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90 Orders of Magnitude
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Cosmic Visions 1707.04591
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Macroscopic Dark Matter
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• Wide mass range available 


• Forms in a variety of models


• Direct fusion in asymmetric DM, dark nucleosynthesis


• Collapse and cooling by dark 


• Phase transitions forming “nuggets” or solitons

U(1)
1411.3739, 1707.02316

1707.03829, 1812.07000

1810.04360, 2105.02840
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Macroscopic DM Searches
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Strong DM-SM interactions allowed, but still hard to detect because of rarity

MDM
Mpl 105 kg

“Low” masses probed by terrestrial searches:

WIMP/neutrino detectors

Gravitational wave detectors

Ancient mica

Meteors and cosmic rays Seismic waves

Etched plastic

10−25 M⊙10−39 M⊙

1803.08044, 1812.09325

1807.03788 1610.09680

2012.134062105.06473

2008.01285
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Macroscopic DM Searches
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10−20 M⊙

For higher masses, too rare to detect on Earth, Γ ≲ 1/(104 yr)

MDM

Strong DM-SM interactions allowed, but still hard to detect because of rarity

10−39 M⊙ 10−25 M⊙
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Macroscopic DM Searches
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Strong DM-SM interactions allowed, but still hard to detect because of rarity

Highest masses excluded by gravitational lensing

MDM

10−20 M⊙ 10−11 M⊙10−39 M⊙ 10−25 M⊙

1701.02151
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Macroscopic DM Searches
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Strong DM-SM interactions allowed, but still hard to detect because of rarity

MDM

10−20 M⊙ 10−11 M⊙

A relatively unconstrained “dark asteroid” range

10−39 M⊙ 10−25 M⊙
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Few existing constraints, near atomic density and higher, even for geometric 
cross section σ = πR2
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Probe by looking for stellar impacts: 
a dark matter direct detection 
experiment on astronomical scales!

mtarget ⇠ M�

<latexit sha1_base64="jv46JyFZtvUiV6inkPUUswjyp3w=">AAACBHicbVC7SgNBFJ2NrxhfUcs0g0GwCruiaBm0sREimAdkl2V2dpIMmdlZZu4KYUlh46/YWChi60fY+TdOHoUmHrhwOOde7r0nSgU34LrfTmFldW19o7hZ2tre2d0r7x+0jMo0ZU2qhNKdiBgmeMKawEGwTqoZkZFg7Wh4PfHbD0wbrpJ7GKUskKSf8B6nBKwUlisyzH0tMRDdZzDGvuES34a+ihWE5apbc6fAy8SbkyqaoxGWv/xY0UyyBKggxnQ9N4UgJxo4FWxc8jPDUkKHpM+6liZEMhPk0yfG+NgqMe4pbSsBPFV/T+REGjOSke2UBAZm0ZuI/3ndDHqXQc6TNAOW0NmiXiYwKDxJBMdcMwpiZAmhmttbMR0QTSjY3Eo2BG/x5WXSOq15Z7Xzu7Nq/WoeRxFV0BE6QR66QHV0gxqoiSh6RM/oFb05T86L8+58zFoLznzmEP2B8/kDjJKYCg==</latexit>

MDM 2 (10�17, 10�11]M�

<latexit sha1_base64="48AaY39qGou61vcLgu3Jhw5LL1M=">AAACE3icbZDLSgMxFIYz9VbrrerSTbAIRbTMSKUui7pwU6hgL9AZh0yatqGZZEgyQhnmHdz4Km5cKOLWjTvfxvSy0NYfAh//OYeT8wcRo0rb9reVWVpeWV3Lruc2Nre2d/K7e00lYolJAwsmZDtAijDKSUNTzUg7kgSFASOtYHg1rrceiFRU8Ds9iogXoj6nPYqRNpafP675iStDeF1LoUs5LDr2fXLqVNKTKTipB2u+K7pC+/mCXbIngovgzKAAZqr7+S+3K3AcEq4xQ0p1HDvSXoKkppiRNOfGikQID1GfdAxyFBLlJZObUnhknC7sCWke13Di/p5IUKjUKAxMZ4j0QM3XxuZ/tU6sexdeQnkUa8LxdFEvZlALOA4IdqkkWLORAYQlNX+FeIAkwtrEmDMhOPMnL0LzrOSUS+e35UL1chZHFhyAQ1AEDqiAKrgBddAAGDyCZ/AK3qwn68V6tz6mrRlrNrMP/sj6/AGUIZt7</latexit>

