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     Dark Matter: field-like or particle-like

<latexit sha1_base64="a1b6DSLe2vL7vhqS0JhviizIcPk="></latexit>

N =
⇢DM

m�
(�dB)

3 ⇠ 106
✓
eV

m�

◆4
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               Light Scalar Dark Matter Model
<latexit sha1_base64="RGUCcUzFfc0OjCw+YVSK03RFlrk="></latexit>
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<latexit sha1_base64="2zUwA0OnpEyabisDqIaZmW2ysU0=">AAACBnicbVDJSgNBEO1xjXEb9ShCYxC8GGbEJRch0YvHCGaBTAw9nU7SpHtm6K4RwzAnL/6KFw+KePUbvPk3dpaDJj4oeLxXRVU9PxJcg+N8W3PzC4tLy5mV7Ora+samvbVd1WGsKKvQUISq7hPNBA9YBTgIVo8UI9IXrOb3r4Z+7Z4pzcPgFgYRa0rSDXiHUwJGatl7HrAHSLxSKcUX2HXukqNCihNPSUxl2rJzTt4ZAc8Sd0JyaIJyy/7y2iGNJQuACqJ1w3UiaCZEAaeCpVkv1iwitE+6rGFoQCTTzWT0RooPjNLGnVCZCgCP1N8TCZFaD6RvOiWBnp72huJ/XiOGTqGZ8CCKgQV0vKgTCwwhHmaC21wxCmJgCKGKm1sx7RFFKJjksiYEd/rlWVI9zrtn+dObk1zxchJHBu2ifXSIXHSOiugalVEFUfSIntErerOerBfr3foYt85Zk5kd9AfW5w8oh5eq</latexit>

Å = 10�8cm
<latexit sha1_base64="FOnoHgD9vECQhwvPRy/+lmIUuRw="></latexit>
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Ordinary Matter

<latexit sha1_base64="G1HUzzl9/hgknpzm8sUD3WO7cvE=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclUR8bYSiG1elgn1AE8LNdNIOnUzCzEQopTs3/oobF4q49Rfc+TdO2yy09VwuHM65l5l7wpQzpR3n21pYXFpeWS2sFdc3Nre27Z3dhkoySWidJDyRrRAU5UzQumaa01YqKcQhp82wfzP2mw9UKpaIez1IqR9DV7CIEdBGCuwDj4Pocoq9ECSumvLkVLjCIqgGdskpOxPgeeLmpIRy1AL7y+skJIup0ISDUm3XSbU/BKkZ4XRU9DJFUyB96NK2oQJiqvzh5I4RPjJKB0eJNC00nqi/N4YQKzWIQzMZg+6pWW8s/ue1Mx1d+kMm0kxTQaYPRRnHOsHjUHCHSUo0HxgCRDLzV0x6IIFoE13RhODOnjxPGidl97x8dndaqlzncRTQPjpEx8hFF6iCblEN1RFBj+gZvaI368l6sd6tj+nogpXv7KE/sD5/AHnal8o=</latexit>

hN̄Ni = nN Number density



               Light Scalar Dark Matter Model
<latexit sha1_base64="RGUCcUzFfc0OjCw+YVSK03RFlrk="></latexit>
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<latexit sha1_base64="/bVGBTj15i/n7i4Zh+9dNC6vX94=">AAACGnicbVDLSgMxFM3UV62vqks3F4vQIpaZ4msjFEVwWcE+oFNLJs20oZnMkGSKpfQ73Pgrblwo4k7c+Demj4W2HriXwzn3ktzjRZwpbdvfVmJhcWl5JbmaWlvf2NxKb+9UVBhLQssk5KGseVhRzgQta6Y5rUWS4sDjtOp1r0Z+tUelYqG40/2INgLcFsxnBGsjNdNO1hXY4xgO4fq+AEcQjLvrS0xAgJ8DN1Is6/YogYccXIDdTGfsvD0GzBNnSjJoilIz/em2QhIHVGjCsVJ1x450Y4ClZoTTYcqNFY0w6eI2rRsqcEBVYzA+bQgHRmmBH0pTQsNY/b0xwIFS/cAzkwHWHTXrjcT/vHqs/fPGgIko1lSQyUN+zEGHMMoJWkxSonnfEEwkM38F0sEmFW3STJkQnNmT50mlkHdO8ye3x5ni5TSOJNpD+yiLHHSGiugGlVAZEfSIntErerOerBfr3fqYjCas6c4u+gPr6wfQvpxl</latexit>
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<latexit sha1_base64="ha49+53dkX/XMhiT06BZZkfY88I=">AAACDnicbVDJSgNBEO2JW4xb1KOXxhCIiMOMuF2EoAgeI5gFMmPo6dQkTXoWunuCYcgXePFXvHhQxKtnb/6NneWg0QcFj/eqqKrnxZxJZVlfRmZufmFxKbucW1ldW9/Ib27VZJQIClUa8Ug0PCKBsxCqiikOjVgACTwOda93OfLrfRCSReGtGsTgBqQTMp9RorTUyheduMvwOXZiyUpOHyi+38Nwlx5ghq+wGu5jalKzlS9YpjUG/kvsKSmgKSqt/KfTjmgSQKgoJ1I2bStWbkqEYpTDMOckEmJCe6QDTU1DEoB00/E7Q1zUShv7kdAVKjxWf06kJJByEHi6MyCqK2e9kfif10yUf+amLIwTBSGdLPITjlWER9ngNhNAFR9oQqhg+lZMu0QQqnSCOR2CPfvyX1I7NO0T8/jmqFC+mMaRRTtoF5WQjU5RGV2jCqoiih7QE3pBr8aj8Wy8Ge+T1owxndlGv2B8fAPAp5lj</latexit>

� =  (~x)e�iEt + c.c.

Schrodinger equation with potential

<latexit sha1_base64="bQ3991aFkbVaSsa7LocgSyXjm6Y=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksgqeSFL8uQtGLxwq2FZpQNttNu3SzCbsboYRc/CtePCji1Z/hzX/jts1BWx8MPN6bYWZekHCmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqziVhLZIzGP5EGBFORO0pZnm9CGRFEcBp51gdDPxO49UKhaLez1OqB/hgWAhI1gbqWcftNEV8kKJSSbyrB71vGTIUJj37KpTc6ZAi8QtSBUKNHv2l9ePSRpRoQnHSnVdJ9F+hqVmhNO84qWKJpiM8IB2DRU4osrPpg/k6NgofRTG0pTQaKr+nshwpNQ4CkxnhPVQzXsT8T+vm+rw0s+YSFJNBZktClOOdIwmaaA+k5RoPjYEE8nMrYgMsUlDm8wqJgR3/uVF0q7X3PPa2d1ptXFdxFGGQziCE3DhAhpwC01oAYEcnuEV3qwn68V6tz5mrSWrmNmHP7A+fwDAk5Xl</latexit>
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<latexit sha1_base64="KC5Y4bXvSrK7E/5o7TIwC0IXzw0=">AAACCXicbVDLSgMxFM34rPU16tJNsAgVocwUXxuh1I3LCvYBnbFk0kwbmmSGJCOWoVs3/oobF4q49Q/c+Tem7Sy09cC9HM65l+SeIGZUacf5thYWl5ZXVnNr+fWNza1te2e3oaJEYlLHEYtkK0CKMCpIXVPNSCuWBPGAkWYwuBr7zXsiFY3ErR7GxOeoJ2hIMdJG6tiw6FWjB3gM+V3ZdC+UCEMBwyMv7lN4CZ2OXXBKzgRwnrgZKYAMtY795XUjnHAiNGZIqbbrxNpPkdQUMzLKe4kiMcID1CNtQwXiRPnp5JIRPDRKF4aRNCU0nKi/N1LElRrywExypPtq1huL/3ntRIcXfkpFnGgi8PShMGFQR3AcC+xSSbBmQ0MQltT8FeI+MmFoE17ehODOnjxPGuWSe1Y6vTkpVKpZHDmwDw5AEbjgHFTANaiBOsDgETyDV/BmPVkv1rv1MR1dsLKdPfAH1ucPWBiW9A==</latexit>
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<latexit sha1_base64="RGUCcUzFfc0OjCw+YVSK03RFlrk="></latexit>
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               Light Scalar Dark Matter Model

<latexit sha1_base64="Wiu7HCiofxMLacDUAxx1DGC4LGU=">AAACAnicbZDLSgMxFIYzXmu9jboSN8EiCEKZKd42QlEElxXsBdrpkEkzbWiSGZJMoQzFja/ixoUibn0Kd76NaTsLbf0h8PGfczg5fxAzqrTjfFsLi0vLK6u5tfz6xubWtr2zW1NRIjGp4ohFshEgRRgVpKqpZqQRS4J4wEg96N+M6/UBkYpG4kEPY+Jx1BU0pBhpY/n2/m27BK9ga0Aw7Bs8gdxvxT3aLvl2wSk6E8F5cDMogEwV3/5qdSKccCI0ZkippuvE2kuR1BQzMsq3EkVihPuoS5oGBeJEeenkhBE8Mk4HhpE0T2g4cX9PpIgrNeSB6eRI99RsbWz+V2smOrz0UiriRBOBp4vChEEdwXEesEMlwZoNDSAsqfkrxD0kEdYmtbwJwZ09eR5qpaJ7Xjy7Py2Ur7M4cuAAHIJj4IILUAZ3oAKqAINH8AxewZv1ZL1Y79bHtHXBymb2wB9Znz+3J5Ua</latexit>
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<latexit sha1_base64="RGUCcUzFfc0OjCw+YVSK03RFlrk="></latexit>
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               Light Scalar Dark Matter Model

<latexit sha1_base64="TE1Rl3MygP6HAxLjbvLRyObxiUM=">AAACF3icbVDJSgNBEO2JW4xb1KOXxiB4McwEt4sQ9OJJIpgFMkno6dQkTXp6hu6eQBjmL7z4K148KOJVb/6NneWgiQ8KHu9VUVXPizhT2ra/rczS8srqWnY9t7G5tb2T392rqTCWFKo05KFseEQBZwKqmmkOjUgCCTwOdW9wM/brQ5CKheJBjyJoBaQnmM8o0Ubq5IvYHQJNBmk7cSPJAsClFF9NRDxol/AJdn1JaCI6d2nip518wS7aE+BF4sxIAc1Q6eS/3G5I4wCEppwo1XTsSLcSIjWjHNKcGyuICB2QHjQNFSQA1Uomf6X4yChd7IfSlNB4ov6eSEig1CjwTGdAdF/Ne2PxP68Za/+ylTARxRoEnS7yY451iMch4S6TQDUfGUKoZOZWTPvE5KBNlDkTgjP/8iKplYrOefHs/rRQvp7FkUUH6BAdIwddoDK6RRVURRQ9omf0it6sJ+vFerc+pq0Zazazj/7A+vwBS3qexw==</latexit>

~k02 = ~k2 � nN

f

Damping  can occur when

<latexit sha1_base64="uOZv8tSjKiaDJdd5NhLIda58yRo=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyUpvhYuim5cSQXbCk0tk+lNO3QyCTOTQgnBjb/ixoUibv0Kd/6N08dCWw9cOJxzL/fe48ecKe0431ZuYXFpeSW/Wlhb39jcsrd36ipKJIUajXgk732igDMBNc00h/tYAgl9Dg2/fzXyGwOQikXiTg9jaIWkK1jAKNFGatt72BsAxf2HMr7AXiAJTUX7JkuDrG0XnZIzBp4n7pQU0RTVtv3ldSKahCA05USppuvEupUSqRnlkBW8REFMaJ90oWmoICGoVjp+IcOHRungIJKmhMZj9fdESkKlhqFvOkOie2rWG4n/ec1EB+etlIk40SDoZFGQcKwjPMoDd5gEqvnQEEIlM7di2iMmB21SK5gQ3NmX50m9XHJPSye3x8XK5TSOPNpHB+gIuegMVdA1qqIaougRPaNX9GY9WS/Wu/Uxac1Z05ld9AfW5w+96pZp</latexit>
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<latexit sha1_base64="XE0rDJtN2ctjqR92V20rvooIPJc=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCBZwuykNxkzu7PMzAbCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2tEwVwzqTQqpWQDUKHmPdcCOwlSikUSCwGQzvpn5zhEpzGT+acYJ+RPsxDzmjxkqNzggZGXZLZbfizkCWiZeTMuSodUtfnZ5kaYSxYYJq3fbcxPgZVYYzgZNiJ9WYUDakfWxbGtMItZ/Nrp2QU6v0SCiVrdiQmfp7IqOR1uMosJ0RNQO96E3F/7x2asIbP+NxkhqM2XxRmApiJJm+TnpcITNibAllittbCRtQRZmxARVtCN7iy8ukcV7xriqXDxfl6m0eRwGO4QTOwINrqMI91KAODJ7gGV7hzZHOi/PufMxbV5x85gj+wPn8ATIqjuU=</latexit>
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<latexit sha1_base64="yBeicqdGYlnla6mXZDAjnZKoyHQ=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHZNcxOepMhM7PrzGwgLPkOLx4U8erHePNvnCR70MSChqKqm+6uMOFMG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUWjQmMeqHRINnEloGGY4tBMFRIQcWuHwduq3RqA0i+WDGScQCNKXLGKUGCsF/ggoHj76iWICuuWKW3VnwMvEy0kF5ah3y19+L6apAGkoJ1p3PDcxQUaUYZTDpOSnGhJCh6QPHUslEaCDbHb0BJ9YpYejWNmSBs/U3xMZEVqPRWg7BTEDvehNxf+8Tmqi6yBjMkkNSDpfFKUcmxhPE8A9poAaPraEUMXsrZgOiCLU2JxKNgRv8eVl0jyrepfVi/vzSu0mj6OIjtAxOkUeukI1dIfqqIEoekLP6BW9OSPnxXl3PuatBSefOUR/4Hz+AJpVkgI=</latexit>
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               Light Scalar Dark Matter Model
<latexit sha1_base64="RGUCcUzFfc0OjCw+YVSK03RFlrk="></latexit>
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<latexit sha1_base64="XE0rDJtN2ctjqR92V20rvooIPJc=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCBZwuykNxkzu7PMzAbCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2tEwVwzqTQqpWQDUKHmPdcCOwlSikUSCwGQzvpn5zhEpzGT+acYJ+RPsxDzmjxkqNzggZGXZLZbfizkCWiZeTMuSodUtfnZ5kaYSxYYJq3fbcxPgZVYYzgZNiJ9WYUDakfWxbGtMItZ/Nrp2QU6v0SCiVrdiQmfp7IqOR1uMosJ0RNQO96E3F/7x2asIbP+NxkhqM2XxRmApiJJm+TnpcITNibAllittbCRtQRZmxARVtCN7iy8ukcV7xriqXDxfl6m0eRwGO4QTOwINrqMI91KAODJ7gGV7hzZHOi/PufMxbV5x85gj+wPn8ATIqjuU=</latexit>
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<latexit sha1_base64="yBeicqdGYlnla6mXZDAjnZKoyHQ=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHZNcxOepMhM7PrzGwgLPkOLx4U8erHePNvnCR70MSChqKqm+6uMOFMG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUWjQmMeqHRINnEloGGY4tBMFRIQcWuHwduq3RqA0i+WDGScQCNKXLGKUGCsF/ggoHj76iWICuuWKW3VnwMvEy0kF5ah3y19+L6apAGkoJ1p3PDcxQUaUYZTDpOSnGhJCh6QPHUslEaCDbHb0BJ9YpYejWNmSBs/U3xMZEVqPRWg7BTEDvehNxf+8Tmqi6yBjMkkNSDpfFKUcmxhPE8A9poAaPraEUMXsrZgOiCLU2JxKNgRv8eVl0jyrepfVi/vzSu0mj6OIjtAxOkUeukI1dIfqqIEoekLP6BW9OSPnxXl3PuatBSefOUR/4Hz+AJpVkgI=</latexit>
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       Two conditions for the maximal force
<latexit sha1_base64="RGUCcUzFfc0OjCw+YVSK03RFlrk="></latexit>
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- Strong Potential 


