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What if dark matter is super heavy?

Low number density - need large detectors. 

Terrestrial: up to 1033 GeV

WIMP Experiments: Sensitive up to 1018 GeV

1018 GeV 1033 GeV 
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Ultra-heavy Dark Matter?

Large composite blob

Weak constraints on self-
interactions of dark matter

Observational Effects?

Strong self-interactions in 
dark sector

Efficient nucleosynthesis? Primordial production? Galactic 
evolution?

Key Point: Lots of dark matter partons packed into single blob

Rare but potentially spectacular transit
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What does the blob look like?

BosonicFermionic

Self-Interaction Scale Λ, Parton Mass ~ Λ
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Observational Effects

Short Range
μ-1 < λp

Dark Matter scatters, 
deposits energy. 

Calorimetry

Compositeness could 
enable multiple scattering

Long Range 

Blob sources classical field

Use detectors of ultra-light 
dark matter

Leverage: c > vdm > vhuman

Constraints?

μ-1 > λp



Short Range

χ Ν

q

Scattering at the partonic level

Parton transfers momentum to blob



Short Range

χ Ν

q

Scattering at the partonic level

Parton transfers momentum to blob

Form factor for q >> 1/rχ ~ Λ

M >> mN, kinematics set by mN

q = Min[mN v, Λ]



Short Range

χ Ν

q

Scattering at the partonic level

Parton transfers momentum to blob

Form factor for q >> 1/rχ ~ Λ

M >> mN, kinematics set by mN

q = Min[mN v, Λ]

Key Point: Λ < 300 keV => soft energy transfer, no ionization



Short Range

χ Ν

q

Scattering at the partonic level

Parton transfers momentum to blob

Form factor for q >> 1/rχ ~ Λ

M >> mN, kinematics set by mN

q = Min[mN v, Λ]

Key Point: Λ < 300 keV => soft energy transfer, no ionization

This Work: 10 keV < Λ < 10 MeV

Goal: Robust parameter space, targeted experimental signals



Short Range: Bosonic Blob

χ Ν

q

R ~ 1/Λ

10 keV < Λ < 10 MeV => q ~ 1/R

Cross-section Coherently Enhanced

Easily geometric σ = 1/Λ2



Short Range: Bosonic Blob

χ Ν

q

R ~ 1/Λ

10 keV < Λ < 10 MeV => q ~ 1/R

Cross-section Coherently Enhanced

Easily geometric σ = 1/Λ2

dE

dx
= ⌘m

✓
⇤2

mN

◆
1

⇤2
=

⌘m
mN

⇠ keV/cm
<latexit sha1_base64="qd8V23vAD5+1erE+hoHLYVmCt3c="></latexit><latexit sha1_base64="PvyfbkzdHTfzFls0TLttFuahojU="></latexit><latexit sha1_base64="PvyfbkzdHTfzFls0TLttFuahojU="></latexit><latexit sha1_base64="X2D2MGBNjeoPdk46MltsEMnhREQ="></latexit>



Short Range: Bosonic Blob

χ Ν

q

R ~ 1/Λ

10 keV < Λ < 10 MeV => q ~ 1/R

Cross-section Coherently Enhanced

Easily geometric σ = 1/Λ2

dE

dx
= ⌘m

✓
⇤2

mN

◆
1

⇤2
=

⌘m
mN

⇠ keV/cm
<latexit sha1_base64="qd8V23vAD5+1erE+hoHLYVmCt3c="></latexit><latexit sha1_base64="PvyfbkzdHTfzFls0TLttFuahojU="></latexit><latexit sha1_base64="PvyfbkzdHTfzFls0TLttFuahojU="></latexit><latexit sha1_base64="X2D2MGBNjeoPdk46MltsEMnhREQ="></latexit>

Form depends on Λ - ionize for Λ > 300 keV, heat below that



Short Range: Fermionic Blob

χ Ν

q

R ~ N1/3/Λ

Coherent enhancement only for soft 
scattering => low energy deposition

Lots of partons => multiple 
scattering possible



Short Range: Fermionic Blob

χ Ν

q

R ~ N1/3/Λ

Coherent enhancement only for soft 
scattering => low energy deposition

Lots of partons => multiple 
scattering possible

dE

dx
= ⌘m

✓
M

⇤

◆  
g2�g

2
Nm2

N

µ4

!✓
⇤2

m2
Nv2x

◆ ✓
⇤2

mN

◆

<latexit sha1_base64="BpbxlA1DLYyjLbYkd9yiZaTHh3M="></latexit><latexit sha1_base64="8BMxlH4ECkezxCERRjf+oBdUzmI="></latexit><latexit sha1_base64="8BMxlH4ECkezxCERRjf+oBdUzmI="></latexit><latexit sha1_base64="zsqKeucHbCfQZ0vkZA00CbEdAhk="></latexit>

Form depends on Λ - ionize for Λ > 300 keV, heat below that



Long Range

Take Range 1/μ >> Blob size R

Blob sources classical field gχ N/r



Long Range

Take Range 1/μ >> Blob size R

gN�N̄N
<latexit sha1_base64="mbJzg5VY227Uo50p1DKFbVZmbqw=">AAAB/XicbVC7TsMwFL3hWcorPDYYLCokpiphgbGChalqJfqQ2ihyXKe16jiR7SCVqOJXWBhAiBW+g42NT8FpO0DLka50fM698r0nSDhT2nG+rKXlldW19cJGcXNre2fX3ttvqjiVhDZIzGPZDrCinAna0Exz2k4kxVHAaSsYXud+645KxWJxq0cJ9SLcFyxkBGsj+fZh38+qY9RNBgx1AyzzR9W3S07ZmQAtEndGSpXjj/o3AN R8+7Pbi0kaUaEJx0p1XCfRXoalZoTTcbGbKppgMsR92jFU4IgqL5tsP0anRumhMJamhEYT9fdEhiOlRlFgOiOsB2rey8X/vE6qw0svYyJJNRVk+lGYcqRjlEeBekxSovnIEEwkM7siMsASE20CK5oQ3PmTF0nzvOw6Zbdu0riCKQpwBCdwBi5cQAVuoAYNIHAPj/AML9aD9WS9Wm/T1iVrNnMAf2C9/wCePJbi</latexit><latexit sha1_base64="AMdJvSJD4UGh6lNvoSkNEZ9Ui0A=">AAAB/XicbVC7SgNBFL0bXzG+1kenyGAQrMKujZZBG6uQgHlAsiyzk9lkyOyDmVkhLsHK/7CxUMTWfIed3+BPOJuk0MQDF86ccy9z7/FizqSyrC8jt7S8srqWXy9sbG5t75i7ew0ZJYLQOol4JFoelpSzkNYVU5y2YkFx4HHa9AbXmd+8o0KyKLxVw5g6Ae6FzGcEKy255kHPTSsj1In7DHU8LLJHxTWLVsmaAC0Se0aK5aNx7f vxeFx1zc9ONyJJQENFOJaybVuxclIsFCOcjgqdRNIYkwHu0bamIQ6odNLJ9iN0qpUu8iOhK1Roov6eSHEg5TDwdGeAVV/Oe5n4n9dOlH/ppCyME0VDMv3ITzhSEcqiQF0mKFF8qAkmguldEeljgYnSgRV0CPb8yYukcV6yrZJd02lcwRR5OIQTOAMbLqAMN1CFOhC4hyd4gVfjwXg23oz3aWvOmM3swx8YHz98gZhI</latexit><latexit sha1_base64="AMdJvSJD4UGh6lNvoSkNEZ9Ui0A=">AAAB/XicbVC7SgNBFL0bXzG+1kenyGAQrMKujZZBG6uQgHlAsiyzk9lkyOyDmVkhLsHK/7CxUMTWfIed3+BPOJuk0MQDF86ccy9z7/FizqSyrC8jt7S8srqWXy9sbG5t75i7ew0ZJYLQOol4JFoelpSzkNYVU5y2YkFx4HHa9AbXmd+8o0KyKLxVw5g6Ae6FzGcEKy255kHPTSsj1In7DHU8LLJHxTWLVsmaAC0Se0aK5aNx7f vxeFx1zc9ONyJJQENFOJaybVuxclIsFCOcjgqdRNIYkwHu0bamIQ6odNLJ9iN0qpUu8iOhK1Roov6eSHEg5TDwdGeAVV/Oe5n4n9dOlH/ppCyME0VDMv3ITzhSEcqiQF0mKFF8qAkmguldEeljgYnSgRV0CPb8yYukcV6yrZJd02lcwRR5OIQTOAMbLqAMN1CFOhC4hyd4gVfjwXg23oz3aWvOmM3swx8YHz98gZhI</latexit><latexit sha1_base64="6WfxgOgp7kqxaDu5gtU1w3iMTWw=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiRudFl046pUsA9oQphMJ+3QySTMTIQair/ixoUibv0Pd/6NkzYLbT1w4cw59zL3njDlTGnH+bZWVtfWNzYrW9Xtnd29ffvgsKOSTBLaJglPZC/EinImaFszzWkvlRTHIafdcHxT+N0HKhVLxL2epNSP8VCwiBGsjRTYx8Mgb06Rl44Y8kIsi0czsGtO3ZkBLRO3JDUo0QrsL2+QkC ymQhOOleq7Tqr9HEvNCKfTqpcpmmIyxkPaN1TgmCo/n20/RWdGGaAokaaERjP190SOY6UmcWg6Y6xHatErxP+8fqajKz9nIs00FWT+UZRxpBNURIEGTFKi+cQQTCQzuyIywhITbQKrmhDcxZOXSeei7jp1986pNa7LOCpwAqdwDi5cQgNuoQVtIPAIz/AKb9aT9WK9Wx/z1hWrnDmCP7A+fwCOQpSd</latexit>