Vdetector . kpc3

<latexit sha1_base64="8ZJocGpTIxQOHyxjXuDHph7R2XI=">AAACD3icbVA9SwNBEN3zM8avqKXNYlCswp1GtAzaWEYwH5CLYW8zSZbs3h27c2I48g9s/Cs2ForY2tr5b9x8FJr4YODx3gwz84JYCoOu++0sLC4tr6xm1rLrG5tb27md3aqJEs2hwiMZ6XrADEgRQgUFSqjHGpgKJNSC/tXIr92DNiIKb3EQQ1Oxbig6gjO0Uit3VG2lvla0DQgcIz2kvgRjjFDUR3jAtB/z4d1pK5d3C+4YdJ54U5InU5RbuS+/HfFEQYhcMmManhtjM2UaBZcwzPqJgZjxPutCw9KQKTDNdPzPkB5apU07kbYVIh2rvydSpowZqMB2KoY9M+uNxP+8RoKdi2YqwjhBCPlkUSeRFCM6Coe2hbYpyIEljGthb6W8xzTjaCPM2hC82ZfnSfWk4BULZzfFfOlyGkeG7JMDckw8ck5K5JqUSYVw8kieySt5c56cF+fd+Zi0LjjTmT3yB87nD6+hnRU=</latexit>

Vdetector ⇠ m3

<latexit sha1_base64="x5wKRufzD+Clr3SxsNu9DhHzBZk=">AAACCXicbVC7SgNBFJ2NrxhfUUubwSBYhV2NaBm0sYxgHpCNYXZykwyZ2V1m7ophSWvjr9hYKGLrH9j5N04ehSYeGDiccy93zgliKQy67reTWVpeWV3Lruc2Nre2d/K7ezUTJZpDlUcy0o2AGZAihCoKlNCINTAVSKgHg6uxX78HbUQU3uIwhpZivVB0BWdopXae1tqprxXtAALHSI+ob4SiPsIDpmp0d9rOF9yiOwFdJN6MFMgMlXb+y+9EPFEQIpfMmKbnxthKmUbBJYxyfmIgZnzAetC0NGQKTCudJBnRI6t0aDfS9oVIJ+rvjZQpY4YqsJOKYd/Me2PxP6+ZYPeilYowThBCPj3UTSTFiI5roR2hbX45tIRxLexfKe8zzTja8nK2BG8+8iKpnRS9UvHsplQoX87qyJIDckiOiUfOSZlckwqpEk4eyTN5JW/Ok/PivDsf09GMM9vZJ3/gfP4ApqqaUQ==</latexit>

MDM 2 (10�1, 1016]GeV

<latexit sha1_base64="OAoMxC3Ktw5mo5Pn7rvf4xDF7Cs=">AAACFHicbVDLSgNBEJz1GeMr6tHLYBAENeyKr6OooJeAgolCdg2zk04cnJ1dZnrFsOxHePFXvHhQxKsHb/6Nk5iDr4Kmi6puZrrCRAqDrvvhDA2PjI6NFyaKk1PTM7Olufm6iVPNocZjGeuLkBmQQkENBUq4SDSwKJRwHl4f9PzzG9BGxOoMuwkEEeso0RacoZWapdVqM/N1RA+rOfWFoiuee5mte/lar3vbeUB9hFvMjqCeN0tlt+L2Qf8Sb0DKZICTZundb8U8jUAhl8yYhucmGGRMo+AS8qKfGkgYv2YdaFiqWAQmyPpH5XTZKi3ajrUthbSvft/IWGRMNwrtZMTwyvz2euJ/XiPF9m6QCZWkCIp/PdROJcWY9hKiLaGBo+xawrgW9q+UXzHNONocizYE7/fJf0l9o+JtVrZON8t7+4M4CmSRLJEV4pEdskeOyQmpEU7uyAN5Is/OvfPovDivX6NDzmBngfyA8/YJTjCcgw==</latexit>

mtarget ⇠ 100 GeV

<latexit sha1_base64="0dEXEJtWY35FCgA9jbO8L2cyoQ8=">AAACC3icbVA9SwNBEN2LXzF+RS1tlgTBKtyJomXQQssI5gNyIextJsmS3btjd04MR6xt/Cs2ForY+gfs/DduPgpNfDDweG+GmXlBLIVB1/12MkvLK6tr2fXcxubW9k5+d69mokRzqPJIRroRMANShFBFgRIasQamAgn1YHA59ut3oI2IwlscxtBSrBeKruAMrdTOF1Q79bWiyHQPcER9IxT1XPfBR7jH9Apqo3a+6JbcCegi8WakSGaotPNffifiiYIQuWTGND03xlbKNAouYZTzEwMx4wPWg6alIVNgWunklxE9tEqHdiNtK0Q6UX9PpEwZM1SB7VQM+2beG4v/ec0Eu+etVIRxghDy6aJuIilGdBwM7QgNHOXQEsa1sLdS3meacbTx5WwI3vzLi6R2XPJOSqc3J8XyxSyOLDkgBXJEPHJGyuSaVEiVcPJInskreXOenBfn3fmYtmac2cw++QPn8weItZq8</latexit>