- Small skin depth 

<latexit sha1_base64="QA0CXm8Mo3y8PFYZ8YuDQYbun58=">AAACD3icbVDLSgMxFM3UV62vUZdugkVxVWbE17LUjcsK9gGdYchkMm1okhmSjFCG/oEbf8WNC0XcunXn35i2g2jrgcDhnHO5uSdMGVXacb6s0tLyyupaeb2ysbm1vWPv7rVVkklMWjhhieyGSBFGBWlpqhnpppIgHjLSCYfXE79zT6SiibjTo5T4HPUFjSlG2kiBfewxE45QkKtoDD3GoBciCX9UT3IYNcaBXXVqzhRwkbgFqYICzcD+9KIEZ5wIjRlSquc6qfZzJDXFjIwrXqZIivAQ9UnPUIE4UX4+vWcMj4wSwTiR5gkNp+rviRxxpUY8NEmO9EDNexPxP6+X6fjKz6lIM00Eni2KMwZ1AiflwIhKgjUbGYKwpOavEA+QRFibCiumBHf+5EXSPq25F7Xz27NqvVHUUQYH4BCcABdcgjq4AU3QAhg8gCfwAl6tR+vZerPeZ9GSVczsgz+wPr4BgtucVg==</latexit>

�sd ⌧ �̄dB

<latexit sha1_base64="2K3sTW3xvhEL9jK6/TAwnJs802A=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUnE17LoxmUV+4AmhMlk0g6dPJiZCCHUX3HjQhG3fog7/8Zpm4W2Hhg4nHMu987xU86ksqxvo7Kyura+Ud2sbW3v7O6Z+wddmWSC0A5JeCL6PpaUs5h2FFOc9lNBceRz2vPHN1O/90iFZEn8oPKUuhEexixkBCsteWbd4TocYK+QwQQ5nCN075kNq2nNgJaJXZIGlGh75pcTJCSLaKwIx1IObCtVboGFYoTTSc3JJE0xGeMhHWga44hKt5gdP0HHWglQmAj9YoVm6u+JAkdS5pGvkxFWI7noTcX/vEGmwiu3YHGaKRqT+aIw40glaNoECpigRPFcE0wE07ciMsICE6X7qukS7MUvL5PuadO+aJ7fnTVa12UdVTiEIzgBGy6hBbfQhg4QyOEZXuHNeDJejHfjYx6tGOVMHf7A+PwB3PeURA==</latexit>

�sd ⌧ R

<latexit sha1_base64="vfR8Ei+JKCvm0xvUnoQ8DXdY8+4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0cw8khgQ2aHBkZmZzczsyZkwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/WbT6g0j+SDGcfoh3QgeZ8zaqxUu+8WS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OY/Oi/PufMxbc042cwh/4Hz+AK/hjOA=</latexit>

R
<latexit sha1_base64="n4QzdGSu8/c+jo6v9QLt2Qt7GCg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiTia1l047KCtYUmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmKGvRRCSqE6JmgkvWMtwI1kkVwzgUrB2Obqd++4kpzRP5YMYpC2IcSN7nFI2VfF/YaIS9XEeTXrXm1t0ZyDLxClKDAs1e9cuPEprFTBoqUOuu56YmyFEZTgWbVPxMsxTpCAesa6nEmOkgn908ISdWiUg/UfZJQ2bq74kcY63HcWiTMZqhXvSm4n9eNzP96yDnMs0Mk3S+qJ8JYhIyLYBEXDFqxNgSpIrbWwkdokJqbE0VW4K3+OVl8nhW9y7rF/fntcZNUUcZjuAYTsGDK2jAHTShBRRSeIZXeHMy58V5dz7m0ZJTzBzCHzifP1ilkec=</latexit>

�sd

<latexit sha1_base64="MVpFOA7o+67JtYm5hznuYmFsVO0=">AAAB/nicbVDLSsNAFJ3UV62vqrhyM1gEVyURX8tSNy4r2Ac0IdxMJu3QySTMTIQSCv6KGxeKuPU73Pk3TtsstPXAwOGce7h3TpByprRtf1ulldW19Y3yZmVre2d3r7p/0FFJJgltk4QnsheAopwJ2tZMc9pLJYU44LQbjG6nfveRSsUS8aDHKfViGAgWMQLaSH71yA1AYpebRAh+7soYh82JX63ZdXsGvEycgtRQgZZf/XLDhGQxFZpwUKrv2Kn2cpCaEU4nFTdTNAUyggHtGyogpsrLZ+dP8KlRQhwl0jyh8Uz9ncghVmocB2YyBj1Ui95U/M/rZzq68XIm0kxTQeaLooxjneBpFzhkkhLNx4YAkczciskQJBBtGquYEpzFLy+Tznnduapf3l/UGs2ijjI6RifoDDnoGjXQHWqhNiIoR8/oFb1ZT9aL9W59zEdLVpE5RH9gff4ApdiVTQ==</latexit>

�̄dB



       Acceleration induced by DM wind 

<latexit sha1_base64="XE0rDJtN2ctjqR92V20rvooIPJc=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCBZwuykNxkzu7PMzAbCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2tEwVwzqTQqpWQDUKHmPdcCOwlSikUSCwGQzvpn5zhEpzGT+acYJ+RPsxDzmjxkqNzggZGXZLZbfizkCWiZeTMuSodUtfnZ5kaYSxYYJq3fbcxPgZVYYzgZNiJ9WYUDakfWxbGtMItZ/Nrp2QU6v0SCiVrdiQmfp7IqOR1uMosJ0RNQO96E3F/7x2asIbP+NxkhqM2XxRmApiJJm+TnpcITNibAllittbCRtQRZmxARVtCN7iy8ukcV7xriqXDxfl6m0eRwGO4QTOwINrqMI91KAODJ7gGV7hzZHOi/PufMxbV5x85gj+wPn8ATIqjuU=</latexit>

~k
<latexit sha1_base64="yBeicqdGYlnla6mXZDAjnZKoyHQ=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHZNcxOepMhM7PrzGwgLPkOLx4U8erHePNvnCR70MSChqKqm+6uMOFMG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUWjQmMeqHRINnEloGGY4tBMFRIQcWuHwduq3RqA0i+WDGScQCNKXLGKUGCsF/ggoHj76iWICuuWKW3VnwMvEy0kF5ah3y19+L6apAGkoJ1p3PDcxQUaUYZTDpOSnGhJCh6QPHUslEaCDbHb0BJ9YpYejWNmSBs/U3xMZEVqPRWg7BTEDvehNxf+8Tmqi6yBjMkkNSDpfFKUcmxhPE8A9poAaPraEUMXsrZgOiCLU2JxKNgRv8eVl0jyrepfVi/vzSu0mj6OIjtAxOkUeukI1dIfqqIEoekLP6BW9OSPnxXl3PuatBSefOUR/4Hz+AJpVkgI=</latexit>

~k0

<latexit sha1_base64="+GZMtuzwtiwfvH2VJfGX8cO3u/0="></latexit>

a =
F

M
=

3

4

⇢DMv2D
⇢mR

⇠ 1.3⇥ 10�12m/s2
2.7g/cm3

⇢m

cm

R



       Geometric Limit

<latexit sha1_base64="vfR8Ei+JKCvm0xvUnoQ8DXdY8+4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0cw8khgQ2aHBkZmZzczsyZkwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/WbT6g0j+SDGcfoh3QgeZ8zaqxUu+8WS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OY/Oi/PufMxbc042cwh/4Hz+AK/hjOA=</latexit>

R
<latexit sha1_base64="n4QzdGSu8/c+jo6v9QLt2Qt7GCg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiTia1l047KCtYUmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmKGvRRCSqE6JmgkvWMtwI1kkVwzgUrB2Obqd++4kpzRP5YMYpC2IcSN7nFI2VfF/YaIS9XEeTXrXm1t0ZyDLxClKDAs1e9cuPEprFTBoqUOuu56YmyFEZTgWbVPxMsxTpCAesa6nEmOkgn908ISdWiUg/UfZJQ2bq74kcY63HcWiTMZqhXvSm4n9eNzP96yDnMs0Mk3S+qJ8JYhIyLYBEXDFqxNgSpIrbWwkdokJqbE0VW4K3+OVl8nhW9y7rF/fntcZNUUcZjuAYTsGDK2jAHTShBRRSeIZXeHMy58V5dz7m0ZJTzBzCHzifP1ilkec=</latexit>

�sd

<latexit sha1_base64="bmun9aw6pPmXQUi/l/mcpDZj8sM=">AAACFXicbVDLSgMxFM34rPU16tJNsAgupMyIr2WpG5dV7AM6w5DJZNrQJDMkGaEM/Qk3/oobF4q4Fdz5N6btINp6IHA451xu7glTRpV2nC9rYXFpeWW1tFZe39jc2rZ3dlsqySQmTZywRHZCpAijgjQ11Yx0UkkQDxlph4Orsd++J1LRRNzpYUp8jnqCxhQjbaTAPvaYCUcoyFU0gh5j0AuRhD+qJzmM6lPnNrArTtWZAM4TtyAVUKAR2J9elOCME6ExQ0p1XSfVfo6kppiRUdnLFEkRHqAe6RoqECfKzydXjeChUSIYJ9I8oeFE/T2RI67UkIcmyZHuq1lvLP7ndTMdX/o5FWmmicDTRXHGoE7guCIYUUmwZkNDEJbU/BXiPpIIa1Nk2ZTgzp48T1onVfe8enZzWqnVizpKYB8cgCPgggtQA9egAZoAgwfwBF7Aq/VoPVtv1vs0umAVM3vgD6yPb2xFnlg=</latexit>

�sd ⌧ �̄dB ⌧ R

<latexit sha1_base64="MXkIU1RLeQWsQVq+Sn3ISMmE2fQ=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmKr41QVMSNUMU+oEnDZDpth84kYWZSqKFLN/6KGxeKuPUT3Pk3TtsstPXAhcM593LvPX7EqFSW9W1k5uYXFpeyy7mV1bX1DXNzqyrDWGBSwSELRd1HkjAakIqiipF6JAjiPiM1v3cx8mt9IiQNg3s1iIjLUSegbYqR0pJn7l55D/AMOqIbeokjOLy8GcJ+swidiMK7ZtEz81bBGgPOEjsleZCi7JlfTivEMSeBwgxJ2bCtSLkJEopiRoY5J5YkQriHOqShaYA4kW4yfmQI97XSgu1Q6AoUHKu/JxLEpRxwX3dypLpy2huJ/3mNWLVP3YQGUaxIgCeL2jGDKoSjVGCLCoIVG2iCsKD6Voi7SCCsdHY5HYI9/fIsqRYL9nHh6PYwXzpP48iCHbAHDoANTkAJXIMyqAAMHsEzeAVvxpPxYrwbH5PWjJHObIM/MD5/AMfSl+w=</latexit>

Fz = ⇢DMv2⇡R2



       Slow scattering limit

<latexit sha1_base64="vfR8Ei+JKCvm0xvUnoQ8DXdY8+4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0cw8khgQ2aHBkZmZzczsyZkwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/WbT6g0j+SDGcfoh3QgeZ8zaqxUu+8WS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OY/Oi/PufMxbc042cwh/4Hz+AK/hjOA=</latexit>