Exerts Force

Blob sources classical field gχ N/r

Energy Loss in Medium due to dynamical friction{
<latexit sha1_base64="3dto/Q/nYwJLjXrsbgiflgTt7cY=">AAAB6XicbVDLSgNBEOyNrxhfUY9ehgRBEMKuFz0GvXiMYh6QXcLspDcZMju7zMwKYckfePGgiCfBP/Lm3zh5HDSxoKGo6qa7K0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwybLBGJ6oRUo+ASm4YbgZ1UIY1Dge1wdDP124+oNE/kgxmnGMR0IHnEGTVWuvfzXrnq1twZyCrxFqRar/jnHwDQ6JW//H7CshilYYJq3fXc1AQ5VYYzgZOSn2lMKRvRAXYtlTRGHeSzSyfk1Cp9EiXKljRkpv6eyGms9TgObWdMzVAve1PxP6+bmegqyLlMM4OSzRdFmSAmIdO3SZ8rZEaMLaFMcXsrYUOqKDM2nJINwVt+eZW0LmqeW/PubBrXMEcRTqACZ+DBJdThFhrQBAYRPMELvDoj59l5c97nrQVnMXMMf+B8/gCsw47q</latexit><latexit sha1_base64="mYsaq72wgtc0JMGYm75Pv8D8eaI=">AAAB6XicbVDLSgNBEOz1GeMr6tHLkCAIQtj1osegF49RzAOyIcxOepMhs7PLzKywLPkDL4KKePWPvOVvnDwOmljQUFR1090VJIJr47oTZ219Y3Nru7BT3N3bPzgsHR03dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRZAl2IzqQPOSMGis9+HmvVHGr7gxklXgLUqmV/YvXSS2r90rffj9maYTSMEG17nhuYro5VYYzgeOin2pMKBvRAXYslTRC3c1nl47JmVX6JIyVLWnITP09kdNI6ywKbGdEzVAve1PxP6+TmvC6m3OZpAYlmy8KU0FMTKZvkz5XyIzILKFMcXsrYUOqKDM2nKINwVt+eZU0L6ueW/XubRo3MEcBTqEM5+DBFdTgDurQAAYhPMMbvDsj58X5cD7nrWvOYuYE/sD5+gG2LZBw</latexit><latexit sha1_base64="mYsaq72wgtc0JMGYm75Pv8D8eaI=">AAAB6XicbVDLSgNBEOz1GeMr6tHLkCAIQtj1osegF49RzAOyIcxOepMhs7PLzKywLPkDL4KKePWPvOVvnDwOmljQUFR1090VJIJr47oTZ219Y3Nru7BT3N3bPzgsHR03dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRZAl2IzqQPOSMGis9+HmvVHGr7gxklXgLUqmV/YvXSS2r90rffj9maYTSMEG17nhuYro5VYYzgeOin2pMKBvRAXYslTRC3c1nl47JmVX6JIyVLWnITP09kdNI6ywKbGdEzVAve1PxP6+TmvC6m3OZpAYlmy8KU0FMTKZvkz5XyIzILKFMcXsrYUOqKDM2nKINwVt+eZU0L6ueW/XubRo3MEcBTqEM5+DBFdTgDurQAAYhPMMbvDsj58X5cD7nrWvOYuYE/sD5+gG2LZBw</latexit><latexit sha1_base64="zE//6Z30dXKGKOcjUgwi3MFVRUg=">AAAB6XicbVA9TwJBEJ3DL8Qv1NJmIzGxIns2WhJtLNEIksCF7C17sGFv77I7Z0Iu/AMbC42x9R/Z+W9c4AoFXzLJy3szmZkXpkpapPTbK62tb2xulbcrO7t7+wfVw6O2TTLDRYsnKjGdkFmhpBYtlKhEJzWCxaESj+H4ZuY/PgljZaIfcJKKIGZDLSPJGTrpvpf3qzVap3OQVeIXpAYFmv3qV2+Q8CwWGrli1nZ9mmKQM4OSKzGt9DIrUsbHbCi6jmoWCxvk80un5MwpAxIlxpVGMld/T+QstnYSh64zZjiyy95M/M/rZhhdBbnUaYZC88WiKFMEEzJ7mwykERzVxBHGjXS3Ej5ihnF04VRcCP7yy6ukfVH3ad2/o7XGdRFHGU7gFM7Bh0towC00oQUcIniGV3jzxt6L9+59LFpLXjFzDH/gff4AmkSNYQ==</latexit>
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<latexit sha1_base64="h6E90SUeyOrcO4yVf/6Z8p1BTu4="></latexit><latexit sha1_base64="ylXvc7hJCqfKRvrUvsg0F1LYrgk="></latexit><latexit sha1_base64="ylXvc7hJCqfKRvrUvsg0F1LYrgk="></latexit><latexit sha1_base64="4rUaxOUuYaPelpeTKrenD3rEAJE="></latexit>



Long Range

Take Range 1/μ >> Blob size R

gN�N̄N
<latexit sha1_base64="mbJzg5VY227Uo50p1DKFbVZmbqw=">AAAB/XicbVC7TsMwFL3hWcorPDYYLCokpiphgbGChalqJfqQ2ihyXKe16jiR7SCVqOJXWBhAiBW+g42NT8FpO0DLka50fM698r0nSDhT2nG+rKXlldW19cJGcXNre2fX3ttvqjiVhDZIzGPZDrCinAna0Exz2k4kxVHAaSsYXud+645KxWJxq0cJ9SLcFyxkBGsj+fZh38+qY9RNBgx1AyzzR9W3S07ZmQAtEndGSpXjj/o3AN R8+7Pbi0kaUaEJx0p1XCfRXoalZoTTcbGbKppgMsR92jFU4IgqL5tsP0anRumhMJamhEYT9fdEhiOlRlFgOiOsB2rey8X/vE6qw0svYyJJNRVk+lGYcqRjlEeBekxSovnIEEwkM7siMsASE20CK5oQ3PmTF0nzvOw6Zbdu0riCKQpwBCdwBi5cQAVuoAYNIHAPj/AML9aD9WS9Wm/T1iVrNnMAf2C9/wCePJbi</latexit><latexit sha1_base64="AMdJvSJD4UGh6lNvoSkNEZ9Ui0A=">AAAB/XicbVC7SgNBFL0bXzG+1kenyGAQrMKujZZBG6uQgHlAsiyzk9lkyOyDmVkhLsHK/7CxUMTWfIed3+BPOJuk0MQDF86ccy9z7/FizqSyrC8jt7S8srqWXy9sbG5t75i7ew0ZJYLQOol4JFoelpSzkNYVU5y2YkFx4HHa9AbXmd+8o0KyKLxVw5g6Ae6FzGcEKy255kHPTSsj1In7DHU8LLJHxTWLVsmaAC0Se0aK5aNx7f vxeFx1zc9ONyJJQENFOJaybVuxclIsFCOcjgqdRNIYkwHu0bamIQ6odNLJ9iN0qpUu8iOhK1Roov6eSHEg5TDwdGeAVV/Oe5n4n9dOlH/ppCyME0VDMv3ITzhSEcqiQF0mKFF8qAkmguldEeljgYnSgRV0CPb8yYukcV6yrZJd02lcwRR5OIQTOAMbLqAMN1CFOhC4hyd4gVfjwXg23oz3aWvOmM3swx8YHz98gZhI</latexit><latexit sha1_base64="AMdJvSJD4UGh6lNvoSkNEZ9Ui0A=">AAAB/XicbVC7SgNBFL0bXzG+1kenyGAQrMKujZZBG6uQgHlAsiyzk9lkyOyDmVkhLsHK/7CxUMTWfIed3+BPOJuk0MQDF86ccy9z7/FizqSyrC8jt7S8srqWXy9sbG5t75i7ew0ZJYLQOol4JFoelpSzkNYVU5y2YkFx4HHa9AbXmd+8o0KyKLxVw5g6Ae6FzGcEKy255kHPTSsj1In7DHU8LLJHxTWLVsmaAC0Se0aK5aNx7f vxeFx1zc9ONyJJQENFOJaybVuxclIsFCOcjgqdRNIYkwHu0bamIQ6odNLJ9iN0qpUu8iOhK1Roov6eSHEg5TDwdGeAVV/Oe5n4n9dOlH/ppCyME0VDMv3ITzhSEcqiQF0mKFF8qAkmguldEeljgYnSgRV0CPb8yYukcV6yrZJd02lcwRR5OIQTOAMbLqAMN1CFOhC4hyd4gVfjwXg23oz3aWvOmM3swx8YHz98gZhI</latexit><latexit sha1_base64="6WfxgOgp7kqxaDu5gtU1w3iMTWw=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiRudFl046pUsA9oQphMJ+3QySTMTIQair/ixoUibv0Pd/6NkzYLbT1w4cw59zL3njDlTGnH+bZWVtfWNzYrW9Xtnd29ffvgsKOSTBLaJglPZC/EinImaFszzWkvlRTHIafdcHxT+N0HKhVLxL2epNSP8VCwiBGsjRTYx8Mgb06Rl44Y8kIsi0czsGtO3ZkBLRO3JDUo0QrsL2+QkC ymQhOOleq7Tqr9HEvNCKfTqpcpmmIyxkPaN1TgmCo/n20/RWdGGaAokaaERjP190SOY6UmcWg6Y6xHatErxP+8fqajKz9nIs00FWT+UZRxpBNURIEGTFKi+cQQTCQzuyIywhITbQKrmhDcxZOXSeei7jp1986pNa7LOCpwAqdwDi5cQgNuoQVtIPAIz/AKb9aT9WK9Wx/z1hWrnDmCP7A+fwCOQpSd</latexit>

