZq1w/oGtfUMORwVSds=">AAACDXicbVC7SgNBFJ31GeNr1dJmMApWYVfioxGCFlpGMA/IhnB3dpIMmZ1ZZmaFsOQHbPwVGwtFbO3t/Bsnj0ITD1w4nHMv994TJpxp43nfzsLi0vLKam4tv76xubXt7uzWtEwVoVUiuVSNEDTlTNCqYYbTRqIoxCGn9bB/PfLrD1RpJsW9GSS0FUNXsA4jYKzUdg8DASEHHJBIGhyEkkdZd4gvcQkHCcM3OFA92XYLXtEbA88Tf0oKaIpK2/0KIknSmApDOGjd9L3EtDJQhhFOh/kg1TQB0ocubVoqIKa6lY2/GeIjq0S4I5UtYfBY/T2RQaz1IA5tZwymp2e9kfif10xN56KVMZGkhgoyWdRJOTYSj6LBEVOUGD6wBIhi9lZMeqCAGBtg3obgz748T2onRf+seHpXKpSvpnHk0D46QMfIR+eojG5RBVURQY/oGb2iN+fJeXHenY9J64IzndlDf+B8/gASKJpL</latexit>

r · g = 4⇡G⇢

<latexit sha1_base64="ZB4cdcUjj0WeuhxEdebp3CpODxw="></latexit>

⇢

✓
D

Dt

◆
v = �rP � ⇢g +

1

4⇡
(r⇥B)⇥B

<latexit sha1_base64="rJj8b0BPHk8PFEqZ0/+Akn0faaA=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9gVXxch6MVjBPOA7Bp6J5NkyMzsMjMbCEv+xIsHRbz6J978GyfJHjSxoKGo6qa7K0o408bzvp3Cyura+kZxs7S1vbO75+4fNHScKkLrJOaxakWgKWeS1g0znLYSRUFEnDaj4d3Ub46o0iyWj2ac0FBAX7IeI2Cs1HHd2s0wUIP4KQv6IARMOm7Zq3gz4GXi56SMctQ67lfQjUkqqDSEg9Zt30tMmIEyjHA6KQWppgmQIfRp21IJguowm10+wSdW6eJerGxJg2fq74kMhNZjEdlOAWagF72p+J/XTk3vOsyYTFJDJZkv6qUcmxhPY8BdpigxfGwJEMXsrZgMQAExNqySDcFffHmZNM4q/mXl4uG8XL3N4yiiI3SMTpGPrlAV3aMaqiOCRugZvaI3J3NenHfnY95acPKZQ/QHzucPl7eTpw==</latexit>

P = k⇢�

<latexit sha1_base64="VcqbG0dNAZ/d2Ijw8grZNDBks/w="></latexit>

@B

@t
= r⇥ (v ⇥B)

Vn ≈ Vi ≈ Ve
<latexit sha1_base64="FUag7loVQJHP8t75ppMFSWolkko="></latexit>

F12 = n1�12


m1m2

m1 +m2
(v2 � v1)

�



Alfvén’s Theorem

Ideal MHD  => “Flux Freezing” 

<latexit sha1_base64="5aeZdGpOPzgZbyfZNzPvG7ERxFY=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUS8bYRSt24rGAv0IQymUzaoZOZMDMRSgi48VXcuFDErS/hzrdx2mahrT8MfPznHM6cP0gYVdpxvq3S0vLK6lp5vbKxubW9Y+/utZVIJSYtLJiQ3QApwignLU01I91EEhQHjHSC0c2k3nkgUlHB7/U4IX6MBpxGFCNtrL594EUS4SyEXiBYmDXy3LDO4TV0+nbVqTlTwUVwC6iCQs2+/eWFAqcx4RozpFTPdRLtZ0hqihnJK16qSILwCA1IzyBHMVF+Nr0hh8fGCWEkpHlcw6n7eyJDsVLjODCdMdJDNV+bmP/VeqmOrvyM8iTVhOPZoihlUAs4CQSGVBKs2dgAwpKav0I8RCYUbWKrmBDc+ZMXoX1acy9q53dn1XqjiKMMDsEROAEuuAR1cAuaoAUweATP4BW8WU/Wi/VufcxaS1Yxsw/+yPr8AdgUlwE=</latexit>