R
<latexit sha1_base64="n4QzdGSu8/c+jo6v9QLt2Qt7GCg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiTia1l047KCtYUmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmKGvRRCSqE6JmgkvWMtwI1kkVwzgUrB2Obqd++4kpzRP5YMYpC2IcSN7nFI2VfF/YaIS9XEeTXrXm1t0ZyDLxClKDAs1e9cuPEprFTBoqUOuu56YmyFEZTgWbVPxMsxTpCAesa6nEmOkgn908ISdWiUg/UfZJQ2bq74kcY63HcWiTMZqhXvSm4n9eNzP96yDnMs0Mk3S+qJ8JYhIyLYBEXDFqxNgSpIrbWwkdokJqbE0VW4K3+OVl8nhW9y7rF/fntcZNUUcZjuAYTsGDK2jAHTShBRRSeIZXeHMy58V5dz7m0ZJTzBzCHzifP1ilkec=</latexit>

�sd

<latexit sha1_base64="Q8hbMc5tJGdKvj0duWR7qNakfjg=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSlLqYyMUFXEjVLEPaNIwmU7boTNJmJkUaujajb/ixoUibv0Cd/6N0zYLbT1w4XDOvdx7jx8xKpVlfRtz8wuLS8uZlezq2vrGprm1XZVhLDCp4JCFou4jSRgNSEVRxUg9EgRxn5Ga37sY+bU+EZKGwb0aRMTlqBPQNsVIackz9668B3gGi9AR3dBLHMHh5c0Q9psF6EQU3jULnpmz8tYYcJbYKcmBFGXP/HJaIY45CRRmSMqGbUXKTZBQFDMyzDqxJBHCPdQhDU0DxIl0k/ErQ3iglRZsh0JXoOBY/T2RIC7lgPu6kyPVldPeSPzPa8SqfeomNIhiRQI8WdSOGVQhHOUCW1QQrNhAE4QF1bdC3EUCYaXTy+oQ7OmXZ0m1kLeP80e3xVzpPI0jA3bBPjgENjgBJXANyqACMHgEz+AVvBlPxovxbnxMWueMdGYH/IHx+QOdUZhU</latexit>

Fz = 4⇢DMv2⇡R2

<latexit sha1_base64="/udfqZjGDKbvQ9ZPXWdl+H9kLmI=">AAACF3icbVDNS8MwHE3n15xfVY9egkPwVFrx6zjmxeMU9wFrKWmabmFpWpJUGGX/hRf/FS8eFPGqN/8bs66Ibj4Iebz3fiS/F6SMSmXbX0ZlaXllda26XtvY3NreMXf3OjLJBCZtnLBE9AIkCaOctBVVjPRSQVAcMNINRldTv3tPhKQJv1PjlHgxGnAaUYyUlnzTcpkOh8jPZTiBLmMQ3haXGyABf0xXxDBsTqBv1m3LLgAXiVOSOijR8s1PN0xwFhOuMENS9h07VV6OhKKYkUnNzSRJER6hAelrylFMpJcXe03gkVZCGCVCH65gof6eyFEs5TgOdDJGaijnvan4n9fPVHTp5ZSnmSIczx6KMgZVAqclwZAKghUba4KwoPqvEA+RQFjpKmu6BGd+5UXSObGcc+vs5rTeaJZ1VMEBOATHwAEXoAGuQQu0AQYP4Am8gFfj0Xg23oz3WbRilDP74A+Mj28okp6s</latexit>

�sd ⌧ R ⌧ �̄dB



       Slow scattering limit: large skin depth

<latexit sha1_base64="vfR8Ei+JKCvm0xvUnoQ8DXdY8+4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0cw8khgQ2aHBkZmZzczsyZkwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/WbT6g0j+SDGcfoh3QgeZ8zaqxUu+8WS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OY/Oi/PufMxbc042cwh/4Hz+AK/hjOA=</latexit>

R
<latexit sha1_base64="n4QzdGSu8/c+jo6v9QLt2Qt7GCg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiTia1l047KCtYUmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmKGvRRCSqE6JmgkvWMtwI1kkVwzgUrB2Obqd++4kpzRP5YMYpC2IcSN7nFI2VfF/YaIS9XEeTXrXm1t0ZyDLxClKDAs1e9cuPEprFTBoqUOuu56YmyFEZTgWbVPxMsxTpCAesa6nEmOkgn908ISdWiUg/UfZJQ2bq74kcY63HcWiTMZqhXvSm4n9eNzP96yDnMs0Mk3S+qJ8JYhIyLYBEXDFqxNgSpIrbWwkdokJqbE0VW4K3+OVl8nhW9y7rF/fntcZNUUcZjuAYTsGDK2jAHTShBRRSeIZXeHMy58V5dz7m0ZJTzBzCHzifP1ilkec=</latexit>

�sd

<latexit sha1_base64="cx9cNrnGH4nxEkz6W1mFap4bLL0=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwFRLxtSx147KKfUATwmQyaYdOJmFmIpSQv3Djr7hxoYhb3fk3TtuA2nrgwuGce5i5J0gZlcq2v4zK0vLK6lp1vbaxubW9Y+7udWSSCUzaOGGJ6AVIEkY5aSuqGOmlgqA4YKQbjK4mfveeCEkTfqfGKfFiNOA0ohgpLfmmdQtdxvToSIj8XIYFnCkBEj+yK2IYNgvom3XbsqeAi8QpSR2UaPnmpxsmOIsJV5ghKfuOnSovR0JRzEhRczNJUoRHaED6mnIUE+nl07sKeKSVEEaJ0MMVnKq/EzmKpRzHgd6MkRrKeW8i/uf1MxVdejnlaaYIx7OHooxBlcBJSTCkgmDFxpogLKj+K8RDJBBWusqaLsGZP3mRdE4s59w6uzmtN5plHVVwAA7BMXDABWiAa9ACbYDBA3gCL+DVeDSejTfjfbZaMcrMPvgD4+MbILCerA==</latexit>

R ⌧ �sd ⌧ �̄dB

<latexit sha1_base64="Lhe+tsUkVH+q9ZvnVZX4/tofgDM=">AAACFXicbVDLSgMxFM34rPU16tJNsAgupMyIr2WpG5dV7AM6w5DJpG1okhmSjFCG+Qk3/oobF4q4Fdz5N6btCNp6IHA45x5u7gkTRpV2nC9rYXFpeWW1tFZe39jc2rZ3dlsqTiUmTRyzWHZCpAijgjQ11Yx0EkkQDxlph8Orsd++J1LRWNzpUUJ8jvqC9ihG2kiBfXwLPcagFyJpiMlFKMg8yWFUz6fOj6iiPLArTtWZAM4TtyAVUKAR2J9eFOOUE6ExQ0p1XSfRfoakppiRvOyliiQID1GfdA0ViBPlZ5OrcnholAj2Ymme0HCi/k5kiCs14qGZ5EgP1Kw3Fv/zuqnuXfoZFUmqicDTRb2UQR3DcUUwopJgzUaGICyp+SvEAyQR1qbIsinBnT15nrROqu559ezmtFKrF3WUwD44AEfABRegBq5BAzQBBg/gCbyAV+vRerberPfp6IJVZPbAH1gf31Ilnlg=</latexit>

R ⌧ �̄dB ⌧ �sd

<latexit sha1_base64="lnbxSDm4yo2PjZatYoDBmyV0MnY="></latexit>

Fz

⇢DMv2⇡R2
⇠ 4

9

R4

�4
sd



       Shielding effect: potential barrier
<latexit sha1_base64="3ik3QkzM0Rgc6qAA3ZvyBuaVF0c=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmKr41QdOOygn1AE8JkOmmHzkzCzEQoIeDGX3HjQhG3/oQ7/8Zpm4W2HrhwOOde7r0nTBhV2nG+rdLS8srqWnm9srG5tb1j7+61VZxKTFo4ZrHshkgRRgVpaaoZ6SaSIB4y0glHNxO/80CkorG41+OE+BwNBI0oRtpIgX3QDhx4Bb1IIpyJPKtDHnjJkMIoD+yqU3OmgIvELUgVFGgG9pfXj3HKidCYIaV6rpNoP0NSU8xIXvFSRRKER2hAeoYKxInys+kPOTw2Sh9GsTQlNJyqvycyxJUa89B0cqSHat6biP95vVRHl35GRZJqIvBsUZQyqGM4CQT2qSRYs7EhCEtqboV4iEwc2sRWMSG48y8vkna95p7Xzu5Oq43rIo4yOARH4AS44AI0wC1oghbA4BE8g1fwZj1ZL9a79TFrLVnFzD74A+vzB01ilrI=</latexit>

V0 =
n

2m�f

<latexit sha1_base64="R9Tsulwt6k2fHXOvrFZH5PVhNgw=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiTia1nqxmUF+4AmhMlkkg6dTMLMRCghezf+ihsXirj1B9z5N07bgNp6YOBwzj3cucdPGZXKsr6Mysrq2vpGdbO2tb2zu2fuH/RkkglMujhhiRj4SBJGOekqqhgZpIKg2Gek74+vp37/nghJE36nJilxYxRxGlKMlJY8s+74SECH6USAvDxoF9CJoh9BBoVnNqymNQNcJnZJGqBExzM/nSDBWUy4wgxJObStVLk5EopiRoqak0mSIjxGERlqylFMpJvPbingsVYCGCZCP67gTP2dyFEs5ST29WSM1EguelPxP2+YqfDKzSlPM0U4ni8KMwZVAqfFwIAKghWbaIKwoPqvEI+QQFjp+mq6BHvx5GXSO23aF83z27NGq13WUQVHoA5OgA0uQQvcgA7oAgwewBN4Aa/Go/FsvBnv89GKUWYOwR8YH9+UhprJ</latexit>

�̄dB � �sd

<latexit sha1_base64="9x9bdIwFvoNI3uXriPZNdeGeZH8="></latexit>

T ⇠ 16
�2
sd

�̄2
dB

e�2L/�sd

<latexit sha1_base64="2PGctOon8aKGFavgYZSZnu4maGU=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUnE17LoxoWLCvYBTQiTyaQdOnkwMxFLyK+4caGIW3/EnX/jtM1CWw8MHM65h3vn+ClnUlnWt1FZWV1b36hu1ra2d3b3zP16VyaZILRDEp6Ivo8l5SymHcUUp/1UUBz5nPb88c3U7z1SIVkSP6hJSt0ID2MWMoKVljyzfoec4RA5XEcC7OUyKDyzYTWtGdAysUvSgBJtz/xygoRkEY0V4VjKgW2lys2xUIxwWtScTNIUkzEe0oGmMY6odPPZ7QU61kqAwkToFys0U38nchxJOYl8PRlhNZKL3lT8zxtkKrxycxanmaIxmS8KM45UgqZFoIAJShSfaIKJYPpWREZYYKJ0XTVdgr345WXSPW3aF83z+7NG67qsowqHcAQnYMMltOAW2tABAk/wDK/wZhTGi/FufMxHK0aZOYA/MD5/AF+SlAo=</latexit>

L � �sd



       Shielding effect: potential barrier
<latexit sha1_base64="3ik3QkzM0Rgc6qAA3ZvyBuaVF0c=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmKr41QdOOygn1AE8JkOmmHzkzCzEQoIeDGX3HjQhG3/oQ7/8Zpm4W2HrhwOOde7r0nTBhV2nG+rdLS8srqWnm9srG5tb1j7+61VZxKTFo4ZrHshkgRRgVpaaoZ6SaSIB4y0glHNxO/80CkorG41+OE+BwNBI0oRtpIgX3QDhx4Bb1IIpyJPKtDHnjJkMIoD+yqU3OmgIvELUgVFGgG9pfXj3HKidCYIaV6rpNoP0NSU8xIXvFSRRKER2hAeoYKxInys+kPOTw2Sh9GsTQlNJyqvycyxJUa89B0cqSHat6biP95vVRHl35GRZJqIvBsUZQyqGM4CQT2qSRYs7EhCEtqboV4iEwc2sRWMSG48y8vkna95p7Xzu5Oq43rIo4yOARH4AS44AI0wC1oghbA4BE8g1fwZj1ZL9a79TFrLVnFzD74A+vzB01ilrI=</latexit>

V0 =
n

2m�f

<latexit sha1_base64="5pkyycTt4u1bk/EOLPgR+ZeSfsc="></latexit>

T ⇠ 1� 1

4

�̄4
dB

�4
sd

sin2(L/�̄dB)

<latexit sha1_base64="Ex2+LCA03HusshpK49JMUd5b9yY=">AAACC3icbVDLSgMxFL1TX7W+Rl26CS2CqzIjvpalblxWsA9ohyGTybShmQdJRijD7N34K25cKOLWH3Dn35i2A2rrgcDJOfeQ3OMlnEllWV9GaWV1bX2jvFnZ2t7Z3TP3DzoyTgWhbRLzWPQ8LClnEW0rpjjtJYLi0OO0642vp373ngrJ4uhOTRLqhHgYsYARrLTkmtWBhwUacJ3wsZv5zVxf+I8g/dw1a1bdmgEtE7sgNSjQcs3PgR+TNKSRIhxL2betRDkZFooRTvPKIJU0wWSMh7SvaYRDKp1stkuOjrXioyAW+kQKzdTfiQyHUk5CT0+GWI3kojcV//P6qQqunIxFSapoROYPBSlHKkbTYpDPBCWKTzTBRDD9V0RGWGCidH0VXYK9uPIy6ZzW7Yv6+e1ZrdEs6ijDEVThBGy4hAbcQAvaQOABnuAFXo1H49l4M97noyWjyBzCHxgf36Q1mtM=</latexit>