Exerts Force

Blob sources classical field gχ N/r

Energy Loss in Medium due to dynamical friction

⇥
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◆3

<latexit sha1_base64="paJ5De1W0/ihb3MraK30Jj7o7Mw=">AAACDHicbVC7SgNBFL0bXzG+opY2g0GITdjVQsuojWUE84BsDLOT2WTI7IOZu4Gw5ANs/BULLRSx9QPs7PwUJ49CEw8MHM45l7n3eLEUGm37y8osLa+srmXXcxubW9s7+d29mo4SxXiVRTJSDY9qLkXIqyhQ8kasOA08yete/2rs1wdcaRGFtziMeSug3VD4glE0UjtfcFEEXBNXch+Lrq8oSwejlLX1yFWi28Pju1OTskv2BGSRODNSKF/YT98AUGnnP91OxJKAh8gk1brp2DG2UqpQMMlHOTfRPKasT7u8aWhIzQatdHLMiBwZpUP8SJkXIpmovydSGmg9DDyTDCj29Lw3Fv/zmgn6561UhHGCPGTTj/xEEozIuBnSEYozlENDKFPC7EpYj5pC0PSXMyU48ycvktpJybFLzo1p4xKmyMIBHEIRHDiDMlxDBarA4B4e4QVerQfr2Xqz3qfRjDWb2Yc/sD5+ACDKnd0=</latexit><latexit sha1_base64="fkC3ANMi0djOBq41ouILIy1cATQ=">AAACDHicbVC7TsMwFHXKq5RXCyOLRYVUliqBAcYCC2OR6ENqQuW4TmvVcSL7plIV9QNY+BUGGEAIRj6AjYF/wX0M0HIkS0fnnCvfe/xYcA22/WVllpZXVtey67mNza3tnXxht66jRFFWo5GIVNMnmgkuWQ04CNaMFSOhL1jD71+O/caAKc0jeQPDmHkh6UoecErASO180QUeMo1dwQIouYEiNB2MUtrWI1fxbg+Obk9Myi7bE+BF4sxIsXJuP34X3mW1nf90OxFNQiaBCqJ1y7Fj8FKigFPBRjk30SwmtE+6rGWoJGYDL50cM8KHRungIFLmScAT9fdESkKth6FvkiGBnp73xuJ/XiuB4MxLuYwTYJJOPwoSgSHC42ZwhytGQQwNIVRxsyumPWIKAdNfzpTgzJ+8SOrHZccuO9emjQs0RRbtowNUQg46RRV0haqohii6Qw/oGb1Y99aT9Wq9TaMZazazh/7A+vgBw/KfFw==</latexit><latexit sha1_base64="fkC3ANMi0djOBq41ouILIy1cATQ=">AAACDHicbVC7TsMwFHXKq5RXCyOLRYVUliqBAcYCC2OR6ENqQuW4TmvVcSL7plIV9QNY+BUGGEAIRj6AjYF/wX0M0HIkS0fnnCvfe/xYcA22/WVllpZXVtey67mNza3tnXxht66jRFFWo5GIVNMnmgkuWQ04CNaMFSOhL1jD71+O/caAKc0jeQPDmHkh6UoecErASO180QUeMo1dwQIouYEiNB2MUtrWI1fxbg+Obk9Myi7bE+BF4sxIsXJuP34X3mW1nf90OxFNQiaBCqJ1y7Fj8FKigFPBRjk30SwmtE+6rGWoJGYDL50cM8KHRungIFLmScAT9fdESkKth6FvkiGBnp73xuJ/XiuB4MxLuYwTYJJOPwoSgSHC42ZwhytGQQwNIVRxsyumPWIKAdNfzpTgzJ+8SOrHZccuO9emjQs0RRbtowNUQg46RRV0haqohii6Qw/oGb1Y99aT9Wq9TaMZazazh/7A+vgBw/KfFw==</latexit><latexit sha1_base64="JiFUJoPtxfU+o2UsXPOHZT74tpo=">AAACDHicbVC7SgNBFJ31GeMramkzGITYhF0ttAzaWEYwD8iuYXZyNxky+2DmbiAs+QAbf8XGQhFbP8DOv3GSbKGJBwYO55zL3Hv8RAqNtv1trayurW9sFraK2zu7e/ulg8OmjlPFocFjGau2zzRIEUEDBUpoJwpY6Eto+cObqd8agdIiju5xnIAXsn4kAsEZGqlbKrsoQtDUlRBgxQ0U49lokvGunrhK9Ad49nBhUnbVnoEuEycnZZKj3i19ub2YpyFEyCXTuuPYCXoZUyi4hEnRTTUkjA9ZHzqGRsxs4GWzYyb01Cg9GsTKvAjpTP09kbFQ63Hom2TIcKAXvan4n9dJMbjyMhElKULE5x8FqaQY02kztCcUcJRjQxhXwuxK+YCZQtD0VzQlOIsnL5PmedWxq86dXa5d53UUyDE5IRXikEtSI7ekThqEk0fyTF7Jm/VkvVjv1sc8umLlM0fkD6zPHxJnm5k=</latexit>

(when adiabatic)

{
<latexit sha1_base64="3dto/Q/nYwJLjXrsbgiflgTt7cY=">AAAB6XicbVDLSgNBEOyNrxhfUY9ehgRBEMKuFz0GvXiMYh6QXcLspDcZMju7zMwKYckfePGgiCfBP/Lm3zh5HDSxoKGo6qa7K0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwybLBGJ6oRUo+ASm4YbgZ1UIY1Dge1wdDP124+oNE/kgxmnGMR0IHnEGTVWuvfzXrnq1twZyCrxFqRar/jnHwDQ6JW//H7CshilYYJq3fXc1AQ5VYYzgZOSn2lMKRvRAXYtlTRGHeSzSyfk1Cp9EiXKljRkpv6eyGms9TgObWdMzVAve1PxP6+bmegqyLlMM4OSzRdFmSAmIdO3SZ8rZEaMLaFMcXsrYUOqKDM2nJINwVt+eZW0LmqeW/PubBrXMEcRTqACZ+DBJdThFhrQBAYRPMELvDoj59l5c97nrQVnMXMMf+B8/gCsw47q</latexit><latexit sha1_base64="mYsaq72wgtc0JMGYm75Pv8D8eaI=">AAAB6XicbVDLSgNBEOz1GeMr6tHLkCAIQtj1osegF49RzAOyIcxOepMhs7PLzKywLPkDL4KKePWPvOVvnDwOmljQUFR1090VJIJr47oTZ219Y3Nru7BT3N3bPzgsHR03dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRZAl2IzqQPOSMGis9+HmvVHGr7gxklXgLUqmV/YvXSS2r90rffj9maYTSMEG17nhuYro5VYYzgeOin2pMKBvRAXYslTRC3c1nl47JmVX6JIyVLWnITP09kdNI6ywKbGdEzVAve1PxP6+TmvC6m3OZpAYlmy8KU0FMTKZvkz5XyIzILKFMcXsrYUOqKDM2nKINwVt+eZU0L6ueW/XubRo3MEcBTqEM5+DBFdTgDurQAAYhPMMbvDsj58X5cD7nrWvOYuYE/sD5+gG2LZBw</latexit><latexit sha1_base64="mYsaq72wgtc0JMGYm75Pv8D8eaI=">AAAB6XicbVDLSgNBEOz1GeMr6tHLkCAIQtj1osegF49RzAOyIcxOepMhs7PLzKywLPkDL4KKePWPvOVvnDwOmljQUFR1090VJIJr47oTZ219Y3Nru7BT3N3bPzgsHR03dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRZAl2IzqQPOSMGis9+HmvVHGr7gxklXgLUqmV/YvXSS2r90rffj9maYTSMEG17nhuYro5VYYzgeOin2pMKBvRAXYslTRC3c1nl47JmVX6JIyVLWnITP09kdNI6ywKbGdEzVAve1PxP6+TmvC6m3OZpAYlmy8KU0FMTKZvkz5XyIzILKFMcXsrYUOqKDM2nKINwVt+eZU0L6ueW/XubRo3MEcBTqEM5+DBFdTgDurQAAYhPMMbvDsj58X5cD7nrWvOYuYE/sD5+gG2LZBw</latexit><latexit sha1_base64="zE//6Z30dXKGKOcjUgwi3MFVRUg=">AAAB6XicbVA9TwJBEJ3DL8Qv1NJmIzGxIns2WhJtLNEIksCF7C17sGFv77I7Z0Iu/AMbC42x9R/Z+W9c4AoFXzLJy3szmZkXpkpapPTbK62tb2xulbcrO7t7+wfVw6O2TTLDRYsnKjGdkFmhpBYtlKhEJzWCxaESj+H4ZuY/PgljZaIfcJKKIGZDLSPJGTrpvpf3qzVap3OQVeIXpAYFmv3qV2+Q8CwWGrli1nZ9mmKQM4OSKzGt9DIrUsbHbCi6jmoWCxvk80un5MwpAxIlxpVGMld/T+QstnYSh64zZjiyy95M/M/rZhhdBbnUaYZC88WiKFMEEzJ7mwykERzVxBHGjXS3Ej5ihnF04VRcCP7yy6ukfVH3ad2/o7XGdRFHGU7gFM7Bh0towC00oQUcIniGV3jzxt6L9+59LFpLXjFzDH/gff4AmkSNYQ==</latexit>
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<latexit sha1_base64="h6E90SUeyOrcO4yVf/6Z8p1BTu4="></latexit><latexit sha1_base64="ylXvc7hJCqfKRvrUvsg0F1LYrgk="></latexit><latexit sha1_base64="ylXvc7hJCqfKRvrUvsg0F1LYrgk="></latexit><latexit sha1_base64="4rUaxOUuYaPelpeTKrenD3rEAJE="></latexit>



Long Range

gN�N̄N
<latexit sha1_base64="mbJzg5VY227Uo50p1DKFbVZmbqw=">AAAB/XicbVC7TsMwFL3hWcorPDYYLCokpiphgbGChalqJfqQ2ihyXKe16jiR7SCVqOJXWBhAiBW+g42NT8FpO0DLka50fM698r0nSDhT2nG+rKXlldW19cJGcXNre2fX3ttvqjiVhDZIzGPZDrCinAna0Exz2k4kxVHAaSsYXud+645KxWJxq0cJ9SLcFyxkBGsj+fZh38+qY9RNBgx1AyzzR9W3S07ZmQAtEndGSpXjj/o3ANR8+7Pbi0kaUaEJx0p1XCfRXoalZoTTcbGbKppgMsR92jFU4IgqL5tsP0anRumhMJamhEYT9fdEhiOlRlFgOiOsB2rey8X/vE6qw0svYyJJNRVk+lGYcqRjlEeBekxSovnIEEwkM7siMsASE20CK5oQ3PmTF0nzvOw6Zbdu0riCKQpwBCdwBi5cQAVuoAYNIHAPj/AML9aD9WS9Wm/T1iVrNnMAf2C9/wCePJbi</latexit><latexit sha1_base64="AMdJvSJD4UGh6lNvoSkNEZ9Ui0A=">AAAB/XicbVC7SgNBFL0bXzG+1kenyGAQrMKujZZBG6uQgHlAsiyzk9lkyOyDmVkhLsHK/7CxUMTWfIed3+BPOJuk0MQDF86ccy9z7/FizqSyrC8jt7S8srqWXy9sbG5t75i7ew0ZJYLQOol4JFoelpSzkNYVU5y2YkFx4HHa9AbXmd+8o0KyKLxVw5g6Ae6FzGcEKy255kHPTSsj1In7DHU8LLJHxTWLVsmaAC0Se0aK5aNx7fvxeFx1zc9ONyJJQENFOJaybVuxclIsFCOcjgqdRNIYkwHu0bamIQ6odNLJ9iN0qpUu8iOhK1Roov6eSHEg5TDwdGeAVV/Oe5n4n9dOlH/ppCyME0VDMv3ITzhSEcqiQF0mKFF8qAkmguldEeljgYnSgRV0CPb8yYukcV6yrZJd02lcwRR5OIQTOAMbLqAMN1CFOhC4hyd4gVfjwXg23oz3aWvOmM3swx8YHz98gZhI</latexit><latexit sha1_base64="AMdJvSJD4UGh6lNvoSkNEZ9Ui0A=">AAAB/XicbVC7SgNBFL0bXzG+1kenyGAQrMKujZZBG6uQgHlAsiyzk9lkyOyDmVkhLsHK/7CxUMTWfIed3+BPOJuk0MQDF86ccy9z7/FizqSyrC8jt7S8srqWXy9sbG5t75i7ew0ZJYLQOol4JFoelpSzkNYVU5y2YkFx4HHa9AbXmd+8o0KyKLxVw5g6Ae6FzGcEKy255kHPTSsj1In7DHU8LLJHxTWLVsmaAC0Se0aK5aNx7fvxeFx1zc9ONyJJQENFOJaybVuxclIsFCOcjgqdRNIYkwHu0bamIQ6odNLJ9iN0qpUu8iOhK1Roov6eSHEg5TDwdGeAVV/Oe5n4n9dOlH/ppCyME0VDMv3ITzhSEcqiQF0mKFF8qAkmguldEeljgYnSgRV0CPb8yYukcV6yrZJd02lcwRR5OIQTOAMbLqAMN1CFOhC4hyd4gVfjwXg23oz3aWvOmM3swx8YHz98gZhI</latexit><latexit sha1_base64="6WfxgOgp7kqxaDu5gtU1w3iMTWw=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiRudFl046pUsA9oQphMJ+3QySTMTIQair/ixoUibv0Pd/6NkzYLbT1w4cw59zL3njDlTGnH+bZWVtfWNzYrW9Xtnd29ffvgsKOSTBLaJglPZC/EinImaFszzWkvlRTHIafdcHxT+N0HKhVLxL2epNSP8VCwiBGsjRTYx8Mgb06Rl44Y8kIsi0czsGtO3ZkBLRO3JDUo0QrsL2+QkCymQhOOleq7Tqr9HEvNCKfTqpcpmmIyxkPaN1TgmCo/n20/RWdGGaAokaaERjP190SOY6UmcWg6Y6xHatErxP+8fqajKz9nIs00FWT+UZRxpBNURIEGTFKi+cQQTCQzuyIywhITbQKrmhDcxZOXSeei7jp1986pNa7LOCpwAqdwDi5cQgNuoQVtIPAIz/AKb9aT9WK9Wx/z1hWrnDmCP7A+fwCOQpSd</latexit>

