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Outline

• Background: the solar wind and the challenge of explaining 
its origin. 

• Reflection-driven Alfvén-wave turbulence 

• Approximate analytic solution to the coupled problems of 
coronal heating and solar-wind acceleration

My focus: deriving analytic formulas and presenting intuitive explanations for the solar mass 
loss rate , the asymptotic wind speed , and the temperature of the corona  ·M U∞ Tcorona
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The Solar Wind: a Quasi-Steady, Radial Outflow of Plasma from the Sun

(ESA)

• Near Earth, U ⇠ 300� 800 km s�1, T ⇠ 105 K, n ⇠ 5 cm�3.

• Ṁ ⇠ 10�14M� yr�1, Lmech ⇠ 10�6L�.

• Theatre for all of space physics and space weather, a model for other
astrophysical outflows, and a laboratory for plasma physics.

<latexit sha1_base64="SwW9Bi7oWV9VACUFj5c4a40sxjU="></latexit>
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The Solar Interior and Atmosphere
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<latexit sha1_base64="ZW63PG5DNgyHGSVqSKGCtDvsgqk=">AAAB+HicbVDLSgMxFM3UV62v+ti5CRbBVZkRRXcWRHTZgn1AO5RMetuGJpkhyQjt0C9wq3t34saFn+EfuKxfYvrYtPXAhZNz7s29nCDiTBvX/XFSK6tr6xvpzczW9s7uXnb/oKLDWFEo05CHqhYQDZxJKBtmONQiBUQEHKpB73bsV59AaRbKR9OPwBekI1mbUWKsVFLNbM7NuxPgZeLNSO7me3T/eTQYFZvZ30YrpLEAaSgnWtc9NzJ+QpRhlMMw04g1RIT2SAeSQMy965ZKIkD7yeTwIT61Sgu3Q2VLGjxR534gQuu+CGynIKarF72x+J9Xj0372k+YjGIDkk4XtWOOTYjHKeAWU0AN71tCqGL2dky7RBFqbFYZG4q3GMEyqZznvYv8ZcnNFe7QFGl0jE7QGfLQFSqgB1REZUQRoGf0gl6dgfPmvDsf09aUM5s5RHNwvv4ANEWX8Q==</latexit>

R�
(7⇥ 105 km)

<latexit sha1_base64="xfqO6q2J0Mewe+H8bjlrnCV8iAE="></latexit>

0

<latexit sha1_base64="R8n763w74bZ74ylK69x6dx8fBto=">AAAB+HicbVA9SwNBEJ3zM8avqKXNYhCswl1QtLAI2FgmYD4gOcLeZi5Zsrd37O4J8cgvsNXeTmz9N7b+EjfJNUl8MPD2vZmd4QWJ4Nq47o+zsbm1vbNb2CvuHxweHZdOTls6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GD/M/PYzKs1j+WQmCfoRHUoeckaNlRpuv1R2K+4cZJ14OSlDjnq/9NsbxCyNUBomqNZdz02Mn1FlOBM4LfZSjQllYzrELIiW3l1LJY1Q+9n88Cm5tMqAhLGyJQ2Zq0s/0EjrSRTYzoiakV71ZuJ/Xjc14Z2fcZmkBiVbLApTQUxMZimQAVfIjJhYQpni9nbCRlRRZmxWRRuKtxrBOmlVK9515aZRLdfu83gKcA4XcAUe3EINHqEOTWCA8Apv8O68OB/Op/O1aN1w8pkzWILz/Qe6N5Na</latexit>

1 au
(215R�)

<latexit sha1_base64="UXS9SatGuXSO85lJ/thry6LShmw="></latexit>

40 au

<latexit sha1_base64="ZbbbTK9DY+YoqRYZmdFphFD2mTQ=">AAAB/HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewSiB48kHjxiIkLJLAh3dKFhra7absmZIN/wavevRmv/hev/hIL7AXwJZO8vjfTmbww4Uwb1/1xClvbO7t7xf3SweHR8Un59Kyt41QR6pOYx6obYk05k9Q3zHDaTRTFIuS0E07u537nmSrNYvlkpgkNBB5JFjGCjZX8uotwOihX3Kq7ANokXk4qkKM1KP/2hzFJBZWGcKx1z3MTE2RYGUY4nZX6qaYJJhM8olkoVt49SyUWVAfZ4vgZurLKEEWxsiUNWqgrP2Ch9VSEtlNgM9br3lz8z+ulJroNMiaT1FBJlouilCMTo3kSaMgUJYZPLcFEMXs7ImOsMDE2r5INxVuPYJO0a1WvXm081irNuzyeIlzAJVyDBzfQhAdogQ8EGLzCG7w7L86H8+l8LVsLTj5zDitwvv8AJomUrA==</latexit>

(UCAR)

T (K)