�̄dB ⌧ �sd



       Shielding effect: potential barrier
<latexit sha1_base64="3ik3QkzM0Rgc6qAA3ZvyBuaVF0c=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmKr41QdOOygn1AE8JkOmmHzkzCzEQoIeDGX3HjQhG3/oQ7/8Zpm4W2HrhwOOde7r0nTBhV2nG+rdLS8srqWnm9srG5tb1j7+61VZxKTFo4ZrHshkgRRgVpaaoZ6SaSIB4y0glHNxO/80CkorG41+OE+BwNBI0oRtpIgX3QDhx4Bb1IIpyJPKtDHnjJkMIoD+yqU3OmgIvELUgVFGgG9pfXj3HKidCYIaV6rpNoP0NSU8xIXvFSRRKER2hAeoYKxInys+kPOTw2Sh9GsTQlNJyqvycyxJUa89B0cqSHat6biP95vVRHl35GRZJqIvBsUZQyqGM4CQT2qSRYs7EhCEtqboV4iEwc2sRWMSG48y8vkna95p7Xzu5Oq43rIo4yOARH4AS44AI0wC1oghbA4BE8g1fwZj1ZL9a79TFrLVnFzD74A+vzB01ilrI=</latexit>

V0 =
n

2m�f

<latexit sha1_base64="R9Tsulwt6k2fHXOvrFZH5PVhNgw=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiTia1nqxmUF+4AmhMlkkg6dTMLMRCghezf+ihsXirj1B9z5N07bgNp6YOBwzj3cucdPGZXKsr6Mysrq2vpGdbO2tb2zu2fuH/RkkglMujhhiRj4SBJGOekqqhgZpIKg2Gek74+vp37/nghJE36nJilxYxRxGlKMlJY8s+74SECH6USAvDxoF9CJoh9BBoVnNqymNQNcJnZJGqBExzM/nSDBWUy4wgxJObStVLk5EopiRoqak0mSIjxGERlqylFMpJvPbingsVYCGCZCP67gTP2dyFEs5ST29WSM1EguelPxP2+YqfDKzSlPM0U4ni8KMwZVAqfFwIAKghWbaIKwoPqvEI+QQFjp+mq6BHvx5GXSO23aF83z27NGq13WUQVHoA5OgA0uQQvcgA7oAgwewBN4Aa/Go/FsvBnv89GKUWYOwR8YH9+UhprJ</latexit>

�̄dB � �sd

<latexit sha1_base64="rs3vKSe1E3B/uIS2YMbIUzJLRRo=">AAAB+3icbVDLSsNAFL2pr1pftS7dDBbBVUnE17LoxoWLCvYBbQiTyaQdOpmEmYlYQn7FjQtF3Poj7vwbp20W2nrgwuGce5g7x084U9q2v63Syura+kZ5s7K1vbO7V92vdVScSkLbJOax7PlYUc4EbWumOe0lkuLI57Trj2+mfveRSsVi8aAnCXUjPBQsZARrI3nV2h0acG7GRALsZSrIvWrdbtgzoGXiFKQOBVpe9WsQxCSNqNCEY6X6jp1oN8NSM8JpXhmkiiaYjPGQ9g0VOKLKzWa35+jYKAEKY2lGaDRTfycyHCk1iXyzGWE9UoveVPzP66c6vHIzJpJUU0HmD4UpRzpG0yJQwCQlmk8MwUQycysiIywx0aauiinBWfzyMumcNpyLxvn9Wb15XdRRhkM4ghNw4BKacAstaAOBJ3iGV3izcuvFerc+5qslq8gcwB9Ynz9vQZQU</latexit>

L ⌧ �sd

<latexit sha1_base64="C2YZEtRzI1os95skIIwHNP2VR9E="></latexit>

T ⇠ 1

1 + 1
4
L2�̄2

dB

�4
sd



  Questions?



  Supernova Cooling Bound: Raffelt criterion
<latexit sha1_base64="wzaG249Qd77IYQspKBfKFvCRwU8=">AAACEHicbVC7TsMwFHV4lvIKMLJYVAimKkG8xgoWJlQk+pDaqHJcp7HqOJF9A6qqfgILv8LCAEKsjGz8DW4aCWg5kn2PzrlX9j1+IrgGx/my5uYXFpeWCyvF1bX1jU17a7uu41RRVqOxiFXTJ5oJLlkNOAjWTBQjkS9Yw+9fjv3GHVOax/IWBgnzItKTPOCUgJE69sE1bvtEYVMU74VAlIrv8Y+YhDy7OnbJKTsZ8Cxxc1JCOaod+7PdjWkaMQlUEK1brpOANyQKOBVsVGynmiWE9kmPtQyVJGLaG2YLjfC+Ubo4iJU5EnCm/p4YkkjrQeSbzohAqKe9sfif10ohOPeGXCYpMEknDwWpwBDjcTq4yxWjIAaGEKq4+SumIVGEgsmwaEJwp1eeJfWjsntaPrk5LlUu8jgKaBftoUPkojNUQVeoimqIogf0hF7Qq/VoPVtv1vukdc7KZ3bQH1gf3zDwm3Q=</latexit>

NN̄ ! NN̄��

<latexit sha1_base64="cUXnx9JzCdv9JhuCSUd+hd/nDpQ="></latexit>

� ⇠ �nn ⇥ ⇢2cT
7/2
c

48⇡4m5/2
n f2

<latexit sha1_base64="vuhhCTL9ovmeJynKTJcTsfEtHE8=">AAACAXicbVDJSgNBEO1xjXGLehG8NAbBi2FGEvUY9OJFiGAWyEZPp5I06VnorhHDMF78FS8eFPHqX3jzb+wsB018UPB4r4qqem4ohUbb/rYWFpeWV1ZTa+n1jc2t7czObkUHkeJQ5oEMVM1lGqTwoYwCJdRCBcxzJVTdwdXIr96D0iLw73AYQtNjPV90BWdopHZm37Fb8YmTT2gD4QFjegOVpBUXknYma+fsMeg8caYkS6YotTNfjU7AIw985JJpXXfsEJsxUyi4hCTdiDSEjA9YD+qG+swD3YzHHyT0yCgd2g2UKR/pWP09ETNP66Hnmk6PYV/PeiPxP68eYfeiGQs/jBB8PlnUjSTFgI7ioB2hgKMcGsK4EuZWyvtMMY4mtLQJwZl9eZ5UTnPOWa5wm88WL6dxpMgBOSTHxCHnpEiuSYmUCSeP5Jm8kjfryXqx3q2PSeuCNZ3ZI39gff4AxvCV2g==</latexit>

10�14 MeV5
<latexit sha1_base64="WKCSTBTZeG0xWuUkwko9zadZzL8=">AAAB73icbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmYnvcmQmdl1ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrTDjTxvO+ncLK6tr6RnGztLW9s7tX3j9o6jhVFBs05rFqh0QjZxIbhhmO7UQhESHHVji6nfqtJ1SaxfLBjBMMBBlIFjFKjJXaXY5aayZ65YpX9WZwl4mfkwrkqPfKX91+TFOB0lBOtO74XmKCjCjDKMdJqZtqTAgdkQF2LJVEoA6y2b0T98QqfTeKlS1p3Jn6eyIjQuuxCG2nIGaoF72p+J/XSU10HWRMJqlBSeeLopS7Jnanz7t9ppAaPraEUMXsrS4dEkWosRGVbAj+4svLpHlW9S+rF/fnldpNHkcRjuAYTsGHK6jBHdShARQ4PMMrvDmPzovz7nzMWwtOPnMIf+B8/gBZQpAw</latexit>.

<latexit sha1_base64="fxLlTlI1Gvb9AMSo0Sq2/yyTIxQ=">AAACDHicbVDJSgNBFOxxjXGLevTSGAQRCTPikmPQgx4jmAUyMfR03iRNeha634hhyAd48Ve8eFDEqx/gzb+xsxw0saChqKrH61deLIVG2/625uYXFpeWMyvZ1bX1jc3c1nZVR4niUOGRjFTdYxqkCKGCAiXUYwUs8CTUvN7l0K/dg9IiCm+xH0MzYJ1Q+IIzNFIrl/ep20HjB9QpOPSQOvZdkbpHlLoID5heQXVgUnbBHoHOEmdC8mSCciv35bYjngQQIpdM64Zjx9hMmULBJQyybqIhZrzHOtAwNGQB6GY6OmZA943Spn6kzAuRjtTfEykLtO4HnkkGDLt62huK/3mNBP1iMxVhnCCEfLzITyTFiA6boW2hgKPsG8K4EuavlHeZYhxNf1lTgjN98iypHhecs8LpzUm+dDGpI0N2yR45IA45JyVyTcqkQjh5JM/klbxZT9aL9W59jKNz1mRmh/yB9fkDQpCYnw==</latexit>

f & 1.1 ⇤ 108 GeV

Neutrino Luminosity

Credit: ESO



               Cosmology in a Nutshell

<latexit sha1_base64="DMJEBeJ0w0XYM7p0cxafkYJTQ7U=">AAACB3icbZBNS8MwGMfT+TbnW9WjIMEheBrt3NSLMPTicYJ7kbWWNMu2sKQtSSqOspsXv4oXD4p49St489uYbj3o5gMhP/7/5yF5/n7EqFSW9W3kFhaXllfyq4W19Y3NLXN7pynDWGDSwCELRdtHkjAakIaiipF2JAjiPiMtf3iZ+q17IiQNgxs1iojLUT+gPYqR0pJn7t960V3iCA7JwxieQ6tUrlShE3FNlnXsmcX0TgvOg51BEWRV98wvpxvimJNAYYak7NhWpNwECUUxI+OCE0sSITxEfdLRGCBOpJtM9hjDQ610YS8U+gQKTtTfEwniUo64rzs5UgM566Xif14nVr0zN6FBFCsS4OlDvZhBFcI0FNilgmDFRhoQFlT/FeIBEggrHV1Bh2DPrjwPzXLJPilVryvF2kUWRx7sgQNwBGxwCmrgCtRBA2DwCJ7BK3gznowX4934mLbmjGxmF/wp4/MHcFOWdw==</latexit>

Y ex
p = 0.245± 0.003

4He mass fraction

<latexit sha1_base64="fZ65gBXfcXT1sviszzOCLijvpAQ=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBi2VXpHoseumxgv2Adi3ZNNuGJtk1yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0d3Mb42p0iySD2YSU1/ggWQhI9hYyTeoq5lAtcf0wpv2iiW37M6BVomXkRJkqPeKX91+RBJBpSEca93x3Nj4KVaGEU6nhW6iaYzJCA9ox1KJBdV+Oj96is6s0kdhpGxJg+bq74kUC60nIrCdApuhXvZm4n9eJzHhjZ8yGSeGSrJYFCYcmQjNEkB9pigxfGIJJorZWxEZYoWJsTkVbAje8surpHlZ9irlyv1VqXqbxZGHEziFc/DgGqpQgzo0gMATPMMrvDlj58V5dz4WrTknmzmGP3A+fwCavZFc</latexit>

t → H
→1

Temperature

<latexit sha1_base64="FnxCDVSdBn9sjONTZIZCo+J2WbM="></latexit>

100ωMC = 1.04± 0.00031

Reinonization optical depth
<latexit sha1_base64="84L0Gytz6WICloam2htn1WmLIoE=">AAAB/3icbZDLSgMxFIYz9VbrbVRw4yZYBFdlRmrrRii6cVnBXqAzlEyaaUOTzJBkhDJ24au4caGIW1/DnW9jpp2Fth4I+fj/c8jJH8SMKu0431ZhZXVtfaO4Wdra3tnds/cP2ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE45vM7zwQqWgk7vUkJj5HQ0FDipE2Ut8+8jRK4BV0Ks5FFXoxz8ip9+1ydmcFl8HNoQzyavbtL28Q4YQToTFDSvVcJ9Z+iqSmmJFpyUsUiREeoyHpGRSIE+Wns/2n8NQoAxhG0hyh4Uz9PZEirtSEB6aTIz1Si14m/uf1Eh1e+ikVcaKJwPOHwoRBHcEsDDigkmDNJgYQltTsCvEISYS1iaxkQnAXv7wM7fOKW6vU7qrlxnUeRxEcgxNwBlxQBw1wC5qgBTB4BM/gFbxZT9aL9W59zFsLVj5zCP6U9fkDVxuTGg==</latexit>

ω = 0.054± 0.007

<latexit sha1_base64="xKsIy7kYS57f6DGUaPmo70VU+E0="></latexit>

ln(1010!2
R)|k0=0.05Mpc→1

= 3.044± 0.014
<latexit sha1_base64="szie+XeinaFWuNFpxjHSYJAygjE=">AAAB/XicbZDLSgMxFIYz9Vbrbbzs3ASL4KrMSK26EIpuXFawF2iHIZNm2tAkMyQZoQ7FV3HjQhG3voc738ZMOwttPRDy8f/nkJM/iBlV2nG+rcLS8srqWnG9tLG5tb1j7+61VJRITJo4YpHsBEgRRgVpaqoZ6cSSIB4w0g5GN5nffiBS0Ujc63FMPI4GgoYUI20k3z4QvoJX0Klc1s56MTfgOFXfLmd3VnAR3BzKIK+Gb3/1+hFOOBEaM6RU13Vi7aVIaooZmZR6iSIxwiM0IF2DAnGivHS6/QQeG6UPw0iaIzScqr8nUsSVGvPAdHKkh2rey8T/vG6iwwsvpSJONBF49lCYMKgjmEUB+1QSrNnYAMKSml0hHiKJsDaBlUwI7vyXF6F1WnFrldpdtVy/zuMogkNwBE6AC85BHdyCBmgCDB7BM3gFb9aT9WK9Wx+z1oKVz+yDP2V9/gBCFJKI</latexit>

ns = 0.965± 0.004

Primordial Curvature Perturbation

Sound horizon
<latexit sha1_base64="4jACCNiAMEenAYuPSsKBvdBZvos=">AAACC3icbVA9SwNBEN3zM8avqKXNkiBYhTuVaBm0sYyQL8iFsLeZJEt2747dOTEc6W38KzYWitj6B+z8N24+Ck18MPB4b4aZeUEshUHX/XZWVtfWNzYzW9ntnd29/dzBYd1EieZQ45GMdDNgBqQIoYYCJTRjDUwFEhrB8GbiN+5BGxGFVRzF0FasH4qe4Ayt1Mnlq53U14pq4GPqG6GoWzynPsIDTnWojzu5glt0p6DLxJuTApmj0sl9+d2IJwpC5JIZ0/LcGNsp0yi4hHHWTwzEjA9ZH1qWhkyBaafTX8b0xCpd2ou0rRDpVP09kTJlzEgFtlMxHJhFbyL+57US7F21UxHGCULIZ4t6iaQY0UkwtCtsBihHljCuhb2V8gHTjKONL2tD8BZfXib1s6JXKpbuLgrl63kcGXJM8uSUeOSSlMktqZAa4eSRPJNX8uY8OS/Ou/Mxa11x5jNH5A+czx9x+poP</latexit>