Exerts Force

⇥
✓

v

cs

◆3

<latexit sha1_base64="paJ5De1W0/ihb3MraK30Jj7o7Mw=">AAACDHicbVC7SgNBFL0bXzG+opY2g0GITdjVQsuojWUE84BsDLOT2WTI7IOZu4Gw5ANs/BULLRSx9QPs7PwUJ49CEw8MHM45l7n3eLEUGm37y8osLa+srmXXcxubW9s7+d29mo4SxXiVRTJSDY9qLkXIqyhQ8kasOA08yete/2rs1wdcaRGFtziMeSug3VD4glE0UjtfcFEEXBNXch+Lrq8oSwejlLX1yFWi28Pju1OTskv2BGSRODNSKF/YT98AUGnnP91OxJKAh8gk1brp2DG2UqpQMMlHOTfRPKasT7u8aWhIzQatdHLMiBwZpUP8SJkXIpmovydSGmg9DDyTDCj29Lw3Fv/zmgn6561UhHGCPGTTj/xEEozIuBnSEYozlENDKFPC7EpYj5pC0PSXMyU48ycvktpJybFLzo1p4xKmyMIBHEIRHDiDMlxDBarA4B4e4QVerQfr2Xqz3qfRjDWb2Yc/sD5+ACDKnd0=</latexit><latexit sha1_base64="fkC3ANMi0djOBq41ouILIy1cATQ=">AAACDHicbVC7TsMwFHXKq5RXCyOLRYVUliqBAcYCC2OR6ENqQuW4TmvVcSL7plIV9QNY+BUGGEAIRj6AjYF/wX0M0HIkS0fnnCvfe/xYcA22/WVllpZXVtey67mNza3tnXxht66jRFFWo5GIVNMnmgkuWQ04CNaMFSOhL1jD71+O/caAKc0jeQPDmHkh6UoecErASO180QUeMo1dwQIouYEiNB2MUtrWI1fxbg+Obk9Myi7bE+BF4sxIsXJuP34X3mW1nf90OxFNQiaBCqJ1y7Fj8FKigFPBRjk30SwmtE+6rGWoJGYDL50cM8KHRungIFLmScAT9fdESkKth6FvkiGBnp73xuJ/XiuB4MxLuYwTYJJOPwoSgSHC42ZwhytGQQwNIVRxsyumPWIKAdNfzpTgzJ+8SOrHZccuO9emjQs0RRbtowNUQg46RRV0haqohii6Qw/oGb1Y99aT9Wq9TaMZazazh/7A+vgBw/KfFw==</latexit><latexit sha1_base64="fkC3ANMi0djOBq41ouILIy1cATQ=">AAACDHicbVC7TsMwFHXKq5RXCyOLRYVUliqBAcYCC2OR6ENqQuW4TmvVcSL7plIV9QNY+BUGGEAIRj6AjYF/wX0M0HIkS0fnnCvfe/xYcA22/WVllpZXVtey67mNza3tnXxht66jRFFWo5GIVNMnmgkuWQ04CNaMFSOhL1jD71+O/caAKc0jeQPDmHkh6UoecErASO180QUeMo1dwQIouYEiNB2MUtrWI1fxbg+Obk9Myi7bE+BF4sxIsXJuP34X3mW1nf90OxFNQiaBCqJ1y7Fj8FKigFPBRjk30SwmtE+6rGWoJGYDL50cM8KHRungIFLmScAT9fdESkKth6FvkiGBnp73xuJ/XiuB4MxLuYwTYJJOPwoSgSHC42ZwhytGQQwNIVRxsyumPWIKAdNfzpTgzJ+8SOrHZccuO9emjQs0RRbtowNUQg46RRV0haqohii6Qw/oGb1Y99aT9Wq9TaMZazazh/7A+vgBw/KfFw==</latexit><latexit sha1_base64="JiFUJoPtxfU+o2UsXPOHZT74tpo=">AAACDHicbVC7SgNBFJ31GeMramkzGITYhF0ttAzaWEYwD8iuYXZyNxky+2DmbiAs+QAbf8XGQhFbP8DOv3GSbKGJBwYO55zL3Hv8RAqNtv1trayurW9sFraK2zu7e/ulg8OmjlPFocFjGau2zzRIEUEDBUpoJwpY6Eto+cObqd8agdIiju5xnIAXsn4kAsEZGqlbKrsoQtDUlRBgxQ0U49lokvGunrhK9Ad49nBhUnbVnoEuEycnZZKj3i19ub2YpyFEyCXTuuPYCXoZUyi4hEnRTTUkjA9ZHzqGRsxs4GWzYyb01Cg9GsTKvAjpTP09kbFQ63Hom2TIcKAXvan4n9dJMbjyMhElKULE5x8FqaQY02kztCcUcJRjQxhXwuxK+YCZQtD0VzQlOIsnL5PmedWxq86dXa5d53UUyDE5IRXikEtSI7ekThqEk0fyTF7Jm/VkvVjv1sc8umLlM0fkD6zPHxJnm5k=</latexit>

(when adiabatic)
{

<latexit sha1_base64="3dto/Q/nYwJLjXrsbgiflgTt7cY=">AAAB6XicbVDLSgNBEOyNrxhfUY9ehgRBEMKuFz0GvXiMYh6QXcLspDcZMju7zMwKYckfePGgiCfBP/Lm3zh5HDSxoKGo6qa7K0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwybLBGJ6oRUo+ASm4YbgZ1UIY1Dge1wdDP124+oNE/kgxmnGMR0IHnEGTVWuvfzXrnq1twZyCrxFqRar/jnHwDQ6JW//H7CshilYYJq3fXc1AQ5VYYzgZOSn2lMKRvRAXYtlTRGHeSzSyfk1Cp9EiXKljRkpv6eyGms9TgObWdMzVAve1PxP6+bmegqyLlMM4OSzRdFmSAmIdO3SZ8rZEaMLaFMcXsrYUOqKDM2nJINwVt+eZW0LmqeW/PubBrXMEcRTqACZ+DBJdThFhrQBAYRPMELvDoj59l5c97nrQVnMXMMf+B8/gCsw47q</latexit><latexit sha1_base64="mYsaq72wgtc0JMGYm75Pv8D8eaI=">AAAB6XicbVDLSgNBEOz1GeMr6tHLkCAIQtj1osegF49RzAOyIcxOepMhs7PLzKywLPkDL4KKePWPvOVvnDwOmljQUFR1090VJIJr47oTZ219Y3Nru7BT3N3bPzgsHR03dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRZAl2IzqQPOSMGis9+HmvVHGr7gxklXgLUqmV/YvXSS2r90rffj9maYTSMEG17nhuYro5VYYzgeOin2pMKBvRAXYslTRC3c1nl47JmVX6JIyVLWnITP09kdNI6ywKbGdEzVAve1PxP6+TmvC6m3OZpAYlmy8KU0FMTKZvkz5XyIzILKFMcXsrYUOqKDM2nKINwVt+eZU0L6ueW/XubRo3MEcBTqEM5+DBFdTgDurQAAYhPMMbvDsj58X5cD7nrWvOYuYE/sD5+gG2LZBw</latexit><latexit sha1_base64="mYsaq72wgtc0JMGYm75Pv8D8eaI=">AAAB6XicbVDLSgNBEOz1GeMr6tHLkCAIQtj1osegF49RzAOyIcxOepMhs7PLzKywLPkDL4KKePWPvOVvnDwOmljQUFR1090VJIJr47oTZ219Y3Nru7BT3N3bPzgsHR03dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRZAl2IzqQPOSMGis9+HmvVHGr7gxklXgLUqmV/YvXSS2r90rffj9maYTSMEG17nhuYro5VYYzgeOin2pMKBvRAXYslTRC3c1nl47JmVX6JIyVLWnITP09kdNI6ywKbGdEzVAve1PxP6+TmvC6m3OZpAYlmy8KU0FMTKZvkz5XyIzILKFMcXsrYUOqKDM2nKINwVt+eZU0L6ueW/XubRo3MEcBTqEM5+DBFdTgDurQAAYhPMMbvDsj58X5cD7nrWvOYuYE/sD5+gG2LZBw</latexit><latexit sha1_base64="zE//6Z30dXKGKOcjUgwi3MFVRUg=">AAAB6XicbVA9TwJBEJ3DL8Qv1NJmIzGxIns2WhJtLNEIksCF7C17sGFv77I7Z0Iu/AMbC42x9R/Z+W9c4AoFXzLJy3szmZkXpkpapPTbK62tb2xulbcrO7t7+wfVw6O2TTLDRYsnKjGdkFmhpBYtlKhEJzWCxaESj+H4ZuY/PgljZaIfcJKKIGZDLSPJGTrpvpf3qzVap3OQVeIXpAYFmv3qV2+Q8CwWGrli1nZ9mmKQM4OSKzGt9DIrUsbHbCi6jmoWCxvk80un5MwpAxIlxpVGMld/T+QstnYSh64zZjiyy95M/M/rZhhdBbnUaYZC88WiKFMEEzJ7mwykERzVxBHGjXS3Ej5ihnF04VRcCP7yy6ukfVH3ad2/o7XGdRFHGU7gFM7Bh0towC00oQUcIniGV3jzxt6L9+59LFpLXjFzDH/gff4AmkSNYQ==</latexit>