<latexit sha1_base64="nYlr5BJC0IBDLR2uOncPkyLxoYc=">AAAB/HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JLNHrwQOLFxAsmLJDAhnRLFxra7qbtmhCCf8Gr3r0Zr/4Xr/4SC+wF8CWTvL4305m8MOFMG9f9cXIbm1vbO/ndwt7+weFR8fikqeNUEeqTmMeqHWJNOZPUN8xw2k4UxSLktBWO7md+65kqzWLZMOOEBgIPJIsYwcZKfgOVHy97xZJbcedA68TLSAky1HvF324/Jqmg0hCOte54bmKCCVaGEU6nhW6qaYLJCA/oJBRL746lEguqg8n8+Cm6sEofRbGyJQ2aq0s/YKH1WIS2U2Az1KveTPzP66Qmug0mTCapoZIsFkUpRyZGsyRQnylKDB9bgoli9nZEhlhhYmxeBRuKtxrBOmlWK95V5fqpWqrdZfHk4QzOoQwe3EANHqAOPhBg8Apv8O68OB/Op/O1aM052cwpLMH5/gOx/JRi</latexit>

104

<latexit sha1_base64="FqnQuaq1DZg1gNFM628Lt4cMbr8=">AAAB/HicbVA9SwNBEJ3zM8avqKUgh0GwCncS0UIwYGOZgJcEkhj2NnvJkt29Y3dPCEfsrG21txNbsfVn2Nrqj3AvSZPEBwNv35vZGZ4fMaq043xZC4tLyyurmbXs+sbm1nZuZ7eqwlhi4uGQhbLuI0UYFcTTVDNSjyRB3Gek5vevUr92R6SiobjRg4i0OOoKGlCMtJE817ktZtu5vFNwRrDniTsh+cvPn4eDj8pvuZ37bnZCHHMiNGZIqYbrRLqVIKkpZmSYbcaKRAj3UZckPp96NwwViBPVSkbHD+0jo3TsIJSmhLZH6tQPiCs14L7p5Ej31KyXiv95jVgH562EiijWRODxoiBmtg7tNAm7QyXBmg0MQVhSc7uNe0girE1eaSjubATzpHpScIuF04qTL13AGBnYh0M4BhfOoATXUAYPMFB4hCd4tu6tF+vVehu3LliTmT2YgvX+B+1nmNA=</latexit>

105

<latexit sha1_base64="VL+5Ss5Q1rvfm/Ywmfa4jnCM2jU=">AAAB/HicbVA9SwNBEJ3zM8avqKUgh0GwCndi0EIwYGOZgJcEkhj2NnvJkt29Y3dPCEfsrG21txNbsfVn2Nrqj3AvSZPEBwNv35vZGZ4fMaq043xZC4tLyyurmbXs+sbm1nZuZ7eqwlhi4uGQhbLuI0UYFcTTVDNSjyRB3Gek5vevUr92R6SiobjRg4i0OOoKGlCMtJE817ktZtu5vFNwRrDniTsh+cvPn4eDj8pvuZ37bnZCHHMiNGZIqYbrRLqVIKkpZmSYbcaKRAj3UZckPp96NwwViBPVSkbHD+0jo3TsIJSmhLZH6tQPiCs14L7p5Ej31KyXiv95jVgH562EiijWRODxoiBmtg7tNAm7QyXBmg0MQVhSc7uNe0girE1eaSjubATzpHpScE8LxYqTL13AGBnYh0M4BhfOoATXUAYPMFB4hCd4tu6tF+vVehu3LliTmT2YgvX+B+78mNE=</latexit>

106

<latexit sha1_base64="hTeMtZ7mfRu+FK83hcVsv+Bqszw=">AAAB/HicbVC7SgNBFL3rM8ZX1FKQwSBYhV3xVQgGbCwTMA9I1jA7mU2GzM4uM7NCWGJnbau9ndiKrZ9ha6sf4WySJokHLpw55965l+NFnClt21/W3PzC4tJyZiW7ura+sZnb2q6qMJaEVkjIQ1n3sKKcCVrRTHNajyTFgcdpzetdpX7tjkrFQnGj+xF1A9wRzGcEayNVHPv2NNvK5e2CPQSaJc6Y5C8/fx72Psq/pVbuu9kOSRxQoQnHSjUcO9JugqVmhNNBthkrGmHSwx2aeMHEu2GowAFVbjI8foAOjNJGfihNCY2G6sQPOFCqH3imM8C6q6a9VPzPa8TaP3cTJqJYU0FGi/yYIx2iNAnUZpISzfuGYCKZuR2RLpaYaJNXGoozHcEsqR4VnOPCSdnOFy9ghAzswj4cggNnUIRrKEEFCDB4hCd4tu6tF+vVehu1zlnjmR2YgPX+B/CRmNI=</latexit>
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<latexit sha1_base64="UN4IDrEH5P/5da+TR9bmk+UKRGg=">AAAB/HicbVA9SwNBEJ3zM8avqKUgh0GwCneixEIwYGOZgJcEkhj2NnvJkt29Y3dPCEfsrG21txNbsfVn2Nrqj3AvSZPEBwNv35vZGZ4fMaq043xZC4tLyyurmbXs+sbm1nZuZ7eqwlhi4uGQhbLuI0UYFcTTVDNSjyRB3Gek5vevUr92R6SiobjRg4i0OOoKGlCMtJE817ktZtu5vFNwRrDniTsh+cvPn4eDj8pvuZ37bnZCHHMiNGZIqYbrRLqVIKkpZmSYbcaKRAj3UZckPp96NwwViBPVSkbHD+0jo3TsIJSmhLZH6tQPiCs14L7p5Ej31KyXiv95jVgH562EiijWRODxoiBmtg7tNAm7QyXBmg0MQVhSc7uNe0girE1eaSjubATzpHpScE8LZxUnX7qAMTKwD4dwDC4UoQTXUAYPMFB4hCd4tu6tF+vVehu3LliTmT2YgvX+B/ImmNM=</latexit>