Trec → 0.3eV

<latexit sha1_base64="2qcFpcsueeDIR3seHzbeIklt1yw=">AAACDXicbVA9SwNBEN2L3/ErammzGAUbw10M0UYQbSwVTAzkYtjbTJIlex/szonhuD9g41+xsVDE1t7Of+MmuUKNDwYe780wM8+LpNBo219WbmZ2bn5hcSm/vLK6tl7Y2KzrMFYcajyUoWp4TIMUAdRQoIRGpID5noQbb3A+8m/uQGkRBtc4jKDls14guoIzNFK7sHvdTuyUntBy6bDiovBBU8e+TQ4qKXUR7jGBetouFO2SPQadJk5GiiTDZbvw6XZCHvsQIJdM66ZjR9hKmELBJaR5N9YQMT5gPWgaGjCztpWMv0npnlE6tBsqUwHSsfpzImG+1kPfM50+w77+643E/7xmjN3jViKCKEYI+GRRN5YUQzqKhnaEAo5yaAjjSphbKe8zxTiaAPMmBOfvy9OkXi451VL1qlI8PcviWCTbZIfsE4cckVNyQS5JjXDyQJ7IC3m1Hq1n6816n7TmrGxmi/yC9fENWumZ5w==</latexit>

T0 = 2.34→ 10→4eV

<latexit sha1_base64="U1gzxKFUVMdcM431OcuoE5UOwvY=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAYhQQi7ItGLEPTiMUJekCzL7GQ2GTL7YGY2kCz5Ey8eFPHqn3jzb5wke9DEgoaiqpvuLi/mTCrL+jZyG5tb2zv53cLe/sHhkXl80pJRIghtkohHouNhSTkLaVMxxWknFhQHHqdtb/Qw99tjKiSLwoaaxNQJ8CBkPiNYack1zUZpWkZ3qOFaqGRfTsuuWbQq1gJondgZKUKGumt+9foRSQIaKsKxlF3bipWTYqEY4XRW6CWSxpiM8IB2NQ1xQKWTLi6foQut9JEfCV2hQgv190SKAykngac7A6yGctWbi/953UT5t07KwjhRNCTLRX7CkYrQPAbUZ4ISxSeaYCKYvhWRIRaYKB1WQYdgr768TlpXFbtaqT5dF2v3WRx5OINzKIENN1CDR6hDEwiM4Rle4c1IjRfj3fhYtuaMbOYU/sD4/AGrlZEc</latexit>

T (z) = T0(1 + z)



               Cosmic Evolution

<latexit sha1_base64="fZ65gBXfcXT1sviszzOCLijvpAQ=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBi2VXpHoseumxgv2Adi3ZNNuGJtk1yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0d3Mb42p0iySD2YSU1/ggWQhI9hYyTeoq5lAtcf0wpv2iiW37M6BVomXkRJkqPeKX91+RBJBpSEca93x3Nj4KVaGEU6nhW6iaYzJCA9ox1KJBdV+Oj96is6s0kdhpGxJg+bq74kUC60nIrCdApuhXvZm4n9eJzHhjZ8yGSeGSrJYFCYcmQjNEkB9pigxfGIJJorZWxEZYoWJsTkVbAje8surpHlZ9irlyv1VqXqbxZGHEziFc/DgGqpQgzo0gMATPMMrvDlj58V5dz4WrTknmzmGP3A+fwCavZFc</latexit>

t → H
→1

<latexit sha1_base64="6LTBhwKlE9iH2aAifGDhiapRVV4=">AAACG3icbVDLSsNAFJ34rPVVdelmsAiualKkuiy6cWcF+4CmhMn0ph06k8SZSbGE/Icbf8WNC0VcCS78G5O2orYeGDhzzr1cznFDzpQ2zU9jYXFpeWU1t5Zf39jc2i7s7DZUEEkKdRrwQLZcooAzH+qaaQ6tUAIRLoemO7jI/OYQpGKBf6NHIXQE6fnMY5ToVHIKZftKQI84sS0FvkuwDbcRG2Jb9oNv7fjnQyXTiVMomiVzDDxPrCkpoilqTuHd7gY0EuBryolSbcsMdScmUjPKIcnbkYKQ0AHpQTulPhGgOvE4W4IPU6WLvUCmz9d4rP7eiIlQaiTcdFIQ3VezXib+57Uj7Z11YuaHkQafTg55Ecc6wFlRuMskUM1HKSFZbkYx7RNJqE7rzKclWLOR50mjXLIqpcr1SbF6Pq0jh/bRATpCFjpFVXSJaqiOKLpHj+gZvRgPxpPxarxNRheM6c4e+gPj4wvDXKHm</latexit>

!x → ωx/ωcrit
<latexit sha1_base64="qIrxrAI4jcnWgEFGhauqI5SFtDY=">AAACCXicbZBLS8NAFIUnPmt9RV26GSyCq5pUqd0IRRd2WcE+oIlhMp20Q2cyYWYilNCtG/+KGxeKuPUfuPPfmLRZaOuBgY9z7mW4x48YVdqyvo2l5ZXVtfXCRnFza3tn19zbbysRS0xaWDAhuz5ShNGQtDTVjHQjSRD3Gen4o+ss7zwQqagI7/Q4Ii5Hg5AGFCOdWp4JHTkUXuJIDrGkegIv4RlseNZ95bTmRBTeeGbJKltTwUWwcyiBXE3P/HL6AsechBozpFTPtiLtJkhqihmZFJ1YkQjhERqQXooh4kS5yfSSCTxOnT4MhExfqOHU/b2RIK7UmPvpJEd6qOazzPwv68U6qLkJDaNYkxDPPgpiBrWAWS2wTyXBmo1TQFkRFEM8RBJhnZZXTEuw509ehHalbFfL1dvzUv0qr6MADsEROAE2uAB10ABN0AIYPIJn8ArejCfjxXg3PmajS0a+cwD+yPj8AWY7mDk=</latexit>

ωcrit = 3H2
0/8εG

Energy Content Determines the Cosmic Evolution

<latexit sha1_base64="k77Q8b4p08eH3wbXUa8o4VSGzwY="></latexit>

H(z) = H0

√
!m(1 + z)3 + !r(1 + z)4 + !! + !k(1 + z)2

<latexit sha1_base64="b0qzlLnQWjfnyp9QvwJW7Hcmc7A=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRZBPJRdKdVj0YvHCvYD2qVk02wbmmTXJFuoS3+HFw+KePXHePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4eNXWUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKRrczvzWmSrNIPphJTH2BB5KFjGBjJf+pd4G6mgnkea7bK5bcsjsHWiVeRkqQod4rfnX7EUkElYZwrHXHc2Pjp1gZRjidFrqJpjEmIzygHUslFlT76fzoKTqzSh+FkbIlDZqrvydSLLSeiMB2CmyGetmbif95ncSE137KZJwYKsliUZhwZCI0SwD1maLE8IklmChmb0VkiBUmxuZUsCF4yy+vkuZl2auWq/eVUu0miyMPJ3AK5+DBFdTgDurQAAKP8Ayv8OaMnRfn3flYtOacbOYY/sD5/AGWApCx</latexit>

z→ → 1100 Photon Last Scattering Surface

<latexit sha1_base64="FxAMSCKXHHqJjOAXNAO+LzKG1go="></latexit>

DA(z→) =
1

(1 + z→)

∫ z→

0

dz

H(z)

<latexit sha1_base64="iSWVYk66Vbt5ACUWW29iqDr/eiw=">AAACHXicbVC7TsMwFHV4lvIqMLJYVEiFoUpQVViQECwdi0QBqQmR4zrUquNE9g1SifIjLPwKCwMIMbAg/ga3zQCFI1k+PvdcXd8TJIJrsO0va2Z2bn5hsbRUXl5ZXVuvbGxe6jhVlHVoLGJ1HRDNBJesAxwEu04UI1Eg2FUwOBvVr+6Y0jyWFzBMmBeRW8lDTgkYya80lK9r9/7+Hj7GLpfgZ+aR32SGhzDMsRsqQjM6Mu317vOsZe7cr1Ttuj0G/kucglRRgbZf+XB7MU0jJoEKonXXsRPwMqKAU8HysptqlhA6ILesa6gkEdNeNt4ux7tG6eEwVuZIwGP1Z0dGIq2HUWCcEYG+nq6NxP9q3RTCIy/jMkmBSToZFKYCQ4xHUeEeV4yCGBpCqOLmr5j2ickDTKBlE4IzvfJfcnlQd5r15nmjenJaxFFC22gH1ZCDDtEJaqE26iCKHtATekGv1qP1bL1Z7xPrjFX0bKFfsD6/AZiLoak=</latexit>

rs(z→) =

∫ ↑

z→

cs(z)dz

H(z)
<latexit sha1_base64="w5Jxv7UYKz2YACtJDqvbcDpH5JU=">AAACDXicbZC7SgNBFIZn4y3G26qlzWAUokXYFYk2QrwUlhHMBbJhmZ3MJkNmL8ycFeKSF7DxVWwsFLG1t/NtnCRbaPSHgY//nMOZ83ux4Aos68vIzc0vLC7llwsrq2vrG+bmVkNFiaSsTiMRyZZHFBM8ZHXgIFgrlowEnmBNb3A5rjfvmFQ8Cm9hGLNOQHoh9zkloC3X3HOgz4C4Cp9hx5eEptJVpXv38GCUXrnnU3LNolW2JsJ/wc6giDLVXPPT6UY0CVgIVBCl2rYVQyclEjgVbFRwEsViQgekx9oaQxIw1Ukn14zwvna62I+kfiHgiftzIiWBUsPA050Bgb6arY3N/2rtBPzTTsrDOAEW0ukiPxEYIjyOBne5ZBTEUAOhkuu/YtonOhPQARZ0CPbsyX+hcVS2K+XKzXGxepHFkUc7aBeVkI1OUBVdoxqqI4oe0BN6Qa/Go/FsvBnv09ackc1so18yPr4BiYqalw==</latexit>

ωs =
rs(z→)

DA(z→)
<latexit sha1_base64="FnxCDVSdBn9sjONTZIZCo+J2WbM="></latexit>

100ωMC = 1.04± 0.00031



               BBN in a Nutshell

<latexit sha1_base64="sMRbGhFo4CX+5pk8xa8jVNbDT9Q="></latexit>

a
dXn

da
= ��n!p

H
(1 + e

�mnp/T )(Xn �X
eq
n )

<latexit sha1_base64="DMJEBeJ0w0XYM7p0cxafkYJTQ7U=">AAACB3icbZBNS8MwGMfT+TbnW9WjIMEheBrt3NSLMPTicYJ7kbWWNMu2sKQtSSqOspsXv4oXD4p49St489uYbj3o5gMhP/7/5yF5/n7EqFSW9W3kFhaXllfyq4W19Y3NLXN7pynDWGDSwCELRdtHkjAakIaiipF2JAjiPiMtf3iZ+q17IiQNgxs1iojLUT+gPYqR0pJn7t960V3iCA7JwxieQ6tUrlShE3FNlnXsmcX0TgvOg51BEWRV98wvpxvimJNAYYak7NhWpNwECUUxI+OCE0sSITxEfdLRGCBOpJtM9hjDQ610YS8U+gQKTtTfEwniUo64rzs5UgM566Xif14nVr0zN6FBFCsS4OlDvZhBFcI0FNilgmDFRhoQFlT/FeIBEggrHV1Bh2DPrjwPzXLJPilVryvF2kUWRx7sgQNwBGxwCmrgCtRBA2DwCJ7BK3gznowX4934mLbmjGxmF/wp4/MHcFOWdw==</latexit>

Y ex
p = 0.245± 0.0034He mass fraction

<latexit sha1_base64="ybrV9+bK/4vGo4DpEtMwDe3NbX0=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkoiUt0IRTcuK9gHtCFMppN26GQSZiZCCQF/xY0LRdz6He78G6dtFtp64F4O59zL3DlBwpnSjvNtlVZW19Y3ypuVre2d3T17/6Ct4lQS2iIxj2U3wIpyJmhLM81pN5EURwGnnWB8O/U7j1QqFosHPUmoF+GhYCEjWBvJt4+6vkDXqB9KTDLhi9y0IPftqlNzZkDLxC1IFQo0ffurP4hJGlGhCcdK9Vwn0V6GpWaE07zSTxVNMBnjIe0ZKnBElZfNzs/RqVEGKIylKaHRTP29keFIqUkUmMkI65Fa9Kbif14v1eGVlzGRpJoKMn8oTDnSMZpmgQZMUqL5xBBMJDO3IjLCJgltEquYENzFLy+T9nnNrdfq9xfVxk0RRxmO4QTOwIVLaMAdNKEFBDJ4hld4s56sF+vd+piPlqxi5xD+wPr8AecelXw=</latexit>