dB

dt
= 0

<latexit sha1_base64="hGThG6bOQv/YLjF3EmMPIvzuJ30="></latexit>✓
D

Dt

◆
⇢ = �⇢r · v

<latexit sha1_base64="9OUvru4AQZq1w/oGtfUMORwVSds=">AAACDXicbVC7SgNBFJ31GeNr1dJmMApWYVfioxGCFlpGMA/IhnB3dpIMmZ1ZZmaFsOQHbPwVGwtFbO3t/Bsnj0ITD1w4nHMv994TJpxp43nfzsLi0vLKam4tv76xubXt7uzWtEwVoVUiuVSNEDTlTNCqYYbTRqIoxCGn9bB/PfLrD1RpJsW9GSS0FUNXsA4jYKzUdg8DASEHHJBIGhyEkkdZd4gvcQkHCcM3OFA92XYLXtEbA88Tf0oKaIpK2/0KIknSmApDOGjd9L3EtDJQhhFOh/kg1TQB0ocubVoqIKa6lY2/GeIjq0S4I5UtYfBY/T2RQaz1IA5tZwymp2e9kfif10xN56KVMZGkhgoyWdRJOTYSj6LBEVOUGD6wBIhi9lZMeqCAGBtg3obgz748T2onRf+seHpXKpSvpnHk0D46QMfIR+eojG5RBVURQY/oGb2iN+fJeXHenY9J64IzndlDf+B8/gASKJpL</latexit>

r · g = 4⇡G⇢

<latexit sha1_base64="ZB4cdcUjj0WeuhxEdebp3CpODxw="></latexit>

⇢

✓
D

Dt

◆
v = �rP � ⇢g +

1

4⇡
(r⇥B)⇥B

<latexit sha1_base64="rJj8b0BPHk8PFEqZ0/+Akn0faaA=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9gVXxch6MVjBPOA7Bp6J5NkyMzsMjMbCEv+xIsHRbz6J978GyfJHjSxoKGo6qa7K0o408bzvp3Cyura+kZxs7S1vbO75+4fNHScKkLrJOaxakWgKWeS1g0znLYSRUFEnDaj4d3Ub46o0iyWj2ac0FBAX7IeI2Cs1HHd2s0wUIP4KQv6IARMOm7Zq3gz4GXi56SMctQ67lfQjUkqqDSEg9Zt30tMmIEyjHA6KQWppgmQIfRp21IJguowm10+wSdW6eJerGxJg2fq74kMhNZjEdlOAWagF72p+J/XTk3vOsyYTFJDJZkv6qUcmxhPY8BdpigxfGwJEMXsrZgMQAExNqySDcFffHmZNM4q/mXl4uG8XL3N4yiiI3SMTpGPrlAV3aMaqiOCRugZvaI3J3NenHfnY95acPKZQ/QHzucPl7eTpw==</latexit>

P = k⇢�

<latexit sha1_base64="VcqbG0dNAZ/d2Ijw8grZNDBks/w="></latexit>

@B

@t
= r⇥ (v ⇥B)



Naive picture of Star Formation

Greene 2001



Interstellar Cloud 
Jcloud (2M �) ~ 1055 g cm2 s-1 (n ~ 1 cm-3)

Angular Momentum Problem
of Star Formation



Interstellar Cloud 
Jcloud (2M �) ~ 1055 g cm2 s-1 (n ~ 1 cm-3)

Angular Momentum Problem
of Star Formation

Wide Binary
Jbinary (2M�, 100yr): ~ 1053 g cm2 s-1



Interstellar Cloud 
Jcloud (2M �) ~ 1055 g cm2 s-1 (n ~ 1 cm-3)