chromosphere

transition region

corona

80 au

<latexit sha1_base64="qLBIu60CBS6ElLXc1QozsTGT3EQ=">AAAB/HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewSiRw8kHjxiIkLJLAh3dKFhra7absmZIN/wavevRmv/hev/hIL7AXwJZO8vjfTmbww4Uwb1/1xClvbO7t7xf3SweHR8Un59Kyt41QR6pOYx6obYk05k9Q3zHDaTRTFIuS0E07u537nmSrNYvlkpgkNBB5JFjGCjZX8hotwOihX3Kq7ANokXk4qkKM1KP/2hzFJBZWGcKx1z3MTE2RYGUY4nZX6qaYJJhM8olkoVt49SyUWVAfZ4vgZurLKEEWxsiUNWqgrP2Ch9VSEtlNgM9br3lz8z+ulJmoEGZNJaqgky0VRypGJ0TwJNGSKEsOnlmCimL0dkTFWmBibV8mG4q1HsEnatap3U60/1irNuzyeIlzAJVyDB7fQhAdogQ8EGLzCG7w7L86H8+l8LVsLTj5zDitwvv8ALOmUsA==</latexit>

Proxima
Centauri

(nearest star)

3⇥ 105 au

<latexit sha1_base64="WYpylLRx7IbvfMvjQW+asvmbciQ=">AAACC3icbVC7TsMwFHV4lvIKZWSxaJGYqqRQwcBQiYWxSPQhtaFyXKe16jiRfYOoon4Cv8AKOxti5SNY+RLcNktbjnSl43OufX2PHwuuwXF+rLX1jc2t7dxOfndv/+DQPio0dZQoyho0EpFq+0QzwSVrAAfB2rFiJPQFa/mj26nfemJK80g+wDhmXkgGkgecEjBSzy6ULnAXeMg0dp3HagmTpGcXnbIzA14lbkaKKEO9Z/92+xFNQiaBCqJ1x3Vi8FKigFPBJvluollM6IgMWOqHC+eOoZKY6V4622WCz4zSx0GkTEnAM3XhBRJqPQ590xkSGOplbyr+53USCK69lMs4ASbpfFCQCAwRngaD+1wxCmJsCKGKm79jOiSKUDDx5U0o7nIEq6RZKbuX5ep9pVi7yeLJoRN0is6Ri65QDd2hOmogip7RK3pD79aL9WF9Wl/z1jUru3OMFmB9/wGkxJko</latexit>

SUN

rc
(⇠ 4R�)
U = cs

<latexit sha1_base64="li67SbkwXN3eV6bhRvoO2Cb+jiQ="></latexit>

rA
(⇠ 10R�)
U = vA

<latexit sha1_base64="mhF7M4fPqcKfZHYIxv41KRVgsug="></latexit>

critical
point

Alfvén
critical
point

Distance Scale

‘sub-Alfvénic region’ (U < vA)

<latexit sha1_base64="4dtXOeh1QC4fTJhbNaNw3anb9pI="></latexit>
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<latexit sha1_base64="ZW63PG5DNgyHGSVqSKGCtDvsgqk=">AAAB+HicbVDLSgMxFM3UV62v+ti5CRbBVZkRRXcWRHTZgn1AO5RMetuGJpkhyQjt0C9wq3t34saFn+EfuKxfYvrYtPXAhZNz7s29nCDiTBvX/XFSK6tr6xvpzczW9s7uXnb/oKLDWFEo05CHqhYQDZxJKBtmONQiBUQEHKpB73bsV59AaRbKR9OPwBekI1mbUWKsVFLNbM7NuxPgZeLNSO7me3T/eTQYFZvZ30YrpLEAaSgnWtc9NzJ+QpRhlMMw04g1RIT2SAeSQMy965ZKIkD7yeTwIT61Sgu3Q2VLGjxR534gQuu+CGynIKarF72x+J9Xj0372k+YjGIDkk4XtWOOTYjHKeAWU0AN71tCqGL2dky7RBFqbFYZG4q3GMEyqZznvYv8ZcnNFe7QFGl0jE7QGfLQFSqgB1REZUQRoGf0gl6dgfPmvDsf09aUM5s5RHNwvv4ANEWX8Q==</latexit>