dE

dx
⇠ 2⇡

Z 1
µ

0
drr⌘mmN

✓
F (r)

mN

r

v

◆2

<latexit sha1_base64="h6E90SUeyOrcO4yVf/6Z8p1BTu4="></latexit><latexit sha1_base64="ylXvc7hJCqfKRvrUvsg0F1LYrgk="></latexit><latexit sha1_base64="ylXvc7hJCqfKRvrUvsg0F1LYrgk="></latexit><latexit sha1_base64="4rUaxOUuYaPelpeTKrenD3rEAJE="></latexit>

1

fa
@⌫�N̄�⌫�5N

<latexit sha1_base64="f3C+EWHx58xMqC7KVz5xqudi0SE="></latexit><latexit sha1_base64="2noiZjlvNZJAMePpRYgnDDdIKwM="></latexit><latexit sha1_base64="2noiZjlvNZJAMePpRYgnDDdIKwM="></latexit><latexit sha1_base64="/YxvzpeFR+5ciTKbRu+9x+Pm/xs=">AAACKnicbVBLSwMxEM76rPVV9eglWARPZVcQPVa9eCoV7AO6dZlNs20wyS5JVihLf48X/4qXHpTi1R9itt2DWgcC32OGyXxhwpk2rjtzVlbX1jc2S1vl7Z3dvf3KwWFbx6kitEViHqtuCJpyJmnLMMNpN1EURMhpJ3y6zf3OM1WaxfLBjBPaFzCULGIEjJWCyrUfKSCZN8miACbYT0AZBjzIfJnmdMSwH4LKGpYMQQh4LJw5CS5wI6hU3Zo7L7wMvAJUUVHNoDL1BzFJBZWGcNC657mJ6Wf5YsLppOynmiZAnmBIexZKEFT3s/mpE3xqlQGOYmWfNHiu/pzIQGg9FqHtFGBG+q+Xi/95vdREV/2MySQ1VJLFoijl2MQ4zw0PmKLE8LEFQBSzf8VkBDY7Y9Mt2xC8vycvg/Z5zXNr3r1brd8UcZTQMTpBZ8hDl6iO7lATtRBBL+gNvaMP59WZOjPnc9G64hQzR+hXOV/fSh+nuA==</latexit> {
<latexit sha1_base64="3dto/Q/nYwJLjXrsbgiflgTt7cY=">AAAB6XicbVDLSgNBEOyNrxhfUY9ehgRBEMKuFz0GvXiMYh6QXcLspDcZMju7zMwKYckfePGgiCfBP/Lm3zh5HDSxoKGo6qa7K0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwybLBGJ6oRUo+ASm4YbgZ1UIY1Dge1wdDP124+oNE/kgxmnGMR0IHnEGTVWuvfzXrnq1twZyCrxFqRar/jnHwDQ6JW//H7CshilYYJq3fXc1AQ5VYYzgZOSn2lMKRvRAXYtlTRGHeSzSyfk1Cp9EiXKljRkpv6eyGms9TgObWdMzVAve1PxP6+bmegqyLlMM4OSzRdFmSAmIdO3SZ8rZEaMLaFMcXsrYUOqKDM2nJINwVt+eZW0LmqeW/PubBrXMEcRTqACZ+DBJdThFhrQBAYRPMELvDoj59l5c97nrQVnMXMMf+B8/gCsw47q</latexit><latexit sha1_base64="mYsaq72wgtc0JMGYm75Pv8D8eaI=">AAAB6XicbVDLSgNBEOz1GeMr6tHLkCAIQtj1osegF49RzAOyIcxOepMhs7PLzKywLPkDL4KKePWPvOVvnDwOmljQUFR1090VJIJr47oTZ219Y3Nru7BT3N3bPzgsHR03dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRZAl2IzqQPOSMGis9+HmvVHGr7gxklXgLUqmV/YvXSS2r90rffj9maYTSMEG17nhuYro5VYYzgeOin2pMKBvRAXYslTRC3c1nl47JmVX6JIyVLWnITP09kdNI6ywKbGdEzVAve1PxP6+TmvC6m3OZpAYlmy8KU0FMTKZvkz5XyIzILKFMcXsrYUOqKDM2nKINwVt+eZU0L6ueW/XubRo3MEcBTqEM5+DBFdTgDurQAAYhPMMbvDsj58X5cD7nrWvOYuYE/sD5+gG2LZBw</latexit><latexit sha1_base64="mYsaq72wgtc0JMGYm75Pv8D8eaI=">AAAB6XicbVDLSgNBEOz1GeMr6tHLkCAIQtj1osegF49RzAOyIcxOepMhs7PLzKywLPkDL4KKePWPvOVvnDwOmljQUFR1090VJIJr47oTZ219Y3Nru7BT3N3bPzgsHR03dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRZAl2IzqQPOSMGis9+HmvVHGr7gxklXgLUqmV/YvXSS2r90rffj9maYTSMEG17nhuYro5VYYzgeOin2pMKBvRAXYslTRC3c1nl47JmVX6JIyVLWnITP09kdNI6ywKbGdEzVAve1PxP6+TmvC6m3OZpAYlmy8KU0FMTKZvkz5XyIzILKFMcXsrYUOqKDM2nKINwVt+eZU0L6ueW/XubRo3MEcBTqEM5+DBFdTgDurQAAYhPMMbvDsj58X5cD7nrWvOYuYE/sD5+gG2LZBw</latexit><latexit sha1_base64="zE//6Z30dXKGKOcjUgwi3MFVRUg=">AAAB6XicbVA9TwJBEJ3DL8Qv1NJmIzGxIns2WhJtLNEIksCF7C17sGFv77I7Z0Iu/AMbC42x9R/Z+W9c4AoFXzLJy3szmZkXpkpapPTbK62tb2xulbcrO7t7+wfVw6O2TTLDRYsnKjGdkFmhpBYtlKhEJzWCxaESj+H4ZuY/PgljZaIfcJKKIGZDLSPJGTrpvpf3qzVap3OQVeIXpAYFmv3qV2+Q8CwWGrli1nZ9mmKQM4OSKzGt9DIrUsbHbCi6jmoWCxvk80un5MwpAxIlxpVGMld/T+QstnYSh64zZjiyy95M/M/rZhhdBbnUaYZC88WiKFMEEzJ7mwykERzVxBHGjXS3Ej5ihnF04VRcCP7yy6ukfVH3ad2/o7XGdRFHGU7gFM7Bh0towC00oQUcIniGV3jzxt6L9+59LFpLXjFzDH/gff4AmkSNYQ==</latexit>

Causes Spin Precession

�✓ ⇠ g�N

farv
<latexit sha1_base64="E7GRY5Dey0PDfNH0n5vxeFfiJu0="></latexit><latexit sha1_base64="foRsc7teGTsFVW8GrHgun1HXSQM="></latexit><latexit sha1_base64="foRsc7teGTsFVW8GrHgun1HXSQM="></latexit><latexit sha1_base64="A1qP4UQgqsjhLT5QTr3sL3b1DtM=">AAACFnicbVDLSsNAFJ34rPVVdelmsAhuLEmR6rLoxpVUsCo0IUymN+3g5MHMjVBCvsKNv+LGhSJuxZ1/47QN+DxwuYdz7mXmniCVQqNtf1gzs3PzC4uVperyyuraem1j81InmeLQ5YlM1HXANEgRQxcFSrhOFbAokHAV3JyM/atbUFok8QWOUvAiNohFKDhDI/m1fbcPEhl1cQjjpkVE3VAxng/83OVDUdCzIg99RhW9Lfxa3W60DlrN5iG1G/YEX8QpSZ2U6Pi1d7ef8CyCGLlkWvccO0UvZwoFl1BU3UxDyvgNG0DP0JhFoL18clZBd43Sp2GiTMVIJ+r3jZxFWo+iwExGDIf6tzcW//N6GYZHXi7iNEOI+fShMJMUEzrOiPaFAo5yZAjjSpi/Uj5kJhQ0SVZNCM7vk/+Sy2bDsRvOuV1vH5dxVMg22SF7xCGHpE1OSYd0CSd35IE8kWfr3nq0XqzX6eiMVe5skR+w3j4BHwmfUw==</latexit>