Xn =
nn

nb

<latexit sha1_base64="n4+s1vzP3EW5s1jYegtDVW6nBL8=">AAACD3icbVC7SgNBFJ2N7/iKWtoMvoiFcddCLYMiWBrIYyGJy+xkNg6ZmV1mZgNh2T+w8VcstFBEsLK180O0dvIoNPHAhcM593LvPX7EqNK2/WllpqZnZufmF7KLS8srq7m19aoKY4lJBYcslK6PFGFUkIqmmhE3kgRxn5Ga3znv+7UukYqGoqx7EWly1BY0oBhpI3m5vbzriUPXi/a9pCE5vCilsKEoh+Q6OYDcS0SUHpZTL7dtF+wB4CRxRmS7uPP18NZd/L7ych+NVohjToTGDClVd+xINxMkNcWMpNlGrEiEcAe1Sd1QgThRzWTwTwp3jdKCQShNCQ0H6u+JBHGletw3nRzpGzXu9cX/vHqsg9NmQkUUayLwcFEQM6hD2A8HtqgkWLOeIQhLam6F+AZJhLWJMGtCcMZfniTVo4JzXDgumTTOwBDzYBNsgTxwwAkogktwBSoAg1twD57As3VnPVov1uuwNWONZjbAH1jvP6Svn50=</latexit>

(Xn/Xp)EQ → e→mnp/T

<latexit sha1_base64="tPFKwMhs0M15DqaxjH9RI5WMMcE=">AAACE3icbVDLSgMxFM34rPU16tJNsAgi2M6IVJdFNy4r9AVtHTJppg1NMiHJCGWYf3Djr7hxoYhbN+78G9PHQlsPXDiccy/33hNKRrXxvG9naXlldW09t5Hf3Nre2XX39hs6ThQmdRyzWLVCpAmjgtQNNYy0pCKIh4w0w+HN2G8+EKVpLGpmJEmXo76gEcXIWClwT1uBKLUCCTuackju0zMepEJmpVrQzKZiJ1IIQ78cuAWv6E0AF4k/IwUwQzVwvzq9GCecCIMZ0rrte9J0U6QMxYxk+U6iiUR4iPqkbalAnOhuOvkpg8dW6cEoVraEgRP190SKuNYjHtpOjsxAz3tj8T+vnZjoqptSIRNDBJ4uihIGTQzHAcEeVQQbNrIEYUXtrRAPkI3A2BjzNgR//uVF0jgv+uVi+e6iULmexZEDh+AInAAfXIIKuAVVUAcYPIJn8ArenCfnxXl3PqatS85s5gD8gfP5A9TTnOE=</latexit>

Xn/Xp → e→mnp/TW → 1

6

<latexit sha1_base64="NcQAA/eAYBdapyZyD5A52tmtSeo=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FQTkdZj0YvHCrYNNCFstpt26e4m7G6EEnvwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlRyqjSjvNtlVZW19Y3ypuVre2d3T17/6Cjkkxi0sYJS6QXIUUYFaStqWbESyVBPGKkG41upn73gUhFE3GvxykJOBoIGlOMtJFC+8gLxbkXptBXlEM/lghDFzZCu+rUnBngMnELUgUFWqH95fcTnHEiNGZIqZ7rpDrIkdQUMzKp+JkiKcIjNCA9QwXiRAX57P4JPDVKH8aJNCU0nKm/J3LElRrzyHRypIdq0ZuK/3m9TMdXQU5Fmmki8HxRnDGoEzgNA/apJFizsSEIS2puhXiITAbaRFYxIbiLLy+TzkXNrdfqd5fV5nURRxkcgxNwBlzQAE1wC1qgDTB4BM/gFbxZT9aL9W59zFtLVjFzCP7A+vwBoHWUkg==</latexit>

Xn/Xp → 1

7

<latexit sha1_base64="RFHWSqtMdlrp6TrwJU4OkqgQ3hs=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIVI9FLx4r2A9pQthsN+3S3STsbsQS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkpr6xubW+Xtys7u3v6BfVjtqCSThLZJwhPZC7GinMW0rZnmtJdKikXIaTcc38z87iOViiXxvZ6k1Bd4GLOIEayNFNjVhyBFnmICeZHEBLnoIrBrTt2ZA60StyA1KNAK7C9vkJBM0FgTjpXqu06q/RxLzQin04qXKZpiMsZD2jc0xoIqP5/fPkWnRhmgKJGmYo3m6u+JHAulJiI0nQLrkVr2ZuJ/Xj/T0ZWfszjNNI3JYlGUcaQTNAsCDZikRPOJIZhIZm5FZIRNBtrEVTEhuMsvr5LOed1t1Bt3F7XmdRFHGY7hBM7AhUtowi20oA0EnuAZXuHNmlov1rv1sWgtWcXMEfyB9fkD60WTFA==</latexit>

Yp → 1

4



  BBN: Helium-4 
<latexit sha1_base64="fIXPnFaGDleAnaXjJ7XnonH0ezI="></latexit>

��2

⇤2
(mu ̄u u +md ̄d d)

<latexit sha1_base64="dxxrnvs85q7pfxDJ2HOl8nhwso8=">AAACFnicbZC7TsMwFIadcivlFmBksaiQWKiSiutWwcLAUCR6kZoQOY7TWrWTyHaQqihPwcKrsDCAECti421w2wzQciRLv77/HNvn9xNGpbKsb6O0sLi0vFJeraytb2xumds7bRmnApMWjlksuj6ShNGItBRVjHQTQRD3Gen4w6ux33kgQtI4ulOjhLgc9SMaUoyURp555IQC4czOs9BLcuhIyqFVsy7glHMNM+dG3xeg+3rumVVtTgrOC7sQVVBU0zO/nCDGKSeRwgxJ2bOtRLkZEopiRvKKk0qSIDxEfdLTMkKcSDebrJXDA00CGMZCn0jBCf09kSEu5Yj7upMjNZCz3hj+5/VSFZ67GY2SVJEITx8KUwZVDMcZwYAKghUbaYGwoPqvEA+QzkPpJCs6BHt25XnRrtfs09rJ7XG1cVnEUQZ7YB8cAhucgQa4Bk3QAhg8gmfwCt6MJ+PFeDc+pq0lo5jZBX/K+PwBWjSe4g==</latexit>

1

fp
⇠ 0.09

mp

⇤2

<latexit sha1_base64="Cgn+o2eD06FHHODUsTI6oZhzGS4=">AAACJ3icbVDLSgMxFM34rPVVdekmWARXw0zR6kqKunDhooJ9QKcOmTTThiaZIckIZZi/ceOvuBFURJf+iWk7C229EHI451zuvSeIGVXacb6shcWl5ZXVwlpxfWNza7u0s9tUUSIxaeCIRbIdIEUYFaShqWakHUuCeMBIKxhejvXWA5GKRuJOj2LS5agvaEgx0obyS+deKBFOvSvCNILcT0WcZWn+Q09RDl27CnNXPKD3lSz1bsyAHjLQL5Ud25kUnAduDsogr7pfevV6EU44ERozpFTHdWLdTZHUFDOSFb1EkRjhIeqTjoECcaK66eTODB4apgfDSJonNJywvztSxJUa8cA4OdIDNauNyf+0TqLDs25KRZxoIvB0UJgwqCM4Dg32qCRYs5EBCEtqdoV4gEwk2kRbNCG4syfPg2bFdqv2ye1xuXaRx1EA++AAHAEXnIIauAZ10AAYPIJn8AberSfrxfqwPqfWBSvv2QN/yvr+AeaApo8=</latexit>

�mnp

mnp
⇠ 1.6

�2

⇤2

<latexit sha1_base64="VuuHgR18B5ERns0VxuKV8Tqv51I=">AAACJHicbVBLSwMxGMz6tr5WPXoJFsFT2S0+Cl6KevCoYFXo1iWbZttgkg1JVihhf4wX/4oXDz7w4MXfYlr3oK0DIcPMfCTfJJJRbYLg05uanpmdm19YrCwtr6yu+esbVzrLFSYtnLFM3SRIE0YFaRlqGLmRiiCeMHKd3J0M/et7ojTNxKUZSNLhqCdoSjEyTor9oyhVCNvolDCDII+tkEVhyxtGmnIYNmAZkn16Wy9sGkuXlEXsV4NaMAKcJGFJqqDEeey/Rd0M55wIgxnSuh0G0nQsUoZiRopKlGsiEb5DPdJ2VCBOdMeOlizgjlO6MM2UO8LAkfp7wiKu9YAnLsmR6etxbyj+57VzkzY6lgqZGyLwz0NpzqDJ4LAx2KWKYMMGjiCsqPsrxH3kCjGu14orIRxfeZJc1WvhQW3/Yq/aPC7rWABbYBvsghAcgiY4A+egBTB4AE/gBbx6j96z9+59/ESnvHJmE/yB9/UNB2GlqQ==</latexit>

�mnp

mnp
⇠ 18

�2

fpmp

<latexit sha1_base64="RGUCcUzFfc0OjCw+YVSK03RFlrk="></latexit>

�L = ��2

2f
N̄N



  BBN: Helium-4 
<latexit sha1_base64="rT5boIFzx2MHCHLIwDJ1NEOzmNU="></latexit>

��2

⇤2

 
�3
2g3

GA
µ⌫G

Aµ⌫ +
X

i

�mimi ̄i i

!

<latexit sha1_base64="ZWS5slMGosYclLF0I1LvM8BNsDE=">AAACNnicbVDLSsNAFJ34rPUVdelmsAiuSlJ8bYRiu3Ch0IJ9QBPDZDJph04ezEyEEvJVbvwOd924UMStn+C0DaKtBwYO59zDnXvcmFEhDWOsLS2vrK6tFzaKm1vbO7v63n5bRAnHpIUjFvGuiwRhNCQtSSUj3ZgTFLiMdNxhbeJ3HgkXNArv5SgmdoD6IfUpRlJJjn5n+Rzh1KoTJhG0blXSQ05q8QA2a/UsSxcleAXzUDygD5WfEUUdvWSUjSngIjFzUgI5Go7+YnkRTgISSsyQED3TiKWdIi4pZiQrWokgMcJD1Cc9RUMUEGGn07MzeKwUD/oRVy+UcKr+TqQoEGIUuGoyQHIg5r2J+J/XS6R/aac0jBNJQjxb5CcMyghOOoQe5QRLNlIEYU7VXyEeIFWJVE0XVQnm/MmLpF0pm+fls+ZpqXqd11EAh+AInAATXIAquAEN0AIYPIExeAPv2rP2qn1on7PRJS3PHIA/0L6+AfNXrBI=</latexit>

�⇤QCD

⇤QCD
=

�2

⇤2

<latexit sha1_base64="pFciFPBZZtRErL6X8tquQJvp6yI=">AAACFXicbZC7TsMwFIadcivlFmBksaiQGFCVVFw6VrAwMBSJXqQmRI7jtFbtJLIdpCrKS7DwKiwMIMSKxMbb4LYZoOWXLP36zjm2z+8njEplWd9GaWl5ZXWtvF7Z2Nza3jF39zoyTgUmbRyzWPR8JAmjEWkrqhjpJYIg7jPS9UdXk3r3gQhJ4+hOjRPicjSIaEgxUhp55okTCoQzO89CL8mhIymHdq0BZ5hrljk3+roA3ddzz6xaNWsquGjswlRBoZZnfjlBjFNOIoUZkrJvW4lyMyQUxYzkFSeVJEF4hAakr22EOJFuNt0qh0eaBDCMhT6RglP6eyJDXMox93UnR2oo52sT+F+tn6qw4WY0SlJFIjx7KEwZVDGcRAQDKghWbKwNwoLqv0I8RDoPpYOs6BDs+ZUXTades89rZ7en1eZlEUcZHIBDcAxscAGa4Bq0QBtg8AiewSt4M56MF+Pd+Ji1loxiZh/8kfH5A+Atnqg=</latexit>

1

fp
⇠ 1.8

mp

⇤2

<latexit sha1_base64="7se6M6dQUBu5Yyp23EWQcD3nWJ4="></latexit>

�mnp

mnp
⇠ �0.6

�2

⇤2

<latexit sha1_base64="sSHM06h/UpyBI252ktBwHej6Lyw=">AAACJ3icbVBLSwMxGMzWd32tevQSLIIXy671dRJRDx4rWC101yWbZm1okg1JVijL/hsv/hUvgoro0X9i2u7B10DIMDMfyTexZFQbz/twKhOTU9Mzs3PV+YXFpWV3ZfVKp5nCpIVTlqp2jDRhVJCWoYaRtlQE8ZiR67h/OvSv74jSNBWXZiBJyNGtoAnFyFgpco+CRCGcB2eEGQR5lAtZFHl5w0BTDre9eqMBy5zs0ZudIk8iacOyiNyaV/dGgH+JX5IaKNGM3Oegm+KME2EwQ1p3fE+aMEfKUMxIUQ0yTSTCfXRLOpYKxIkO89GeBdy0ShcmqbJHGDhSv0/kiGs94LFNcmR6+rc3FP/zOplJDsOcCpkZIvD4oSRj0KRwWBrsUkWwYQNLEFbU/hXiHrKFGFtt1Zbg/175L7naqfv79b2L3drxSVnHLFgHG2AL+OAAHINz0AQtgME9eAQv4NV5cJ6cN+d9HK045cwa+AHn8wt8OqZP</latexit>

�mnp

mnp
⇠ �0.33

�2

fpmp

The modification is suppressed for the same f 



  BBN Bounds 
<latexit sha1_base64="fIXPnFaGDleAnaXjJ7XnonH0ezI="></latexit>

��2

⇤2
(mu ̄u u +md ̄d d)

<latexit sha1_base64="rT5boIFzx2MHCHLIwDJ1NEOzmNU="></latexit>

��2

⇤2

 
�3
2g3

GA
µ⌫G

Aµ⌫ +
X

i

�mimi ̄i i

!