Angular Momentum Problem
of Star Formation

Wide Binary
Jbinary (2M�, 100yr): ~ 1053 g cm2 s-1

Solar System
Jsolar system: ~ 1051 g cm2 s-1



Magnetic Braking 

Early stages of SF => B Flux “Frozen” in the gas 

z

Rφ

<latexit sha1_base64="GNB1t9xBPj+67j9KmzMRq6U2VVQ="></latexit>

B = B0ẑ, ⇢ = ⇢0,
@

@�
= 0<latexit sha1_base64="An/aJPGxvzefZxAai1SMrK385lc=">AAACD3icbVDJSgNBEO1xjXEb9eilMSgJSJgRt4sQ9OIxglkgM4SeTk/SpGehuyYQh/kDL/6KFw+KePXqzb+xsxw08UHB6/eq6KrnxYIrsKxvY2FxaXllNbeWX9/Y3No2d3brKkokZTUaiUg2PaKY4CGrAQfBmrFkJPAEa3j9m5HfGDCpeBTewzBmbkC6Ifc5JaCltnnkeJHopIOsCCV8hQft1Il7PCvK44cSdnoEJu+2WbDK1hh4nthTUkBTVNvml9OJaBKwEKggSrVsKwY3JRI4FSzLO4liMaF90mUtTUMSMOWm43syfKiVDvYjqSsEPFZ/T6QkUGoYeLozINBTs95I/M9rJeBfuikP4wRYSCcf+YnAEOFROLjDJaMghpoQKrneFdMekYSCjjCvQ7BnT54n9ZOyfV4+uzstVK6nceTQPjpARWSjC1RBt6iKaoiiR/SMXtGb8WS8GO/Gx6R1wZjO7KE/MD5/APHTm/8=</latexit>

v(t) = v�(r, z)�̂
<latexit sha1_base64="G4hsIYOnflhq38d4DyEjIEe7IT4=">AAACHXicbVDLSgMxFM3UV62vqks3wSK0KGVG6mMjlLpxWcE+oFNKJpO2oZkHyR2hHeZH3Pgrblwo4sKN+DemnS60euDCyTn3knuPEwquwDS/jMzS8srqWnY9t7G5tb2T391rqiCSlDVoIALZdohigvusARwEa4eSEc8RrOWMrqd+655JxQP/DsYh63pk4PM+pwS01MtXbCcQblxLilDCV7jWi+1wyJOiPJmUsD0kkL7xsbbMVJgkvXzBLJsz4L/EmpMCmqPey3/YbkAjj/lABVGqY5khdGMigVPBkpwdKRYSOiID1tHUJx5T3Xh2XYKPtOLifiB1+YBn6s+JmHhKjT1Hd3oEhmrRm4r/eZ0I+pfdmPthBMyn6Uf9SGAI8DQq7HLJKIixJoRKrnfFdEgkoaADzekQrMWT/5Lmadk6L5/dVgrV2jyOLDpAh6iILHSBqugG1VEDUfSAntALejUejWfjzXhPWzPGfGYf/YLx+Q3SLaCK</latexit>

B(t) = B�(r, z)�̂+B0ẑ

<latexit sha1_base64="+FO+5MY0/HRybOX8VWN8XzjzVPQ="></latexit>

⇢
Dv

Dt
=

1

4⇡
(r⇥B)⇥B = �r

✓
B2

8⇡

◆
+

1

4⇡
(B ·r)B

<latexit sha1_base64="VcqbG0dNAZ/d2Ijw8grZNDBks/w="></latexit>

@B

@t
= r⇥ (v ⇥B)

<latexit sha1_base64="Ex4P4RPq3v4pGmfCjyPP4JM5ZeU="></latexit>

⇢
@2v�
@t2

=
1

4⇡
B0

@2B�

@z@t
<latexit sha1_base64="BW/dPjd/Nvb3wDcyzDEP1WnXL+U=">AAACSnicbZBLS8NAFIUntWqtr6hLN4NFcFWS4msjlLpxWcE+oEnDZDppBycPZiaFGvL73Lhy549w40IRN07aULTthYEz594zj8+NGBXSMN60wlpxfWOztFXe3tnd29cPDtsijDkmLRyykHddJAijAWlJKhnpRpwg32Wk4z7eZv3OmHBBw+BBTiJi+2gYUI9iJJXl6MjyOMKJFSEuKWL9Gmw4ajeiaTo34ROcS5nCGzViwKXceEWuX0uho1eMqjEtuCzMXFRAXk1Hf7UGIY59EkjMkBA904iknWRnYkbSshULEiH8iIakp2SAfCLsZIoihafKGUAv5GoFEk7dv4kE+UJMfFdN+kiOxGIvM1f1erH0ru2EBlEsSYBnF3mxAhLCjCscUE6wZBMlEOZUvRXiEVKMpKJfVhDMxS8vi3atal5WL+7PK/VGjqMEjsEJOAMmuAJ1cAeaoAUweAbv4BN8aS/ah/at/cxGC1qeOQL/qlD8BYNns8M=</latexit>