R�
(7⇥ 105 km)

<latexit sha1_base64="xfqO6q2J0Mewe+H8bjlrnCV8iAE="></latexit>

0

<latexit sha1_base64="R8n763w74bZ74ylK69x6dx8fBto=">AAAB+HicbVA9SwNBEJ3zM8avqKXNYhCswl1QtLAI2FgmYD4gOcLeZi5Zsrd37O4J8cgvsNXeTmz9N7b+EjfJNUl8MPD2vZmd4QWJ4Nq47o+zsbm1vbNb2CvuHxweHZdOTls6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GD/M/PYzKs1j+WQmCfoRHUoeckaNlRpuv1R2K+4cZJ14OSlDjnq/9NsbxCyNUBomqNZdz02Mn1FlOBM4LfZSjQllYzrELIiW3l1LJY1Q+9n88Cm5tMqAhLGyJQ2Zq0s/0EjrSRTYzoiakV71ZuJ/Xjc14Z2fcZmkBiVbLApTQUxMZimQAVfIjJhYQpni9nbCRlRRZmxWRRuKtxrBOmlVK9515aZRLdfu83gKcA4XcAUe3EINHqEOTWCA8Apv8O68OB/Op/O1aN1w8pkzWILz/Qe6N5Na</latexit>

1 au
(215R�)

<latexit sha1_base64="UXS9SatGuXSO85lJ/thry6LShmw="></latexit>

40 au

<latexit sha1_base64="ZbbbTK9DY+YoqRYZmdFphFD2mTQ=">AAAB/HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewSiB48kHjxiIkLJLAh3dKFhra7absmZIN/wavevRmv/hev/hIL7AXwJZO8vjfTmbww4Uwb1/1xClvbO7t7xf3SweHR8Un59Kyt41QR6pOYx6obYk05k9Q3zHDaTRTFIuS0E07u537nmSrNYvlkpgkNBB5JFjGCjZX8uotwOihX3Kq7ANokXk4qkKM1KP/2hzFJBZWGcKx1z3MTE2RYGUY4nZX6qaYJJhM8olkoVt49SyUWVAfZ4vgZurLKEEWxsiUNWqgrP2Ch9VSEtlNgM9br3lz8z+ulJroNMiaT1FBJlouilCMTo3kSaMgUJYZPLcFEMXs7ImOsMDE2r5INxVuPYJO0a1WvXm081irNuzyeIlzAJVyDBzfQhAdogQ8EGLzCG7w7L86H8+l8LVsLTj5zDitwvv8AJomUrA==</latexit>

(UCAR)

T (K)

<latexit sha1_base64="nYlr5BJC0IBDLR2uOncPkyLxoYc=">AAAB/HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JLNHrwQOLFxAsmLJDAhnRLFxra7qbtmhCCf8Gr3r0Zr/4Xr/4SC+wF8CWTvL4305m8MOFMG9f9cXIbm1vbO/ndwt7+weFR8fikqeNUEeqTmMeqHWJNOZPUN8xw2k4UxSLktBWO7md+65kqzWLZMOOEBgIPJIsYwcZKfgOVHy97xZJbcedA68TLSAky1HvF324/Jqmg0hCOte54bmKCCVaGEU6nhW6qaYLJCA/oJBRL746lEguqg8n8+Cm6sEofRbGyJQ2aq0s/YKH1WIS2U2Az1KveTPzP66Qmug0mTCapoZIsFkUpRyZGsyRQnylKDB9bgoli9nZEhlhhYmxeBRuKtxrBOmlWK95V5fqpWqrdZfHk4QzOoQwe3EANHqAOPhBg8Apv8O68OB/Op/O1aM052cwpLMH5/gOx/JRi</latexit>

104

<latexit sha1_base64="FqnQuaq1DZg1gNFM628Lt4cMbr8=">AAAB/HicbVA9SwNBEJ3zM8avqKUgh0GwCncS0UIwYGOZgJcEkhj2NnvJkt29Y3dPCEfsrG21txNbsfVn2Nrqj3AvSZPEBwNv35vZGZ4fMaq043xZC4tLyyurmbXs+sbm1nZuZ7eqwlhi4uGQhbLuI0UYFcTTVDNSjyRB3Gek5vevUr92R6SiobjRg4i0OOoKGlCMtJE817ktZtu5vFNwRrDniTsh+cvPn4eDj8pvuZ37bnZCHHMiNGZIqYbrRLqVIKkpZmSYbcaKRAj3UZckPp96NwwViBPVSkbHD+0jo3TsIJSmhLZH6tQPiCs14L7p5Ej31KyXiv95jVgH562EiijWRODxoiBmtg7tNAm7QyXBmg0MQVhSc7uNe0girE1eaSjubATzpHpScIuF04qTL13AGBnYh0M4BhfOoATXUAYPMFB4hCd4tu6tF+vVehu3LliTmT2YgvX+B+1nmNA=</latexit>