Long Range

gN�N̄N
<latexit sha1_base64="mbJzg5VY227Uo50p1DKFbVZmbqw=">AAAB/XicbVC7TsMwFL3hWcorPDYYLCokpiphgbGChalqJfqQ2ihyXKe16jiR7SCVqOJXWBhAiBW+g42NT8FpO0DLka50fM698r0nSDhT2nG+rKXlldW19cJGcXNre2fX3ttvqjiVhDZIzGPZDrCinAna0Exz2k4kxVHAaSsYXud+645KxWJxq0cJ9SLcFyxkBGsj+fZh38+qY9RNBgx1AyzzR9W3S07ZmQAtEndGSpXjj/o3ANR8+7Pbi0kaUaEJx0p1XCfRXoalZoTTcbGbKppgMsR92jFU4IgqL5tsP0anRumhMJamhEYT9fdEhiOlRlFgOiOsB2rey8X/vE6qw0svYyJJNRVk+lGYcqRjlEeBekxSovnIEEwkM7siMsASE20CK5oQ3PmTF0nzvOw6Zbdu0riCKQpwBCdwBi5cQAVuoAYNIHAPj/AML9aD9WS9Wm/T1iVrNnMAf2C9/wCePJbi</latexit><latexit sha1_base64="AMdJvSJD4UGh6lNvoSkNEZ9Ui0A=">AAAB/XicbVC7SgNBFL0bXzG+1kenyGAQrMKujZZBG6uQgHlAsiyzk9lkyOyDmVkhLsHK/7CxUMTWfIed3+BPOJuk0MQDF86ccy9z7/FizqSyrC8jt7S8srqWXy9sbG5t75i7ew0ZJYLQOol4JFoelpSzkNYVU5y2YkFx4HHa9AbXmd+8o0KyKLxVw5g6Ae6FzGcEKy255kHPTSsj1In7DHU8LLJHxTWLVsmaAC0Se0aK5aNx7fvxeFx1zc9ONyJJQENFOJaybVuxclIsFCOcjgqdRNIYkwHu0bamIQ6odNLJ9iN0qpUu8iOhK1Roov6eSHEg5TDwdGeAVV/Oe5n4n9dOlH/ppCyME0VDMv3ITzhSEcqiQF0mKFF8qAkmguldEeljgYnSgRV0CPb8yYukcV6yrZJd02lcwRR5OIQTOAMbLqAMN1CFOhC4hyd4gVfjwXg23oz3aWvOmM3swx8YHz98gZhI</latexit><latexit sha1_base64="AMdJvSJD4UGh6lNvoSkNEZ9Ui0A=">AAAB/XicbVC7SgNBFL0bXzG+1kenyGAQrMKujZZBG6uQgHlAsiyzk9lkyOyDmVkhLsHK/7CxUMTWfIed3+BPOJuk0MQDF86ccy9z7/FizqSyrC8jt7S8srqWXy9sbG5t75i7ew0ZJYLQOol4JFoelpSzkNYVU5y2YkFx4HHa9AbXmd+8o0KyKLxVw5g6Ae6FzGcEKy255kHPTSsj1In7DHU8LLJHxTWLVsmaAC0Se0aK5aNx7fvxeFx1zc9ONyJJQENFOJaybVuxclIsFCOcjgqdRNIYkwHu0bamIQ6odNLJ9iN0qpUu8iOhK1Roov6eSHEg5TDwdGeAVV/Oe5n4n9dOlH/ppCyME0VDMv3ITzhSEcqiQF0mKFF8qAkmguldEeljgYnSgRV0CPb8yYukcV6yrZJd02lcwRR5OIQTOAMbLqAMN1CFOhC4hyd4gVfjwXg23oz3aWvOmM3swx8YHz98gZhI</latexit><latexit sha1_base64="6WfxgOgp7kqxaDu5gtU1w3iMTWw=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiRudFl046pUsA9oQphMJ+3QySTMTIQair/ixoUibv0Pd/6NkzYLbT1w4cw59zL3njDlTGnH+bZWVtfWNzYrW9Xtnd29ffvgsKOSTBLaJglPZC/EinImaFszzWkvlRTHIafdcHxT+N0HKhVLxL2epNSP8VCwiBGsjRTYx8Mgb06Rl44Y8kIsi0czsGtO3ZkBLRO3JDUo0QrsL2+QkCymQhOOleq7Tqr9HEvNCKfTqpcpmmIyxkPaN1TgmCo/n20/RWdGGaAokaaERjP190SOY6UmcWg6Y6xHatErxP+8fqajKz9nIs00FWT+UZRxpBNURIEGTFKi+cQQTCQzuyIywhITbQKrmhDcxZOXSeei7jp1986pNa7LOCpwAqdwDi5cQgNuoQVtIPAIz/AKb9aT9WK9Wx/z1hWrnDmCP7A+fwCOQpSd</latexit>

Exerts Force

⇥
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◆3

<latexit sha1_base64="paJ5De1W0/ihb3MraK30Jj7o7Mw=">AAACDHicbVC7SgNBFL0bXzG+opY2g0GITdjVQsuojWUE84BsDLOT2WTI7IOZu4Gw5ANs/BULLRSx9QPs7PwUJ49CEw8MHM45l7n3eLEUGm37y8osLa+srmXXcxubW9s7+d29mo4SxXiVRTJSDY9qLkXIqyhQ8kasOA08yete/2rs1wdcaRGFtziMeSug3VD4glE0UjtfcFEEXBNXch+Lrq8oSwejlLX1yFWi28Pju1OTskv2BGSRODNSKF/YT98AUGnnP91OxJKAh8gk1brp2DG2UqpQMMlHOTfRPKasT7u8aWhIzQatdHLMiBwZpUP8SJkXIpmovydSGmg9DDyTDCj29Lw3Fv/zmgn6561UhHGCPGTTj/xEEozIuBnSEYozlENDKFPC7EpYj5pC0PSXMyU48ycvktpJybFLzo1p4xKmyMIBHEIRHDiDMlxDBarA4B4e4QVerQfr2Xqz3qfRjDWb2Yc/sD5+ACDKnd0=</latexit><latexit sha1_base64="fkC3ANMi0djOBq41ouILIy1cATQ=">AAACDHicbVC7TsMwFHXKq5RXCyOLRYVUliqBAcYCC2OR6ENqQuW4TmvVcSL7plIV9QNY+BUGGEAIRj6AjYF/wX0M0HIkS0fnnCvfe/xYcA22/WVllpZXVtey67mNza3tnXxht66jRFFWo5GIVNMnmgkuWQ04CNaMFSOhL1jD71+O/caAKc0jeQPDmHkh6UoecErASO180QUeMo1dwQIouYEiNB2MUtrWI1fxbg+Obk9Myi7bE+BF4sxIsXJuP34X3mW1nf90OxFNQiaBCqJ1y7Fj8FKigFPBRjk30SwmtE+6rGWoJGYDL50cM8KHRungIFLmScAT9fdESkKth6FvkiGBnp73xuJ/XiuB4MxLuYwTYJJOPwoSgSHC42ZwhytGQQwNIVRxsyumPWIKAdNfzpTgzJ+8SOrHZccuO9emjQs0RRbtowNUQg46RRV0haqohii6Qw/oGb1Y99aT9Wq9TaMZazazh/7A+vgBw/KfFw==</latexit><latexit sha1_base64="fkC3ANMi0djOBq41ouILIy1cATQ=">AAACDHicbVC7TsMwFHXKq5RXCyOLRYVUliqBAcYCC2OR6ENqQuW4TmvVcSL7plIV9QNY+BUGGEAIRj6AjYF/wX0M0HIkS0fnnCvfe/xYcA22/WVllpZXVtey67mNza3tnXxht66jRFFWo5GIVNMnmgkuWQ04CNaMFSOhL1jD71+O/caAKc0jeQPDmHkh6UoecErASO180QUeMo1dwQIouYEiNB2MUtrWI1fxbg+Obk9Myi7bE+BF4sxIsXJuP34X3mW1nf90OxFNQiaBCqJ1y7Fj8FKigFPBRjk30SwmtE+6rGWoJGYDL50cM8KHRungIFLmScAT9fdESkKth6FvkiGBnp73xuJ/XiuB4MxLuYwTYJJOPwoSgSHC42ZwhytGQQwNIVRxsyumPWIKAdNfzpTgzJ+8SOrHZccuO9emjQs0RRbtowNUQg46RRV0haqohii6Qw/oGb1Y99aT9Wq9TaMZazazh/7A+vgBw/KfFw==</latexit><latexit sha1_base64="JiFUJoPtxfU+o2UsXPOHZT74tpo=">AAACDHicbVC7SgNBFJ31GeMramkzGITYhF0ttAzaWEYwD8iuYXZyNxky+2DmbiAs+QAbf8XGQhFbP8DOv3GSbKGJBwYO55zL3Hv8RAqNtv1trayurW9sFraK2zu7e/ulg8OmjlPFocFjGau2zzRIEUEDBUpoJwpY6Eto+cObqd8agdIiju5xnIAXsn4kAsEZGqlbKrsoQtDUlRBgxQ0U49lokvGunrhK9Ad49nBhUnbVnoEuEycnZZKj3i19ub2YpyFEyCXTuuPYCXoZUyi4hEnRTTUkjA9ZHzqGRsxs4GWzYyb01Cg9GsTKvAjpTP09kbFQ63Hom2TIcKAXvan4n9dJMbjyMhElKULE5x8FqaQY02kztCcUcJRjQxhXwuxK+YCZQtD0VzQlOIsnL5PmedWxq86dXa5d53UUyDE5IRXikEtSI7ekThqEk0fyTF7Jm/VkvVjv1sc8umLlM0fkD6zPHxJnm5k=</latexit>