@2B�

@z@t
= B0

@2v�
@z2

<latexit sha1_base64="BU20EuWNlNVisONddKcRLs+9HYU="></latexit>

@2v�
@t2

=

✓
B2

0

4⇡⇢

◆
@2v�
@z2

VA



Magnetic Braking 

Torsional Alfvén waves 
propagate above and below 
the fragment transfering 
angular momentum

Mouschovias & Paleoplogou in the 80’s prooved analytically 
that magnetic braking very efficient in solving the angular 
momentum problem of SF in the early stages 



Mass = ρ (4/3 π R3) = constant

Magnetic Flux Problem
of Star Formation

z

RFlux = B Area = B π R2 = constant
Flux freezing

B ∽ ρ 2/3
ρ ∽ R-3

B ∽ R-2

Interstellar medium 
nISM ~ 1 cm-3 => ρISM ∽ 10-24 g cm-3

BISM ∽ 6 µG

Star ρ★ ∽ 1 g cm-3   

<latexit sha1_base64="OE4TzhOx6MrxOsfw2k1D6DyOtq0="></latexit>

B? = BISM

✓
⇢?

⇢ISM

◆2/3

⇠ 1010G



In the deep interiors of cloud cores

Magnetic Flux Problem
of Star Formation

Vi ≈ Ve   but Vi ≉ Vn

2 fluid MHD 
<latexit sha1_base64="pvZjTsRuLW9WGIIGGPVSeZhGjjk="></latexit>

@B

@t
= r⇥ (vi ⇥B)

<latexit sha1_base64="jkeRUGArOM0AoqwCDqifpah2hTU="></latexit>

⇢n
Dvn

Dt
= �rP � ⇢ng + Fni

<latexit sha1_base64="HFafc9dZEe0atembfWegSCoGbG4=">AAACIHicbZBNS8NAEIY39avWr6hHL4tFEISSiFovQqkgHivYD2hC2Gw27dpNNuxuhBLyU7z4V7x4UERv+mvctjlodWDhmXdmmJ3XTxiVyrI+jdLC4tLySnm1sra+sbllbu90JE8FJm3MGRc9H0nCaEzaiipGeokgKPIZ6fqjy0m9e0+EpDy+VeOEuBEaxDSkGCkteWbdghfQCQXCmZ1nOIeOz1mQ3WlQNCKyyJv5UUFXuZfROPfMqlWzpgH/gl1AFRTR8swPJ+A4jUisMENS9m0rUW6GhKKYkbzipJIkCI/QgPQ1xkgvd7PpgTk80EoAQy70ixWcqj8nMhRJOY583RkhNZTztYn4X62fqvDc1fckqSIxni0KUwYVhxO3YEAFwYqNNSAsqP4rxEOk3VLa04o2wZ4/+S90jmv2We305qTaaBZ2lMEe2AeHwAZ10ADXoAXaAIMH8ARewKvxaDwbb8b7rLVkFDO74FcYX99c9KMs</latexit>

0 =
1

c
j⇥B+ Fin

Flux frozzen in the plasma!