105

<latexit sha1_base64="VL+5Ss5Q1rvfm/Ywmfa4jnCM2jU=">AAAB/HicbVA9SwNBEJ3zM8avqKUgh0GwCndi0EIwYGOZgJcEkhj2NnvJkt29Y3dPCEfsrG21txNbsfVn2Nrqj3AvSZPEBwNv35vZGZ4fMaq043xZC4tLyyurmbXs+sbm1nZuZ7eqwlhi4uGQhbLuI0UYFcTTVDNSjyRB3Gek5vevUr92R6SiobjRg4i0OOoKGlCMtJE817ktZtu5vFNwRrDniTsh+cvPn4eDj8pvuZ37bnZCHHMiNGZIqYbrRLqVIKkpZmSYbcaKRAj3UZckPp96NwwViBPVSkbHD+0jo3TsIJSmhLZH6tQPiCs14L7p5Ej31KyXiv95jVgH562EiijWRODxoiBmtg7tNAm7QyXBmg0MQVhSc7uNe0girE1eaSjubATzpHpScE8LxYqTL13AGBnYh0M4BhfOoATXUAYPMFB4hCd4tu6tF+vVehu3LliTmT2YgvX+B+78mNE=</latexit>

106

<latexit sha1_base64="hTeMtZ7mfRu+FK83hcVsv+Bqszw=">AAAB/HicbVC7SgNBFL3rM8ZX1FKQwSBYhV3xVQgGbCwTMA9I1jA7mU2GzM4uM7NCWGJnbau9ndiKrZ9ha6sf4WySJokHLpw55965l+NFnClt21/W3PzC4tJyZiW7ura+sZnb2q6qMJaEVkjIQ1n3sKKcCVrRTHNajyTFgcdpzetdpX7tjkrFQnGj+xF1A9wRzGcEayNVHPv2NNvK5e2CPQSaJc6Y5C8/fx72Psq/pVbuu9kOSRxQoQnHSjUcO9JugqVmhNNBthkrGmHSwx2aeMHEu2GowAFVbjI8foAOjNJGfihNCY2G6sQPOFCqH3imM8C6q6a9VPzPa8TaP3cTJqJYU0FGi/yYIx2iNAnUZpISzfuGYCKZuR2RLpaYaJNXGoozHcEsqR4VnOPCSdnOFy9ghAzswj4cggNnUIRrKEEFCDB4hCd4tu6tF+vVehu1zlnjmR2YgPX+B/CRmNI=</latexit>

107

<latexit sha1_base64="UN4IDrEH5P/5da+TR9bmk+UKRGg=">AAAB/HicbVA9SwNBEJ3zM8avqKUgh0GwCneixEIwYGOZgJcEkhj2NnvJkt29Y3dPCEfsrG21txNbsfVn2Nrqj3AvSZPEBwNv35vZGZ4fMaq043xZC4tLyyurmbXs+sbm1nZuZ7eqwlhi4uGQhbLuI0UYFcTTVDNSjyRB3Gek5vevUr92R6SiobjRg4i0OOoKGlCMtJE817ktZtu5vFNwRrDniTsh+cvPn4eDj8pvuZ37bnZCHHMiNGZIqYbrRLqVIKkpZmSYbcaKRAj3UZckPp96NwwViBPVSkbHD+0jo3TsIJSmhLZH6tQPiCs14L7p5Ej31KyXiv95jVgH562EiijWRODxoiBmtg7tNAm7QyXBmg0MQVhSc7uNe0girE1eaSjubATzpHpScE8LZxUnX7qAMTKwD4dwDC4UoQTXUAYPMFB4hCd4tu6tF+vVehu3LliTmT2YgvX+B/ImmNM=</latexit>

chromosphere

transition region

corona

80 au

<latexit sha1_base64="qLBIu60CBS6ElLXc1QozsTGT3EQ=">AAAB/HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewSiRw8kHjxiIkLJLAh3dKFhra7absmZIN/wavevRmv/hev/hIL7AXwJZO8vjfTmbww4Uwb1/1xClvbO7t7xf3SweHR8Un59Kyt41QR6pOYx6obYk05k9Q3zHDaTRTFIuS0E07u537nmSrNYvlkpgkNBB5JFjGCjZX8hotwOihX3Kq7ANokXk4qkKM1KP/2hzFJBZWGcKx1z3MTE2RYGUY4nZX6qaYJJhM8olkoVt49SyUWVAfZ4vgZurLKEEWxsiUNWqgrP2Ch9VSEtlNgM9br3lz8z+ulJmoEGZNJaqgky0VRypGJ0TwJNGSKEsOnlmCimL0dkTFWmBibV8mG4q1HsEnatap3U60/1irNuzyeIlzAJVyDB7fQhAdogQ8EGLzCG7w7L86H8+l8LVsLTj5zDitwvv8ALOmUsA==</latexit>