(when adiabatic)
{

<latexit sha1_base64="3dto/Q/nYwJLjXrsbgiflgTt7cY=">AAAB6XicbVDLSgNBEOyNrxhfUY9ehgRBEMKuFz0GvXiMYh6QXcLspDcZMju7zMwKYckfePGgiCfBP/Lm3zh5HDSxoKGo6qa7K0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwybLBGJ6oRUo+ASm4YbgZ1UIY1Dge1wdDP124+oNE/kgxmnGMR0IHnEGTVWuvfzXrnq1twZyCrxFqRar/jnHwDQ6JW//H7CshilYYJq3fXc1AQ5VYYzgZOSn2lMKRvRAXYtlTRGHeSzSyfk1Cp9EiXKljRkpv6eyGms9TgObWdMzVAve1PxP6+bmegqyLlMM4OSzRdFmSAmIdO3SZ8rZEaMLaFMcXsrYUOqKDM2nJINwVt+eZW0LmqeW/PubBrXMEcRTqACZ+DBJdThFhrQBAYRPMELvDoj59l5c97nrQVnMXMMf+B8/gCsw47q</latexit><latexit sha1_base64="mYsaq72wgtc0JMGYm75Pv8D8eaI=">AAAB6XicbVDLSgNBEOz1GeMr6tHLkCAIQtj1osegF49RzAOyIcxOepMhs7PLzKywLPkDL4KKePWPvOVvnDwOmljQUFR1090VJIJr47oTZ219Y3Nru7BT3N3bPzgsHR03dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRZAl2IzqQPOSMGis9+HmvVHGr7gxklXgLUqmV/YvXSS2r90rffj9maYTSMEG17nhuYro5VYYzgeOin2pMKBvRAXYslTRC3c1nl47JmVX6JIyVLWnITP09kdNI6ywKbGdEzVAve1PxP6+TmvC6m3OZpAYlmy8KU0FMTKZvkz5XyIzILKFMcXsrYUOqKDM2nKINwVt+eZU0L6ueW/XubRo3MEcBTqEM5+DBFdTgDurQAAYhPMMbvDsj58X5cD7nrWvOYuYE/sD5+gG2LZBw</latexit><latexit sha1_base64="mYsaq72wgtc0JMGYm75Pv8D8eaI=">AAAB6XicbVDLSgNBEOz1GeMr6tHLkCAIQtj1osegF49RzAOyIcxOepMhs7PLzKywLPkDL4KKePWPvOVvnDwOmljQUFR1090VJIJr47oTZ219Y3Nru7BT3N3bPzgsHR03dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRZAl2IzqQPOSMGis9+HmvVHGr7gxklXgLUqmV/YvXSS2r90rffj9maYTSMEG17nhuYro5VYYzgeOin2pMKBvRAXYslTRC3c1nl47JmVX6JIyVLWnITP09kdNI6ywKbGdEzVAve1PxP6+TmvC6m3OZpAYlmy8KU0FMTKZvkz5XyIzILKFMcXsrYUOqKDM2nKINwVt+eZU0L6ueW/XubRo3MEcBTqEM5+DBFdTgDurQAAYhPMMbvDsj58X5cD7nrWvOYuYE/sD5+gG2LZBw</latexit><latexit sha1_base64="zE//6Z30dXKGKOcjUgwi3MFVRUg=">AAAB6XicbVA9TwJBEJ3DL8Qv1NJmIzGxIns2WhJtLNEIksCF7C17sGFv77I7Z0Iu/AMbC42x9R/Z+W9c4AoFXzLJy3szmZkXpkpapPTbK62tb2xulbcrO7t7+wfVw6O2TTLDRYsnKjGdkFmhpBYtlKhEJzWCxaESj+H4ZuY/PgljZaIfcJKKIGZDLSPJGTrpvpf3qzVap3OQVeIXpAYFmv3qV2+Q8CwWGrli1nZ9mmKQM4OSKzGt9DIrUsbHbCi6jmoWCxvk80un5MwpAxIlxpVGMld/T+QstnYSh64zZjiyy95M/M/rZhhdBbnUaYZC88WiKFMEEzJ7mwykERzVxBHGjXS3Ej5ihnF04VRcCP7yy6ukfVH3ad2/o7XGdRFHGU7gFM7Bh0towC00oQUcIniGV3jzxt6L9+59LFpLXjFzDH/gff4AmkSNYQ==</latexit>
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<latexit sha1_base64="h6E90SUeyOrcO4yVf/6Z8p1BTu4="></latexit><latexit sha1_base64="ylXvc7hJCqfKRvrUvsg0F1LYrgk="></latexit><latexit sha1_base64="ylXvc7hJCqfKRvrUvsg0F1LYrgk="></latexit><latexit sha1_base64="4rUaxOUuYaPelpeTKrenD3rEAJE="></latexit>
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<latexit sha1_base64="f3C+EWHx58xMqC7KVz5xqudi0SE="></latexit><latexit sha1_base64="2noiZjlvNZJAMePpRYgnDDdIKwM="></latexit><latexit sha1_base64="2noiZjlvNZJAMePpRYgnDDdIKwM="></latexit><latexit sha1_base64="/YxvzpeFR+5ciTKbRu+9x+Pm/xs=">AAACKnicbVBLSwMxEM76rPVV9eglWARPZVcQPVa9eCoV7AO6dZlNs20wyS5JVihLf48X/4qXHpTi1R9itt2DWgcC32OGyXxhwpk2rjtzVlbX1jc2S1vl7Z3dvf3KwWFbx6kitEViHqtuCJpyJmnLMMNpN1EURMhpJ3y6zf3OM1WaxfLBjBPaFzCULGIEjJWCyrUfKSCZN8miACbYT0AZBjzIfJnmdMSwH4LKGpYMQQh4LJw5CS5wI6hU3Zo7L7wMvAJUUVHNoDL1BzFJBZWGcNC657mJ6Wf5YsLppOynmiZAnmBIexZKEFT3s/mpE3xqlQGOYmWfNHiu/pzIQGg9FqHtFGBG+q+Xi/95vdREV/2MySQ1VJLFoijl2MQ4zw0PmKLE8LEFQBSzf8VkBDY7Y9Mt2xC8vycvg/Z5zXNr3r1brd8UcZTQMTpBZ8hDl6iO7lATtRBBL+gNvaMP59WZOjPnc9G64hQzR+hXOV/fSh+nuA==</latexit> {
<latexit sha1_base64="3dto/Q/nYwJLjXrsbgiflgTt7cY=">AAAB6XicbVDLSgNBEOyNrxhfUY9ehgRBEMKuFz0GvXiMYh6QXcLspDcZMju7zMwKYckfePGgiCfBP/Lm3zh5HDSxoKGo6qa7K0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwybLBGJ6oRUo+ASm4YbgZ1UIY1Dge1wdDP124+oNE/kgxmnGMR0IHnEGTVWuvfzXrnq1twZyCrxFqRar/jnHwDQ6JW//H7CshilYYJq3fXc1AQ5VYYzgZOSn2lMKRvRAXYtlTRGHeSzSyfk1Cp9EiXKljRkpv6eyGms9TgObWdMzVAve1PxP6+bmegqyLlMM4OSzRdFmSAmIdO3SZ8rZEaMLaFMcXsrYUOqKDM2nJINwVt+eZW0LmqeW/PubBrXMEcRTqACZ+DBJdThFhrQBAYRPMELvDoj59l5c97nrQVnMXMMf+B8/gCsw47q</latexit><latexit sha1_base64="mYsaq72wgtc0JMGYm75Pv8D8eaI=">AAAB6XicbVDLSgNBEOz1GeMr6tHLkCAIQtj1osegF49RzAOyIcxOepMhs7PLzKywLPkDL4KKePWPvOVvnDwOmljQUFR1090VJIJr47oTZ219Y3Nru7BT3N3bPzgsHR03dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRZAl2IzqQPOSMGis9+HmvVHGr7gxklXgLUqmV/YvXSS2r90rffj9maYTSMEG17nhuYro5VYYzgeOin2pMKBvRAXYslTRC3c1nl47JmVX6JIyVLWnITP09kdNI6ywKbGdEzVAve1PxP6+TmvC6m3OZpAYlmy8KU0FMTKZvkz5XyIzILKFMcXsrYUOqKDM2nKINwVt+eZU0L6ueW/XubRo3MEcBTqEM5+DBFdTgDurQAAYhPMMbvDsj58X5cD7nrWvOYuYE/sD5+gG2LZBw</latexit><latexit sha1_base64="mYsaq72wgtc0JMGYm75Pv8D8eaI=">AAAB6XicbVDLSgNBEOz1GeMr6tHLkCAIQtj1osegF49RzAOyIcxOepMhs7PLzKywLPkDL4KKePWPvOVvnDwOmljQUFR1090VJIJr47oTZ219Y3Nru7BT3N3bPzgsHR03dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRZAl2IzqQPOSMGis9+HmvVHGr7gxklXgLUqmV/YvXSS2r90rffj9maYTSMEG17nhuYro5VYYzgeOin2pMKBvRAXYslTRC3c1nl47JmVX6JIyVLWnITP09kdNI6ywKbGdEzVAve1PxP6+TmvC6m3OZpAYlmy8KU0FMTKZvkz5XyIzILKFMcXsrYUOqKDM2nKINwVt+eZU0L6ueW/XubRo3MEcBTqEM5+DBFdTgDurQAAYhPMMbvDsj58X5cD7nrWvOYuYE/sD5+gG2LZBw</latexit><latexit sha1_base64="zE//6Z30dXKGKOcjUgwi3MFVRUg=">AAAB6XicbVA9TwJBEJ3DL8Qv1NJmIzGxIns2WhJtLNEIksCF7C17sGFv77I7Z0Iu/AMbC42x9R/Z+W9c4AoFXzLJy3szmZkXpkpapPTbK62tb2xulbcrO7t7+wfVw6O2TTLDRYsnKjGdkFmhpBYtlKhEJzWCxaESj+H4ZuY/PgljZaIfcJKKIGZDLSPJGTrpvpf3qzVap3OQVeIXpAYFmv3qV2+Q8CwWGrli1nZ9mmKQM4OSKzGt9DIrUsbHbCi6jmoWCxvk80un5MwpAxIlxpVGMld/T+QstnYSh64zZjiyy95M/M/rZhhdBbnUaYZC88WiKFMEEzJ7mwykERzVxBHGjXS3Ej5ihnF04VRcCP7yy6ukfVH3ad2/o7XGdRFHGU7gFM7Bh0towC00oQUcIniGV3jzxt6L9+59LFpLXjFzDH/gff4AmkSNYQ==</latexit>