Coupled through collisions

<latexit sha1_base64="XKdmhYJ0PcYjoku1MG8TpJiKn4E="></latexit>

Fin =
⇢i
⌧in

(vn � vi) = �Fni

<latexit sha1_base64="2RbM7wd/GGtfM1Q0SbsT8JMBa20=">AAACD3icbVDLSgMxFM3UV62vqks3waK4scyIr41Q1IXLCvYB7VAymUwbmkmGJFMow/yBG3/FjQtF3Lp159+YtoOP1gOBc8+5l5t7vIhRpW3708rNzS8sLuWXCyura+sbxc2tuhKxxKSGBROy6SFFGOWkpqlmpBlJgkKPkYbXvxr5jQGRigp+p4cRcUPU5TSgGGkjdYr7bU8wPxmkneQ6hRfwu6Tw8KcwjSW7bI8BZ4mTkRLIUO0UP9q+wHFIuMYMKdVy7Ei7CZKaYkbSQjtWJEK4j7qkZShHIVFuMr4nhXtG8WEgpHlcw7H6eyJBoVLD0DOdIdI9Ne2NxP+8VqyDczehPIo14XiyKIgZ1AKOwoE+lQRrNjQEYUnNXyHuIYmwNhEWTAjO9MmzpH5Udk7LJ7fHpcplFkce7IBdcAAccAYq4AZUQQ1gcA8ewTN4sR6sJ+vVepu05qxsZhv8gfX+BdWfnIw=</latexit>vD = vi � vn
<latexit sha1_base64="IZNhE03MSSJ3YcUh0CXwNUeqvaQ=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwY0lEqxuhVBCXFewDmhAmk0k7djIJMxOhhPyJG3/FjQtFxF3/xmmbhVYPDJx7zr3cucdPGJXKsiZGaWl5ZXWtvF7Z2Nza3jF39zoyTgUmbRyzWPR8JAmjnLQVVYz0EkFQ5DPS9UfXU7/7SISkMb9X44S4ERpwGlKMlJY8s+74MQuym9zLKM/hFTyBTigQzuw8wzmcuw+aKBoRWdTN3DOrVs2aAf4ldkGqoEDLM7+cIMZpRLjCDEnZt61EuRkSimJG8oqTSpIgPEID0teUI73NzWb35fBIKwEMY6EfV3Cm/pzIUCTlOPJ1Z4TUUC56U/E/r5+q8NLVhyepIhzPF4UpgyqG07BgQAXBio01QVhQ/VeIh0jHo3SkFR2CvXjyX9I5rdn12vndWbXRLOIogwNwCI6BDS5AA9yCFmgDDJ7AC3gD78az8Wp8GJ/z1pJRzOyDXzAm3/UPovQ=</latexit>

Fin = �1

c
j⇥B

<latexit sha1_base64="IY1xqFA3+3l4sfKtzN/qKMtUjA8="></latexit>

vD =
⌧ni
c⇢n

j⇥B =
⌧ni
4⇡⇢n

(r⇥B)⇥B

<latexit sha1_base64="SU8uFGiQryUs+3bs8v4nNBPit8c=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtRFK3bisYB/QhDKZTNqxk5kwMxFKyG+48VfcuFDEpa78G6dtFtp64MLhnHu5954gYVRpx/m2SkvLK6tr5fXKxubW9o69u9dWIpWYtLBgQnYDpAijnLQ01Yx0E0lQHDDSCUbXE7/zQKSigt/pcUL8GA04jShG2kh92/E4ChiCnqYxUdALBAuzRg6voBdJhLNTL6F5hvPCuc/7dtWpOVPAReIWpAoKNPv2pxcKnMaEa8yQUj3XSbSfIakpZiSveKkiCcIjNCA9Qzkyd/jZ9LMcHhklhJGQpriGU/X3RIZipcZxYDpjpIdq3puI/3m9VEeXfkZ5kmrC8WxRlDKoBZzEBEMqCdZsbAjCkppbIR4ik4g2YVZMCO78y4ukfVJzz2tnt6fVeqOIowwOwCE4Bi64AHVwA5qgBTB4BM/gFbxZT9aL9W59zFpLVjGzD/7A+voBYxWglA==</latexit>

r⇥B =
4⇡

c
j



add and subtract vn

Magnetic Flux Problem
of Star Formation

<latexit sha1_base64="pvZjTsRuLW9WGIIGGPVSeZhGjjk="></latexit>

@B

@t
= r⇥ (vi ⇥B)

Diffusion Equation albeit non-linear 
(set vn = 0 to see it )