Proxima
Centauri

(nearest star)

3⇥ 105 au
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Parker’s Pioneering Model of the Solar Wind

1. Spherical symmetry, steady state, no rotation. 

2. Imposes a hot coronal temperature (~106 K) as an inner boundary condition.  

3. The wind is heated by conduction and accelerated by the pressure gradient. 

4. Parker predicted the super-sonic solar wind before it was discovered, but 
this model cannot explain the large solar-wind speeds for realistic coronal 
temperatures and offers no explanation for why the corona is so hot. 

5. Conclusion: near the Sun, the dominant energy flux in the solar wind is not a 
heat flux, but something else that both heats the corona and powers the 
outflow. 

6. Open problem: what is this dominant energy flux, and how is it converted 
into the kinetic energy of the outflowing solar wind?
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Parker Solar Probe (PSP)

Launch, August 12, 2018Finishing touches on the spacecraft
Venus flybys will gradually reduce 

PSP’s perihelion to less than 9.9 solar radii

• One of the mission’s primary science objectives: to trace the flow of energy that heats and 
accelerates the solar corona and solar wind
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Outline

• Background: the solar wind and the challenge of explaining 
its origin. 

• Reflection-driven Alfvén-wave turbulence 

• Approximate analytic solution to the coupled problems of 
coronal heating and solar-wind acceleration
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(Ideal) Magnetohydrodynamics (MHD)

density 
velocity 

magnetic field 
pressure

ρ =
v =

B =
p =

Continuity eqn:

Momentum eqn:

Induction eqn:

Closed by an energy equation.  
Frozen-in law: magnetic-field lines are like threads that are frozen to the plasma and 

advected at the plasma velocity  

Magnetic forces: magnetic pressure and magnetic tension

v

@⇢

@t
+r · (⇢v) = 0

⇢
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@v

@t
+ v ·rv

◆
= �r
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p+

B2
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◆
+

1
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B ·rB

@B

@t
= r⇥ (v ⇥B)
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Alfvén Waves

• Propagate along magnetic field lines at the Alfvén speed  vA = B0/ 4πρ

initial field line

plasma
displacement

perturbed field line

magnetic
tension
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Solar-Wind Acceleration by Reflection-Driven Alfvén-Wave Turbulence 
(Parker 1965, Coleman 1968, Hollweg 1973, Velli et al 1989, Matthaeus et al 1999, Cranmer et al 2007)

• The Sun launches Alfvén waves, which transport energy outwards 

• The waves undergo partial reflection because of radial variations in the Alfvén speed 

• Counter-propagating waves interact and become turbulent, which causes wave energy 
to ‘cascade’ from long wavelengths to short wavelengths 

• Short-wavelength waves dissipate, heating the plasma. This increases the thermal 
pressure, which, along with the wave pressure, accelerates the solar wind.

SOLAR
WINDSun

wave reflection

field lines

wave coupling 
& turbulence

k´

k

e-

H+

He++

k5 k4

k2

k3

k1 wave-particle
interactions

wave launching
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WKB Evolution - No Reflection, No Dissipation 
(Parker 1965, Bretherton & Garrett 1968, Heinemann & Olbert 1980)
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This is a key point — leads to strong, extended turbulent heating out to the Alfvén critical point.

• z+ = twice the rms velocity of outward-propagating Alfvén waves

• y =


⇢(r)

⇢(rA)

�1/2

• Near the Sun, y � 1, y · (z+)2 = constant, z+ / ⇢�1/4. Amplitude
increases as waves propagate into lower density. Like a whip cracking.

• At r � rA, y ⌧ 1 (z+)2/y = constant, z+ / ⇢1/4. Waves are “stuck to
the plasma” and do work on the expanding flow. Amplitude decreases as
waves propagate into lower density. Like adiabatic cooling.
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wave action conservation

• z+ = twice the rms velocity of outward-propagating Alfvén waves

• y =


⇢(r)

⇢(rA)

�1/2

• Near the Sun, y � 1, y · (z+)2 = constant, z+ / ⇢�1/4. Amplitude
increases as waves propagate into lower density. Like a whip cracking.