Causes Spin Precession

�✓ ⇠ g�N

farv
<latexit sha1_base64="E7GRY5Dey0PDfNH0n5vxeFfiJu0="></latexit><latexit sha1_base64="foRsc7teGTsFVW8GrHgun1HXSQM="></latexit><latexit sha1_base64="foRsc7teGTsFVW8GrHgun1HXSQM="></latexit><latexit sha1_base64="A1qP4UQgqsjhLT5QTr3sL3b1DtM=">AAACFnicbVDLSsNAFJ34rPVVdelmsAhuLEmR6rLoxpVUsCo0IUymN+3g5MHMjVBCvsKNv+LGhSJuxZ1/47QN+DxwuYdz7mXmniCVQqNtf1gzs3PzC4uVperyyuraem1j81InmeLQ5YlM1HXANEgRQxcFSrhOFbAokHAV3JyM/atbUFok8QWOUvAiNohFKDhDI/m1fbcPEhl1cQjjpkVE3VAxng/83OVDUdCzIg99RhW9Lfxa3W60DlrN5iG1G/YEX8QpSZ2U6Pi1d7ef8CyCGLlkWvccO0UvZwoFl1BU3UxDyvgNG0DP0JhFoL18clZBd43Sp2GiTMVIJ+r3jZxFWo+iwExGDIf6tzcW//N6GYZHXi7iNEOI+fShMJMUEzrOiPaFAo5yZAjjSpi/Uj5kJhQ0SVZNCM7vk/+Sy2bDsRvOuV1vH5dxVMg22SF7xCGHpE1OSYd0CSd35IE8kWfr3nq0XqzX6eiMVe5skR+w3j4BHwmfUw==</latexit>
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<latexit sha1_base64="4jiO2c7Uc72L4Tg6Ag3SL3kHaFk=">AAACFnicbZDLSsNAFIZP6q3WW9Slm8EiuLEkbuyyKIgboYK9QFPLZDpph04mYWYilJCncOOruHGhiNvizpWv4vSCaOsPAx//OYcz5/djzpR2nE8rt7S8srqWXy9sbG5t79i7e3UVJZLQGol4JJs+VpQzQWuaaU6bsaQ49Dlt+IOLcb1xT6VikbjVw5i2Q9wTLGAEa2N17BMvkJikXtxnWephHvcxus7QZSf1wgR5IjF898Mdu+iUnInQIrgzKFbKXyMEANWO/eF1I5KEVGjCsVIt14l1O8VSM8JpVvASRWNMBrhHWwYFDqlqp5OzMnRknC4KImme0Gji/p5IcajUMPRNZ4h1X83XxuZ/tVaig3I7ZSJONBVkuihIONIRGmeEukxSovnQACaSmb8i0scmJ22SLJgQ3PmTF6F+WnKdkntj0jiHqfJwAIdwDC6cQQWuoAo1IPAAT/ACr9aj9Wy9We/T1pw1m9mHP7JG32oJobc=</latexit><latexit sha1_base64="TcJDSKt3fpKyGttshb2+5H/OBec=">AAACFnicbZDLSsNAFIYn9VbrLepCxM1gEdxYEjd2WRTEjVDBXqCJYTKdtEMnkzAzEUrIU7jxVdy4UMRtcacbtz6G0wuirT8MfPznHM6c348Zlcqy3o3c3PzC4lJ+ubCyura+YW5u1WWUCExqOGKRaPpIEkY5qSmqGGnGgqDQZ6Th986G9cYtEZJG/Fr1Y+KGqMNpQDFS2vLMIycQCKdO3KVZ6iAWdxG8zOC5lzphAh2eaL75Yc8sWiVrJDgL9gSKlfLnYOfja7fqmW9OO8JJSLjCDEnZsq1YuSkSimJGsoKTSBIj3EMd0tLIUUikm47OyuCBdtowiIR+XMGR+3siRaGU/dDXnSFSXTldG5r/1VqJCspuSnmcKMLxeFGQMKgiOMwItqkgWLG+BoQF1X+FuIt0TkonWdAh2NMnz0L9uGRbJftKp3EKxsqDPbAPDoENTkAFXIAqqAEM7sADeALPxr3xaLwYr+PWnDGZ2QZ/ZAy+Adlio4k=</latexit><latexit sha1_base64="TcJDSKt3fpKyGttshb2+5H/OBec=">AAACFnicbZDLSsNAFIYn9VbrLepCxM1gEdxYEjd2WRTEjVDBXqCJYTKdtEMnkzAzEUrIU7jxVdy4UMRtcacbtz6G0wuirT8MfPznHM6c348Zlcqy3o3c3PzC4lJ+ubCyura+YW5u1WWUCExqOGKRaPpIEkY5qSmqGGnGgqDQZ6Th986G9cYtEZJG/Fr1Y+KGqMNpQDFS2vLMIycQCKdO3KVZ6iAWdxG8zOC5lzphAh2eaL75Yc8sWiVrJDgL9gSKlfLnYOfja7fqmW9OO8JJSLjCDEnZsq1YuSkSimJGsoKTSBIj3EMd0tLIUUikm47OyuCBdtowiIR+XMGR+3siRaGU/dDXnSFSXTldG5r/1VqJCspuSnmcKMLxeFGQMKgiOMwItqkgWLG+BoQF1X+FuIt0TkonWdAh2NMnz0L9uGRbJftKp3EKxsqDPbAPDoENTkAFXIAqqAEM7sADeALPxr3xaLwYr+PWnDGZ2QZ/ZAy+Adlio4k=</latexit><latexit sha1_base64="pUa/j9gW/wYLhZzNF4JuURGj/O4=">AAACFnicbZDLSsNAFIYnXmu9RV26GSyCG0viRpdFQdwIFewFmhgm00kzdDIZZiZCCXkKN76KGxeKuBV3vo3TNoi2/jDw8Z9zOHP+UDCqtON8WQuLS8srq5W16vrG5ta2vbPbVmkmMWnhlKWyGyJFGOWkpalmpCskQUnISCccXozrnXsiFU35rR4J4idowGlEMdLGCuxjL5II556IaZF7iIkYwesCXga5l2TQ45nhux8O7JpTdyaC8+CWUAOlmoH96fVTnCWEa8yQUj3XEdrPkdQUM1JUvUwRgfAQDUjPIEcJUX4+OauAh8bpwyiV5nENJ+7viRwlSo2S0HQmSMdqtjY2/6v1Mh2d+TnlItOE4+miKGNQp3CcEexTSbBmIwMIS2r+CnGMTE7aJFk1IbizJ89D+6TuOnX3xqk1zss4KmAfHIAj4IJT0ABXoAlaAIMH8ARewKv1aD1bb9b7tHXBKmf2wB9ZH99WPp9w</latexit> {
<latexit sha1_base64="3dto/Q/nYwJLjXrsbgiflgTt7cY=">AAAB6XicbVDLSgNBEOyNrxhfUY9ehgRBEMKuFz0GvXiMYh6QXcLspDcZMju7zMwKYckfePGgiCfBP/Lm3zh5HDSxoKGo6qa7K0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwybLBGJ6oRUo+ASm4YbgZ1UIY1Dge1wdDP124+oNE/kgxmnGMR0IHnEGTVWuvfzXrnq1twZyCrxFqRar/jnHwDQ6JW//H7CshilYYJq3fXc1AQ5VYYzgZOSn2lMKRvRAXYtlTRGHeSzSyfk1Cp9EiXKljRkpv6eyGms9TgObWdMzVAve1PxP6+bmegqyLlMM4OSzRdFmSAmIdO3SZ8rZEaMLaFMcXsrYUOqKDM2nJINwVt+eZW0LmqeW/PubBrXMEcRTqACZ+DBJdThFhrQBAYRPMELvDoj59l5c97nrQVnMXMMf+B8/gCsw47q</latexit><latexit sha1_base64="mYsaq72wgtc0JMGYm75Pv8D8eaI=">AAAB6XicbVDLSgNBEOz1GeMr6tHLkCAIQtj1osegF49RzAOyIcxOepMhs7PLzKywLPkDL4KKePWPvOVvnDwOmljQUFR1090VJIJr47oTZ219Y3Nru7BT3N3bPzgsHR03dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRZAl2IzqQPOSMGis9+HmvVHGr7gxklXgLUqmV/YvXSS2r90rffj9maYTSMEG17nhuYro5VYYzgeOin2pMKBvRAXYslTRC3c1nl47JmVX6JIyVLWnITP09kdNI6ywKbGdEzVAve1PxP6+TmvC6m3OZpAYlmy8KU0FMTKZvkz5XyIzILKFMcXsrYUOqKDM2nKINwVt+eZU0L6ueW/XubRo3MEcBTqEM5+DBFdTgDurQAAYhPMMbvDsj58X5cD7nrWvOYuYE/sD5+gG2LZBw</latexit><latexit sha1_base64="mYsaq72wgtc0JMGYm75Pv8D8eaI=">AAAB6XicbVDLSgNBEOz1GeMr6tHLkCAIQtj1osegF49RzAOyIcxOepMhs7PLzKywLPkDL4KKePWPvOVvnDwOmljQUFR1090VJIJr47oTZ219Y3Nru7BT3N3bPzgsHR03dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRZAl2IzqQPOSMGis9+HmvVHGr7gxklXgLUqmV/YvXSS2r90rffj9maYTSMEG17nhuYro5VYYzgeOin2pMKBvRAXYslTRC3c1nl47JmVX6JIyVLWnITP09kdNI6ywKbGdEzVAve1PxP6+TmvC6m3OZpAYlmy8KU0FMTKZvkz5XyIzILKFMcXsrYUOqKDM2nKINwVt+eZU0L6ueW/XubRo3MEcBTqEM5+DBFdTgDurQAAYhPMMbvDsj58X5cD7nrWvOYuYE/sD5+gG2LZBw</latexit><latexit sha1_base64="zE//6Z30dXKGKOcjUgwi3MFVRUg=">AAAB6XicbVA9TwJBEJ3DL8Qv1NJmIzGxIns2WhJtLNEIksCF7C17sGFv77I7Z0Iu/AMbC42x9R/Z+W9c4AoFXzLJy3szmZkXpkpapPTbK62tb2xulbcrO7t7+wfVw6O2TTLDRYsnKjGdkFmhpBYtlKhEJzWCxaESj+H4ZuY/PgljZaIfcJKKIGZDLSPJGTrpvpf3qzVap3OQVeIXpAYFmv3qV2+Q8CwWGrli1nZ9mmKQM4OSKzGt9DIrUsbHbCi6jmoWCxvk80un5MwpAxIlxpVGMld/T+QstnYSh64zZjiyy95M/M/rZhhdBbnUaYZC88WiKFMEEzJ7mwykERzVxBHGjXS3Ej5ihnF04VRcCP7yy6ukfVH3ad2/o7XGdRFHGU7gFM7Bh0towC00oQUcIniGV3jzxt6L9+59LFpLXjFzDH/gff4AmkSNYQ==</latexit>
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Constraints

Bullet Cluster Bounds.
For short range, no constraints on bosons.

Not relevant if blob < 10 percent of dark matter

Blob - baryon friction bounded by BAO. Not a 
significant constraint.

No instability from φ 
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Constraints

MACRO Monopole Search 
(~ 80 x 10 x 10 m3)

Energy Threshold: 6 MeV/cm
+ 

Scintillation

Mediator coupling to Standard Model constrained by new force 
searches, astrophysical bounds on light particles, collider limits
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Detection
Short Range

Ionization
(Λ > 300 keV)

MACRO=> dE/dx < 6 MeV/cm

Huge Volume? 

Hydrophones: dE/dx ~ keV/A

Acoustic
(Λ < 300 keV)

Low threshold calorimeter like 
CDMS

Line of hot cells

Energy depositions ~ keV/cm
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Detection

Rare Transit of Heavy 
Dark Matter Classical field created by dark matter - 

correlated excitation of multiple detectors

Same class of effects as light dark matter - 
excitation of currents, spin precession, acceleration, 

variation of fundamental constants

Instead of continuous, coherent a/c effect, look for 
correlated transients in network

Up to dark matter mass ~ 108 gm

Long Range
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The Dark Matter Landscape

Poor observational constraints on dark matter

Possible to probe above 1033 GeV using astrophysical systems - 
particularly white dwarfs

Current Experimental Concepts can probe region from 1018 GeV 
- 1033 GeV

10-22 eV10-43 GeV 1048 GeV100 eV 102 GeV 

(SM)

bosonic WIMPs

(yr-1)

1018 GeV 1033 GeV 