<latexit sha1_base64="eWcNtfrqQrEVQXWlLhOV2POn3bo="></latexit>

�2
0

⇤2
⇠ 2⇢DM

m2
�⇤

2

<latexit sha1_base64="h9i18et1CPJdkWE/Nmbflwe7/Mc="></latexit>

1

fp
< 3.7⇥ 10�4 GeV�1

⇣m�

eV

⌘2
<latexit sha1_base64="QgRJbHm29+GCkSCW1TJtnvm4OHU="></latexit>

1

fp
< 1.9⇥ 10�2 GeV�1

⇣m�

eV

⌘2



      Possible experiments: Torsion Balance

Sensitive to the angle 
between the two forces



      Possible experiments: Torsion Balance

<latexit sha1_base64="4C2DoWjkGpxug+ndfjADquNo+fo=">AAAB7XicbVDJSgNBEO1xjXGLevTSGARPYUbcjiFePEYwCyRD6OnUJG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKopNKjiSrcjYoAzCQ3LLId2ooGIiEMrGt1O/dYTaMOUfLDjBEJBBpLFjBLrpGZXC1yDXqnsV/wZ8DIJclJGOeq90le3r2gqQFrKiTGdwE9smBFtGeUwKXZTAwmhIzKAjqOSCDBhNrt2gk+d0sex0q6kxTP190RGhDFjEblOQezQLHpT8T+vk9r4JsyYTFILks4XxSnHVuHp67jPNFDLx44Qqpm7FdMh0YRaF1DRhRAsvrxMmueV4KpyeX9RrtbyOAroGJ2gMxSga1RFd6iOGoiiR/SMXtGbp7wX7937mLeuePnMEfoD7/MH/LOOwg==</latexit>

Be
<latexit sha1_base64="kh6m8PkAnalXqo+9Uzol43U+A+s=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiNkg2QIPZ2epE0vQ3ePEIb8gxcPinj1f7z5N3aSOWjig4LHe1VU1YsSzoz1/W9vZXVtfWOzsFXc3tnd2y8dHDaNSjWhDaK40u0IG8qZpA3LLKftRFMsIk5b0ehu6reeqDZMybodJzQUeCBZzAi2Tmp2tUB11iuV/Yo/A1omQU7KkKPWK311+4qkgkpLODamE/iJDTOsLSOcTord1NAEkxEe0I6jEgtqwmx27QSdOqWPYqVdSYtm6u+JDAtjxiJynQLboVn0puJ/Xie18U2YMZmklkoyXxSnHFmFpq+jPtOUWD52BBPN3K2IDLHGxLqAii6EYPHlZdI8rwRXlcuHi3L1No+jAMdwAmcQwDVU4R5q0AACj/AMr/DmKe/Fe/c+5q0rXj5zBH/gff4AHiyO2A==</latexit>

Ti

<latexit sha1_base64="lIC1VtPFGgVTWelm6PjWlnnO0vk=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWwVVIRK3LohuXVewF2hAm00k7dCYJMxOhhuKruHGhiFvfw51v4/Sy0NYfBj7+cw7nzB+mnCntut9WYWl5ZXWtuF7a2Nza3rF39xoqySShdZLwRLZCrChnMa1rpjltpZJiEXLaDAfX43rzgUrFkvheD1PqC9yLWcQI1sYK7IO7wEMdxQRynYohKRARgV12HXcitAjeDMowUy2wvzrdhGSCxppwrFTbc1Pt51hqRjgdlTqZoikmA9yjbYMxFlT5+eT6ETo2ThdFiTQv1mji/p7IsVBqKELTKbDuq/na2Pyv1s50dOnnLE4zTWMyXRRlHOkEjaNAXSYp0XxoABPJzK2I9LHERJvASiYEb/7Li9A4dbwL5/z2rFy9msVRhEM4ghPwoAJVuIEa1IHAIzzDK7xZT9aL9W59TFsL1mxmH/7I+vwBfI6TVQ==</latexit>

R1 ⇠ 0.71cm
<latexit sha1_base64="TnfJRwkEewRlFEkOnlF8C4zMlYA=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5AUq10W3bisYh/QhDCZTtqhM5MwMxFqKf6KGxeKuPU/3Pk3TtsstPXAhcM593LvPVHKqNKu+20VVlbX1jeKm6Wt7Z3dPXv/oKWSTGLSxAlLZCdCijAqSFNTzUgnlQTxiJF2NLye+u0HIhVNxL0epSTgqC9oTDHSRgrto7uwAn1FOXSdWhX6kkPMQ7vsOu4McJl4OSmDHI3Q/vJ7Cc44ERozpFTXc1MdjJHUFDMyKfmZIinCQ9QnXUMF4kQF49n1E3hqlB6ME2lKaDhTf0+MEVdqxCPTyZEeqEVvKv7ndTMd14IxFWmmicDzRXHGoE7gNArYo5JgzUaGICypuRXiAZIIaxNYyYTgLb68TFoVx7twqrfn5fpVHkcRHIMTcAY8cAnq4AY0QBNg8AiewSt4s56sF+vd+pi3Fqx85hD8gfX5A4Xbk1s=</latexit>

R2 ⇠ 0.85cm

<latexit sha1_base64="0qPyFgJth1FZnTTF4FOIbxJUKgw=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5CI1R6LXjxWsR/QhLLZbtqlu0nY3Yil9K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5YcqZ0q77bRXW1jc2t4rbpZ3dvf0D+7DcUkkmCW2ShCeyE2JFOYtpUzPNaSeVFIuQ03Y4upn57UcqFUviBz1OaSDwIGYRI1gbqWeX75GvmECuU6siXwpERM+uuI47B1olXk4qkKPRs7/8fkIyQWNNOFaq67mpDiZYakY4nZb8TNEUkxEe0K6hMRZUBZP57VN0apQ+ihJpKtZorv6emGCh1FiEplNgPVTL3kz8z+tmOqoFExanmaYxWSyKMo50gmZBoD6TlGg+NgQTycytiAyxxESbuEomBG/55VXSOne8S6d6d1GpX+dxFOEYTuAMPLiCOtxCA5pA4Ame4RXerKn1Yr1bH4vWgpXPHMEfWJ8/VRiStg==</latexit>

R ⇠ 0.85cm

<latexit sha1_base64="ss2gjQW5+4s0MHryJzKhWAEkvp0=">AAACG3icbVA9SwNBEN3z2/h1amkzGAQtPO+iURtB1MJSwaiQi2Fvs0mW7N4du3NCOPI/bPwrNhaKWAkW/hs3MYVfDwYe780wMy9KpTDo+x/OyOjY+MTk1HRhZnZufsFdXLo0SaYZr7BEJvo6ooZLEfMKCpT8OtWcqkjyq6hz3Pevbrk2IokvsJvymqKtWDQFo2ilulsKT7hEChQOYN33diFMFWx7wQaEKBQ3EPg3+WZQ7kGoFagtc1Oqu0Xf8weAvyQYkiIZ4qzuvoWNhGWKx8gkNaYa+CnWcqpRMMl7hTAzPKWsQ1u8amlM7d5aPvitB2tWaUAz0bZihIH6fSKnypiuimynotg2v72++J9XzbC5X8tFnGbIY/a1qJlJwAT6QUFDaM5Qdi2hTAt7K7A21ZShjbNgQwh+v/yXXJa8YNcrn+8UD4+GcUyRFbJK1klA9sghOSVnpEIYuSMP5Ik8O/fOo/PivH61jjjDmWXyA877J9tznP8=</latexit>

�a = (0.6± 3.1)⇥ 10�15m/s2



      Torsion Balance: Dark Matter

<latexit sha1_base64="4C2DoWjkGpxug+ndfjADquNo+fo=">AAAB7XicbVDJSgNBEO1xjXGLevTSGARPYUbcjiFePEYwCyRD6OnUJG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKopNKjiSrcjYoAzCQ3LLId2ooGIiEMrGt1O/dYTaMOUfLDjBEJBBpLFjBLrpGZXC1yDXqnsV/wZ8DIJclJGOeq90le3r2gqQFrKiTGdwE9smBFtGeUwKXZTAwmhIzKAjqOSCDBhNrt2gk+d0sex0q6kxTP190RGhDFjEblOQezQLHpT8T+vk9r4JsyYTFILks4XxSnHVuHp67jPNFDLx44Qqpm7FdMh0YRaF1DRhRAsvrxMmueV4KpyeX9RrtbyOAroGJ2gMxSga1RFd6iOGoiiR/SMXtGbp7wX7937mLeuePnMEfoD7/MH/LOOwg==</latexit>

Be
<latexit sha1_base64="kh6m8PkAnalXqo+9Uzol43U+A+s=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiNkg2QIPZ2epE0vQ3ePEIb8gxcPinj1f7z5N3aSOWjig4LHe1VU1YsSzoz1/W9vZXVtfWOzsFXc3tnd2y8dHDaNSjWhDaK40u0IG8qZpA3LLKftRFMsIk5b0ehu6reeqDZMybodJzQUeCBZzAi2Tmp2tUB11iuV/Yo/A1omQU7KkKPWK311+4qkgkpLODamE/iJDTOsLSOcTord1NAEkxEe0I6jEgtqwmx27QSdOqWPYqVdSYtm6u+JDAtjxiJynQLboVn0puJ/Xie18U2YMZmklkoyXxSnHFmFpq+jPtOUWD52BBPN3K2IDLHGxLqAii6EYPHlZdI8rwRXlcuHi3L1No+jAMdwAmcQwDVU4R5q0AACj/AMr/DmKe/Fe/c+5q0rXj5zBH/gff4AHiyO2A==</latexit>

Ti

<latexit sha1_base64="lIC1VtPFGgVTWelm6PjWlnnO0vk=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWwVVIRK3LohuXVewF2hAm00k7dCYJMxOhhuKruHGhiFvfw51v4/Sy0NYfBj7+cw7nzB+mnCntut9WYWl5ZXWtuF7a2Nza3rF39xoqySShdZLwRLZCrChnMa1rpjltpZJiEXLaDAfX43rzgUrFkvheD1PqC9yLWcQI1sYK7IO7wEMdxQRynYohKRARgV12HXcitAjeDMowUy2wvzrdhGSCxppwrFTbc1Pt51hqRjgdlTqZoikmA9yjbYMxFlT5+eT6ETo2ThdFiTQv1mji/p7IsVBqKELTKbDuq/na2Pyv1s50dOnnLE4zTWMyXRRlHOkEjaNAXSYp0XxoABPJzK2I9LHERJvASiYEb/7Li9A4dbwL5/z2rFy9msVRhEM4ghPwoAJVuIEa1IHAIzzDK7xZT9aL9W59TFsL1mxmH/7I+vwBfI6TVQ==</latexit>

R1 ⇠ 0.71cm
<latexit sha1_base64="TnfJRwkEewRlFEkOnlF8C4zMlYA=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5AUq10W3bisYh/QhDCZTtqhM5MwMxFqKf6KGxeKuPU/3Pk3TtsstPXAhcM593LvPVHKqNKu+20VVlbX1jeKm6Wt7Z3dPXv/oKWSTGLSxAlLZCdCijAqSFNTzUgnlQTxiJF2NLye+u0HIhVNxL0epSTgqC9oTDHSRgrto7uwAn1FOXSdWhX6kkPMQ7vsOu4McJl4OSmDHI3Q/vJ7Cc44ERozpFTXc1MdjJHUFDMyKfmZIinCQ9QnXUMF4kQF49n1E3hqlB6ME2lKaDhTf0+MEVdqxCPTyZEeqEVvKv7ndTMd14IxFWmmicDzRXHGoE7gNArYo5JgzUaGICypuRXiAZIIaxNYyYTgLb68TFoVx7twqrfn5fpVHkcRHIMTcAY8cAnq4AY0QBNg8AiewSt4s56sF+vd+pi3Fqx85hD8gfX5A4Xbk1s=</latexit>

R2 ⇠ 0.85cm

<latexit sha1_base64="0qPyFgJth1FZnTTF4FOIbxJUKgw=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5CI1R6LXjxWsR/QhLLZbtqlu0nY3Yil9K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5YcqZ0q77bRXW1jc2t4rbpZ3dvf0D+7DcUkkmCW2ShCeyE2JFOYtpUzPNaSeVFIuQ03Y4upn57UcqFUviBz1OaSDwIGYRI1gbqWeX75GvmECuU6siXwpERM+uuI47B1olXk4qkKPRs7/8fkIyQWNNOFaq67mpDiZYakY4nZb8TNEUkxEe0K6hMRZUBZP57VN0apQ+ihJpKtZorv6emGCh1FiEplNgPVTL3kz8z+tmOqoFExanmaYxWSyKMo50gmZBoD6TlGg+NgQTycytiAyxxESbuEomBG/55VXSOne8S6d6d1GpX+dxFOEYTuAMPLiCOtxCA5pA4Ame4RXerKn1Yr1bH4vWgpXPHMEfWJ8/VRiStg==</latexit>

R ⇠ 0.85cm
<latexit sha1_base64="7RjSaqZj29qB67dspBm/RmTt4Co=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiTF17KoFDdCBfuAJobJdNIOnUzizEQooTs3/oobF4q49Rfc+TdO2yDaeuDC4Zx7ufceP2ZUKsv6MnJz8wuLS/nlwsrq2vqGubnVkFEiMKnjiEWi5SNJGOWkrqhipBULgkKfkabfPx/5zXsiJI34jRrExA1Rl9OAYqS05Jm7Vc++TR0RwourIXQ4uYNVr/yjeGbRKlljwFliZ6QIMtQ889PpRDgJCVeYISnbthUrN0VCUczIsOAkksQI91GXtDXlKCTSTcd/DOG+VjowiIQuruBY/T2RolDKQejrzhCpnpz2RuJ/XjtRwambUh4ninA8WRQkDKoIjkKBHSoIVmygCcKC6lsh7iGBsNLRFXQI9vTLs6RRLtnHpaPrw2LlLIsjD3bAHjgANjgBFXAJaqAOMHgAT+AFvBqPxrPxZrxPWnNGNrMN/sD4+Aax75fy</latexit>