• At r � rA, y ⌧ 1, (z+)2/y = constant, z+ / ⇢1/4. Waves are “stuck to
the plasma” and do work on the expanding flow. Amplitude decreases as
waves propagate into lower density. Like adiabatic cooling.
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WKB Evolution - No Reflection, No Dissipation 
(Parker 1965, Bretherton & Garrett 1968, Heinemann & Olbert 1980)
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• z+ = twice the rms velocity of outward-propagating Alfvén waves

• y =
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�1/2

• Near the Sun, y � 1, y · (z+)2 = constant, z+ / ⇢�1/4. Amplitude
increases as waves propagate into lower density. Like a whip cracking.

• At r � rA, y ⌧ 1, (z+)2/y = constant, z+ / ⇢1/4. Waves are “stuck to
the plasma” and do work on the expanding flow. Amplitude decreases as
waves propagate into lower density. Like adiabatic cooling.
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wave action conservation
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Two Key Modeling Results for Reflection-Driven Alfvén-Wave Turbulence

• Heating by reflection-driven Alfvén-wave 
turbulence generically causes the region 
inside the Alfvén critical point to become 
approximately isothermal, but the region 
outside the Alfvén critical point does not 
become approximately isothermal. 
(Chandran, J. Plasm. Phys., 87, 905870304 (2021).) 

• Between 50% and 70% of the outward-
propagating Alfvén-wave power at the 
coronal base dissipates before it 
reaches the Alfvén critical point.        
(Perez, Chandran, Klein, & Martinovic, J. Plasm. Phys., 87, 
905870218 (2021).)

(Verdini et al 2010)

16



Outline

• Background: the solar wind and the challenge of explaining 
its origin. 

• Reflection-driven Alfvén-wave turbulence 

• Approximate analytic solution to the coupled problems of 
coronal heating and solar-wind acceleration
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Possible Starting Point: Isothermal Solar-Wind Model
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Possible Starting Point: Isothermal Solar-Wind Model
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(Hansteen & Velli 2012)

• Plasma at rc expands at speed cs

• As cs decreases, density scale height
in corona decreases, and ⇢c and Ṁ
decrease exponentially

• Formula has little predictive value
unless we can determine cs
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Approximate Analytic Solution to the Coupled Problems of 
Coronal Heating and Solar-Wind Acceleration 

(Chandran, J. Plasm. Phys., 87, 905870304 (2021))

• Central approximation: “sub-Alfvénic region” (at r < rA, where U < vA)
has a uniform temperature

• Presented in two steps:

1. A back-of-the-envelope calculation of Ṁ , U1, and cs

2. More sophisticated analytic treatment
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(Hansteen & Velli 2012)Isothermal mass loss rate: Ṁ = 4⇡R2
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at the coronal base, i.e., at r = rb ' R�
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Isothermal mass loss rate: Ṁ = 4⇡R2
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Ṁ ' PAWb

c2s ln (⇢b/⇢A)
' PAWb

v2esc

1

2
ṀU2

1 ' PAWb � 1

2
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Internal-energy balance of  
sub-Alfvénic region:

Alfvén-wave power 
at coronal base

(ρA = density at r=rA, where U = vA)  
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�⇢bvAb c1 exp

✓
�v2esc
2c2s

◆
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sub-Alfvénic region:

Alfvén-wave power 
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A(r) = cross-sectional area of flow (ρA = density at r=rA, where U = vA)  
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Isothermal mass loss rate: Ṁ = 4⇡R2
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Ṁv2esc �! U1 ' vesc

<latexit sha1_base64="V41q+dioz6jdV8gVZVDDhNiE52s="></latexit>

c2s ln

✓
⇢b
⇢A

◆
is the heating cost per unit mass

to transit the quasi-isothermal sub-Alfvénic region
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Ṁ ' PAWb

c2s ln (⇢b/⇢A)
' PAWb

v2esc

1

2
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�⇢bvAb c1 exp

✓
�v2esc
2c2s

◆
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Ṁ ' PAWb

c2s ln (⇢b/⇢A)
' PAWb

v2esc

1

2
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Flux and mass conservation:

• increasing c2s leads to an exponential increase in Ṁ and the solar-wind
density and an exponential reduction of ⇢b/⇢A, leaving c2s ln(⇢b/⇢A) ap-
proximately unchanged.
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Ṁv2esc �! U1 ' vesc

<latexit sha1_base64="V41q+dioz6jdV8gVZVDDhNiE52s="></latexit>

Internal-energy balance of  
sub-Alfvénic region:

Flux and mass conservation:

In an AW-driven solar 
wind, the heating cost 
per unit mass to transit 
the sub-Alfvénic region 

is ~ (vesc)2

32



Isothermal mass loss rate: Ṁ = 4⇡R2
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ṀU2

1 ' PAWb � 1

2
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Internal-energy balance of  
sub-Alfvénic region:

Flux and mass conservation:

In an AW-driven solar 
wind, the heating cost 
per unit mass to transit 
the sub-Alfvénic region 

is ~ (vesc)2

Energy conservation:

Like a mirror in energy 
space: energy per unit 

mass goes from  
-(vesc)2/2  to  +(vesc)2/2 33
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ṀU2

1 ' PAWb � 1

2
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Flux and mass conservation:

In an AW-driven solar 
wind, the heating cost 
per unit mass to transit 
the sub-Alfvénic region 

is ~ (vesc)2

Energy conservation:

also, T ' mpv2esc
8kB ln(vesc/�vb)
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transition region

turbulent heating balances cooling from conduction and 
expansion

rA

heat flux

non-isothermal,
super-Alfvénic wind

radiation

Alfvén-wave flux

chromosphere

quasi-isothermal wind 
from transition region 

to Alfvén critical point rA

 conduction 
balances cooling 

from radiation 
and expansion 

rb

Analytic Model of Coronal Heating and Solar-Wind Acceleration  
(Chandran, JPP, accepted, arXiv:2101.04156)

• cs is taken to be independent of r in sub-Alfvénic region

• rb is the radius at which Q(r) = R(r).

• Neglect radiative cooling at r > rb, and neglect turbulent heating at r < rb
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Main Mathematical Elements of Model
• Simple turbulence model (the decay length for the wave action flux is 

~ twice the local density scale height divided by an adjustable 
parameter σ ~ 0.1 - 0.5)  

• Continuity equation (integrated) 

• Momentum equation with wave pressure force (integrated) 

• Critical point conditions 

• Internal-energy equation for the transition region (integrated) 

• Internal-energy equation for the sub-Alfvenic region (integrated)

Yields 3 simultaneous transcendental equations in 3 unknowns. I’ll present 
asymptotic solutions in two parameter regimes as well as numerical solutions. 36



Internal-Energy Balance of Sub-Alfvénic Region
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 Determining the Heat Flux at the Coronal Base
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lower branch of Lambert W function

Z

qb balances internal-energy
losses from radiation, pdV work,
and advection in TR. These are
determined by ⇢b, Tb, and Ub.
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Solve in transition region, 
setting Q = 0

• Rosner et al (1978): p = constant, qr = �↵T 5/2 dT

dr
, ⇤(T ) = cRT�1/2

• Rosner et al (1978): r · q =
dqr
dr

=
dqr
dT

dT

dr
= � qr

↵T 5/2

dqr
dT

• Schwadron & McComas (2003): r · v = �(v/⇢) ·r⇢ = (U/T )dT/dr = �Uqr/(↵T 7/2
)

• �! first-order nonlinear ODE for q(T )
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Low-Mach-number limit: qb ' 0.15⇢bc
3
s

<latexit sha1_base64="TLB9nArfGrcZ9GXj7Dwphn01hVA="></latexit>

38



For the Numerical Examples to Follow

• Parker Solar Probe �! |Br| =
�
2.2⇥ 10�5 G

�✓1 au

r

◆2

⌘(r),

where the “super-radial expansion factor” ⌘(r) approaches 1 at r � R�.

• ⌘(r) = 1 at r � rc, and ⌘b = ⌘(rb) is inferred from observations or guessed.

• I set PAW(rb) =
1

2
Ṁ

�
U2
1 + v2esc

�
and determine right-hand side using

Ulysses measurements (Schwadron & McComas 2008)
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Comparison to Measurements from Parker Solar Probe

� = 0.5, ⌘b = 100
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PSP data from 
Kasper et al (2019), 

Bale et al (2019),  
Chen et al (2020) 

Hinode data from 
DePontieu et al (2007)
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Expansion-Dominated and Conduction-Dominated Regimes
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Another label for 
 Alfven-wave power:

In expansion-dominated regime, leading-order analytic solution  
reproduces the back-of-the-envelope calculation
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And Much More…. (Advertisement for Paper)

fmax,WS = ⌘b/5.75, � = 5.7⇥ 10�2 ⌘0.34b
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Possible Applications to Other Astrophysical Outflows

• Analytic theory of reflection-driven AW turbulence also holds in 
general relativistic MHD. (Chandran, Foucart & Tchekhovskoy, JPP, 2018) 

• WKB evolution causes amplitudes to increase with distance in 
sub-Alfvénic region and decrease with distance in super-
Alfvénic region. 

• A substantial fraction of the local Alfvén-wave action flux 
decays within each Alfvén-speed scale height 

• May cause sub-Alfvénic region to become quasi-isothermal in 
relativistic wave-driven outflows.
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• Heating cost per unit mass to transit sub-Alfvénic region is
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• Higher-order corrections describe e↵ects of Alfvén wave power at r > rA,
conductive losses, and wave momentum deposition inside rc.

• Coming decade should be very interesting both for what we learn from
Parker Solar Probe and Solar Orbiter, and for what our growing under-
standing of the solar wind teaches us about other astrophysical plasmas.
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