Ambipolar Diffusion 

<latexit sha1_base64="kORAuEWiH0Q87OfXEz0MI4xJ1qQ="></latexit>

@B

@t
�r⇥ (vn ⇥B) = r⇥ [(vi � vn)⇥B] = r⇥ (vD ⇥B)

<latexit sha1_base64="o2S8dVAQDqc8ED0XmTTN6q5L13U="></latexit>

@B

@t
+r⇥ (B⇥ vn) = r⇥ { ⌧ni

4⇡⇢n
[(r⇥B)⇥B]⇥B}



Magnetic Flux Problem
of Star Formation

<latexit sha1_base64="o2S8dVAQDqc8ED0XmTTN6q5L13U="></latexit>

@B

@t
+r⇥ (B⇥ vn) = r⇥ { ⌧ni

4⇡⇢n
[(r⇥B)⇥B]⇥B}

<latexit sha1_base64="0cEEtFdj5EPKFIVfi2WNVZ1hAFA=">AAACJ3icbVDLSgMxFM34rPVVdekmWARXZab4WkmtLlxWsA/otEMmzbShmWRIMoUyzN+48VfcCCqiS//E9EHR1gOBwznncnOPHzGqtG1/WUvLK6tr65mN7ObW9s5ubm+/pkQsMaliwYRs+EgRRjmpaqoZaUSSoNBnpO73b0Z+fUCkooI/6GFEWiHqchpQjLSRvNzVLXQjKSItoBtIhBNXo9hLOE1huV1ME1f2hMfTWWjgXbeLcBbycnm7YI8BF4kzJXkwRcXLvbodgeOQcI0ZUqrp2JFuJUhqihlJs26sSIRwH3VJ01COQqJayfjOFB4bpQMDIc3jGo7V3xMJCpUahr5Jhkj31Lw3Ev/zmrEOLlsJ5VGsCceTRUHMoDl4VBrsUEmwZkNDEJbU/BXiHjJ1aVNt1pTgzJ+8SGrFgnNeOLs/zZfK0zoy4BAcgRPggAtQAnegAqoAg0fwDN7Au/VkvVgf1uckumRNZw7AH1jfP+/ipp8=</latexit>

D / ⌧niB2

⇢n
/ v2A⌧ni

Diffusion coefficient Diffusion timescale 
<latexit sha1_base64="5F8A6slJZzOwUVokCAYJL2qG5Hg=">AAACT3icbVE7T8MwGHTCqy2vAiOLRYXEVCUVr7EFBgaGItGH1ITIcZ1i1XEi26lURfmHLLDxN1gYQAi3zUAfJ1k63d0n+zv7MaNSWdaHYa6tb2xuFYql7Z3dvf3ywWFbRonApIUjFomujyRhlJOWooqRbiwICn1GOv7wduJ3RkRIGvEnNY6JG6IBpwHFSGnJKweOQomXNu4y6MQiilUEnUAgnD4817J0tTob4TSDI6+hhYXM1G7MBTOvXLGq1hRwmdg5qYAcTa/87vQjnISEK8yQlD3bipWbIqEoZiQrOYkkMcJDNCA9TTkKiXTTaR8ZPNVKHwaR0IcrOFX/T6QolHIc+joZIvUiF72JuMrrJSq4dlPK40QRjmcXBQmDevdJubBPBcGKjTVBWFD9VohfkC5F6S8o6RLsxZWXSbtWtS+rF4/nlfpNXkcBHIMTcAZscAXq4B40QQtg8Ao+wTf4Md6ML+PXzKOmkZMjMAez+AdkQbXt</latexit>

⌧AD / L2

D
/ L2

⌧niv2A
/ ⌧2A

⌧ni

Ambipolar Diffusion timescale 
small in high-density and low-ionization 

molecular cloud cores 
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3D Non-Ideal MHD Simulation
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Conclusions

• MHD essential to understand the process of Star Formation

• Ideal MHD (good coupling of neutral and charged particles) 
=> flux freezing => magnetic braking efficiently removes 
angular momentum allowing the collapse

• Non-Ideal MHD => AD (and other diffusive processes) => 
redistribution of magnetic flux 



Thank you!