FDM
1 6= FDM

2

<latexit sha1_base64="v/sjn7J9WWjmE9T+VKKBnARz92k=">AAACDXicbVC7TsMwFHV4lvIKMLJYFCSmKkEUOjBUZWEsEn1ITagcx22t2k5kO0hVlB9g4VdYGECIlZ2Nv8FtM0DLkSwdnXOuru8JYkaVdpxva2l5ZXVtvbBR3Nza3tm19/ZbKkokJk0csUh2AqQIo4I0NdWMdGJJEA8YaQej64nffiBS0Ujc6XFMfI4GgvYpRtpIPfsYesykQ3SfepLDOsl6qQozeAWdcrUCJxrmPbvklJ0p4CJxc1ICORo9+8sLI5xwIjRmSKmu68TaT5HUFDOSFb1EkRjhERqQrqECcaL8dHpNBk+MEsJ+JM0TGk7V3xMp4kqNeWCSHOmhmvcm4n9eN9H9qp9SESeaCDxb1E8Y1BGcVANDKgnWbGwIwpKav0I8RBJhbQosmhLc+ZMXSeus7F6UK7fnpVo9r6MADsEROAUuuAQ1cAMaoAkweATP4BW8WU/Wi/VufcyiS1Y+cwD+wPr8AbpYmhI=</latexit>

�Be
sd < 0.85cm

<latexit sha1_base64="JdaVo5kqdY0RzLIsM4YNvHhkiTk=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQkqjwlVsDAWqS+pCZHjOK1VO4lsB6mK8gMs/AoLAwixsrPxN7htBmg5kqWjc87V9T1+wqhUlvVtlJaWV1bXyuuVjc2t7R1zd68j41Rg0sYxi0XPR5IwGpG2ooqRXiII4j4jXX90M/G7D0RIGkctNU6Iy9EgoiHFSGnJM4+gw3Q6QPeZIzhs0dzLZJDDK2jV7DqcaJh7ZtWqWVPARWIXpAoKND3zywlinHISKcyQlH3bSpSbIaEoZiSvOKkkCcIjNCB9TSPEiXSz6TU5PNZKAMNY6BcpOFV/T2SISznmvk5ypIZy3puI/3n9VIWXbkajJFUkwrNFYcqgiuGkGhhQQbBiY00QFlT/FeIhEggrXWBFl2DPn7xIOqc1+7x2dlevNq6LOsrgAByCE2CDC9AAt6AJ2gCDR/AMXsGb8WS8GO/GxyxaMoqZffAHxucP1DuaIg==</latexit>

�Ti
sd > 0.14cm

<latexit sha1_base64="jZb3FCgBgPZoYuNkNw8AOu83bWI=">AAAB+HicbVDLTsMwENyUVymPBjhysaiQOIUEKPRYwYVjkehDakPluE5r1U4i20EqUb+ECwcQ4sqncONvcB8HaBlppdHMrnZ3goQzpV3328qtrK6tb+Q3C1vbO7tFe2+/oeJUElonMY9lK8CKchbRumaa01YiKRYBp81geDPxm49UKhZH93qUUF/gfsRCRrA2Utcuek6ljDpSoP4pEQ/nXbvkOu4UaJl4c1KCOWpd+6vTi0kqaKQJx0q1PTfRfoalZoTTcaGTKppgMsR92jY0woIqP5sePkbHRumhMJamIo2m6u+JDAulRiIwnQLrgVr0JuJ/XjvVYcXPWJSkmkZktihMOdIxmqSAekxSovnIEEwkM7ciMsASE22yKpgQvMWXl0njzPEunfLdRal6PY8jD4dwBCfgwRVU4RZqUAcCKTzDK7xZT9aL9W59zFpz1nzmAP7A+vwBOc2RiQ==</latexit>

1.85g/cm3
<latexit sha1_base64="69gS54UwNoctc6WCl6ldji96mCM=">AAAB+HicbVDLTsMwENyUVymPBjhysaiQOIUEWuBYwYVjkehDakPluE5r1U4i20EqUb+ECwcQ4sqncONvcB8HaBlppdHMrnZ3goQzpV3328qtrK6tb+Q3C1vbO7tFe2+/oeJUElonMY9lK8CKchbRumaa01YiKRYBp81geDPxm49UKhZH93qUUF/gfsRCRrA2Utculp2KhzpSoP4pEQ/nXbvkOu4UaJl4c1KCOWpd+6vTi0kqaKQJx0q1PTfRfoalZoTTcaGTKppgMsR92jY0woIqP5sePkbHRumhMJamIo2m6u+JDAulRiIwnQLrgVr0JuJ/XjvV4ZWfsShJNY3IbFGYcqRjNEkB9ZikRPORIZhIZm5FZIAlJtpkVTAheIsvL5PGmeNdOJW7cql6PY8jD4dwBCfgwSVU4RZqUAcCKTzDK7xZT9aL9W59zFpz1nzmAP7A+vwBM5eRhQ==</latexit>

4.51g/cm3

<latexit sha1_base64="+9fObDB5DdHvdvX2AJjG5miOAVk=">AAACKHicbVDLSgNBEJz1bXxFPXoZDIKnZUd8gmDQgx4VTCIkMcxOepMhsw9mesWw5HO8+CteRBTJ1S9xEnOI0YKGmupqerr8REmDntd3pqZnZufmFxZzS8srq2v59Y2yiVMtoCRiFes7nxtQMoISSlRwl2jgoa+g4ncuBv3KA2gj4+gWuwnUQ96KZCAFRys18mfMZbSGMgRDmXd/Qu0DHjG7hHKPntLAFnMPxxwZ83pjnka+4LneEPQvYSNSICNcN/JvtWYs0hAiFIobU2VegvWMa5RCQS9XSw0kXHR4C6qWRtzurWfDQ3t0xypNGsTaVoR0qI5PZDw0phv61hlybJvJ3kD8r1dNMTiuZzJKUoRI/CwKUkUxpoPUaFNqEKi6lnChpf0rFW2uuUCbbc6GwCZP/kvKey47dA9u9gvF81EcC2SLbJNdwsgRKZIrck1KRJAn8kLeyYfz7Lw6n07/xzrljGY2yS84X9+6c6LQ</latexit>

1.1⇥ 109GeV < f < 1.6⇥ 1010GeV



      Possible experiments: Microscope
<latexit sha1_base64="JyZhjT9CYygI9+YixF4Hub5ncBA=">AAACAXicbVC7TsMwFL3hWcorwILEYlEhMVUJAspYwcJYJPqQmqhyHKe1aieR7SBVUVn4FRYGEGLlL9j4G9w2A7Qcy9LROfde+54g5Uxpx/m2lpZXVtfWSxvlza3tnV17b7+lkkwS2iQJT2QnwIpyFtOmZprTTiopFgGn7WB4M/HbD1QqlsT3epRSX+B+zCJGsDZSzz6suQ7ypEBDgTxzEOZmShbSnl1xqs4UaJG4BalAgUbP/vLChGSCxppwrFTXdVLt51hqRjgdl71M0RSTIe7TrqExFlT5+XSDMToxSoiiRJobazRVf3fkWCg1EoGpFFgP1Lw3Ef/zupmOrvycxWmmaUxmD0UZRzpBkzhQyCQlmo8MwUQy81dEBlhiok1oZROCO7/yImmdVd3L6sXdeaV+XcRRgiM4hlNwoQZ1uIUGNIHAIzzDK7xZT9aL9W59zEqXrKLnAP7A+vwBqOiVJA==</latexit>

710km altitude



      Possible experiments: Microscope

<latexit sha1_base64="Rl63i+xo1WxC2cMwOFKsXAOEwMw=">AAACGnicbVDLSgMxFM34tr6qLt0Ei+Cm46TUx0YQdeGygtVCZ1oyaVpDk5khuSOUod/hxl9x40IRd+LGvzF9LLT1QMjhnHu5954wkcKA5307M7Nz8wuLS8u5ldW19Y385tatiVPNeJXFMta1kBouRcSrIEDyWqI5VaHkd2H3YuDfPXBtRBzdQC/hgaKdSLQFo2ClZp74l1wCxRSf4iJxS9hPFC4NfhCKG0y8RlYk5T72tcLqwDRKzXzBc70h8DQhY1JAY1Sa+U+/FbNU8QiYpMbUiZdAkFENgknez/mp4QllXdrhdUsjaucG2fC0Pt6zSgu3Y21fBHio/u7IqDKmp0JbqSjcm0lvIP7n1VNonwSZiJIUeMRGg9qpxBDjQU64JTRnIHuWUKaF3RWze6opA5tmzoZAJk+eJrcllxy5h9flwtn5OI4ltIN20T4i6BidoStUQVXE0CN6Rq/ozXlyXpx352NUOuOMe7bRHzhfP2+DnM0=</latexit>

�a = �1.2± 2.2⇥ 10�14m/s2



      Possible experiments: Galileo Galilei

<latexit sha1_base64="KzU/WpdXXkSbNjvxKCzY+VSFMI0=">AAACE3icbVDLSgNBEJyNrxhfqx69DAZBBONuUJNjUA8eI5gHZJMwO5kkQ2Z2l5leISz5By/+ihcPinj14s2/cfI4aGJBQ1HVTXeXHwmuwXG+rdTS8srqWno9s7G5tb1j7+5VdRgryio0FKGq+0QzwQNWAQ6C1SPFiPQFq/mD67Ffe2BK8zC4h2HEmpL0At7llICR2vaJd8MEEEywp7nEuIg94JJp7Dqt5NQtjLCnJJZnupVv21kn50yAF4k7I1k0Q7ltf3mdkMaSBUAF0brhOhE0E6KAU8FGGS/WLCJ0QHqsYWhAzN5mMvlphI+M0sHdUJkKAE/U3xMJkVoPpW86JYG+nvfG4n9eI4ZusZnwIIqBBXS6qBsLDCEeB4Q7XDEKYmgIoYqbWzHtE0UomBgzJgR3/uVFUs3n3Mvcxd15tnQ1iyONDtAhOkYuKqASukVlVEEUPaJn9IrerCfrxXq3PqatKWs2s4/+wPr8AaHbm4E=</latexit>

�a ⇠ 8⇥ 10�17m/s2



      Possible experiments: Space Mission

<latexit sha1_base64="JFJcdQI1akUoUlzgnOCKL7HGydQ=">AAACFHicbVDLSgNBEJyNrxhfqx69DAZBEONuiMZj0IvHCOYB2U2YnUySITO7y0yvEJZ8hBd/xYsHRbx68ObfOHkcNFrQUFR1090VxIJrcJwvK7O0vLK6ll3PbWxube/Yu3t1HSWKshqNRKSaAdFM8JDVgINgzVgxIgPBGsHweuI37pnSPArvYBQzX5J+yHucEjBSxz7xukwAwQR7mktcKrjYAy6Zxq7TTk/d8hh7SmJ5ptvFjp13Cs4U+C9x5ySP5qh27E+vG9FEshCoIFq3XCcGPyUKOBVsnPMSzWJCh6TPWoaGxOz10+lTY3xklC7uRcpUCHiq/pxIidR6JAPTKQkM9KI3Ef/zWgn0Lv2Uh3ECLKSzRb1EYIjwJCHc5YpRECNDCFXc3IrpgChCweSYMyG4iy//JfViwb0onN+W8pWreRxZdIAO0TFyURlV0A2qohqi6AE9oRf0aj1az9ab9T5rzVjzmX30C9bHN2Frm+Y=</latexit>

�a ⇠ 4.1⇥ 10�17m/s2

1 meter ranging over 7 years
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     Summary in One Plot
Supernova Cooling
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     Summary in One Plot

BBN Gluon coupling
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     Summary in One Plot

BBN Light Quark 
Coupling
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     Summary in One Plot

Atmosphere
<latexit sha1_base64="iwSnxnRr2VUOnWkjYi6t7LT/kMY=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcxaRV67LoxmUF+4AmLZPppB06k4SZiVBCVm78FTcuFHHrN7jzb5y2WWjrgQuHc+7l3nv8mFGpbPvbWFpeWV1bL2wUN7e2d3bNvf2mjBKBSQNHLBJtH0nCaEgaiipG2rEgiPuMtPzRzcRvPRAhaRTeq3FMPI4GIQ0oRkpLPfOoalWgqygnEjp2Ny3b2VnqCg4xz7qVnlmyLXsKuEicnJRAjnrP/HL7EU44CRVmSMqOY8fKS5FQFDOSFd1EkhjhERqQjqYh0nu9dPpGBk+00odBJHSFCk7V3xMp4lKOua87OVJDOe9NxP+8TqKCKy+lYZwoEuLZoiBhUEVwkgnsU0GwYmNNEBZU3wrxEAmElU6uqENw5l9eJM2y5VxaF3fnpdp1HkcBHIJjcAocUAU1cAvqoAEweATP4BW8GU/Gi/FufMxal4x85gD8gfH5A1VLlyk=</latexit>
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     Summary in One Plot
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     Summary in One Plot
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    Sensitivity:Space Mission
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    Sensitivity: electron coupling
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              Conclusion

- We discover a novel effect for light scalar dark 
matter with quadratic interactions.


- The drag force can be probed by the possible 
future test of the weak equivalence principle 
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      Possible experiments: Microscope