PMTs

<latexit sha1_base64="eN5iPQ7+cR1JL4US4ZRXogvAqS8=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktFj0WvXgRKvQL2qVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hY3Nre6e4W9rbPzg8Kh+fdHSUKELbJOKR6gVYU84kbRtmOO3FimIRcNoNpneZ332iSrNItswspr7AY8lCRrDJpOZDSw/LFbfqLoDWiZeTCuRoDstfg1FEEkGlIRxr3ffc2PgpVoYRTuelQaJpjMkUj2nfUokF1X66uHWOLqwyQmGkbEmDFurviRQLrWcisJ0Cm4le9TLxP6+fmPDGT5mME0MlWS4KE45MhLLH0YgpSgyfWYKJYvZWRCZYYWJsPCUbgrf68jrp1KreVbX+WKs0bvM4inAG53AJHlxDA+6hCW0gMIFneIU3RzgvzrvzsWwtOPnMKfyB8/kDvo+ODA==</latexit>

HST(s)

<latexit sha1_base64="OXwyHAKyBZYx/Ey+y8xTX07GFOo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquKHoseumxYr+gXUo2zbax2WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCopWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2M72Z++4kqzaRomElM/QgPBQsZwcZKrdpDo6zP+8WSW3HnQKvEy0gJMtT7xa/eQJIkosIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGupwBHVfjq/dorOrDJAoVS2hEFz9fdEiiOtJ1FgOyNsRnrZm4n/ed3EhDd+ykScGCrIYlGYcGQkmr2OBkxRYvjEEkwUs7ciMsIKE2MDKtgQvOWXV0nrouJdVq7uL0rV2yyOPJzAKZTBg2uoQg3q0AQCj/AMr/DmSOfFeXc+Fq05J5s5hj9wPn8AgsWObw==</latexit>

UV

<latexit sha1_base64="b5mu5xgGC3Z04+tMUwi5QpG/94U=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF49VTFtoQ9lsJ+3SzSbsboRS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0O/NbT6g0T+SjGacYxHQgecQZNVZ68Ju9csWtunOQVeLlpAI5Gr3yV7efsCxGaZigWnc8NzXBhCrDmcBpqZtpTCkb0QF2LJU0Rh1M5pdOyZlV+iRKlC1pyFz9PTGhsdbjOLSdMTVDvezNxP+8Tmai62DCZZoZlGyxKMoEMQmZvU36XCEzYmwJZYrbWwkbUkWZseGUbAje8surpFmrehfVy/tapX6Tx1GEEziFc/DgCupwBw3wgUEEz/AKb87IeXHenY9Fa8HJZ47hD5zPH1rFjT8=</latexit>

UV

<latexit sha1_base64="b5mu5xgGC3Z04+tMUwi5QpG/94U=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF49VTFtoQ9lsJ+3SzSbsboRS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0O/NbT6g0T+SjGacYxHQgecQZNVZ68Ju9csWtunOQVeLlpAI5Gr3yV7efsCxGaZigWnc8NzXBhCrDmcBpqZtpTCkb0QF2LJU0Rh1M5pdOyZlV+iRKlC1pyFz9PTGhsdbjOLSdMTVDvezNxP+8Tmai62DCZZoZlGyxKMoEMQmZvU36XCEzYmwJZYrbWwkbUkWZseGUbAje8surpFmrehfVy/tapX6Tx1GEEziFc/DgCupwBw3wgUEEz/AKb87IeXHenY9Fa8HJZ47hD5zPH1rFjT8=</latexit>
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Naive Estimates
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Rate per star:

Energy dissipated in star:

Γ ∼
ρDMvDM

MDM
πR2

⋆ (1 +
v2

esc

v2
DM ) ∼

1
104 yr

10−15M⊙

MDM

EDM ∼
1
2

MDMv2
esc ∼ 1034 erg

MDM

10−15M⊙
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Rate per star:

Γ ∼
ρDMvDM

MDM
πR2

⋆ (1 +
v2

esc

v2
DM ) ∼

1
104 yr

10−15M⊙

MDM

EDM ∼
1
2

MDMv2
esc ∼ 1034 erg

MDM

10−15M⊙

Average power  
negligible, but  high, 
potentially observable as 
strong transient

ΓEDM
EDM

Naive Estimates

Energy dissipated in star:
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Dark asteroid experiences gravitational force  and drag MDMg Fd ∼ ρσv2
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Taking geometric cross section , but qualitatively similar for lower σ = πR2
DM σ
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Naively, energy deposited even at depth  takes very long time to get outR⋆/10

How the Energy Escapes
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How the Energy Escapes

But dark asteroid is traveling supersonically, at , so energy 
dissipated forms shock waves, which efficiently propagate to surface!

Ma = vesc/cs ∼ 100

Naively, energy deposited even at depth  takes very long time to get outR⋆/10
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How the Energy Escapes

A complicated hydrodynamic problem, but solvable with controlled 
approximations known for decades

Naively, energy deposited even at depth  takes very long time to get outR⋆/10

But dark asteroid is traveling supersonically, at , so energy 
dissipated forms shock waves, which efficiently propagate to surface!

Ma = vesc/cs ∼ 100

Whitham (1956), ReVelle (1976)
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How the Energy Escapes

R
0
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a
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M

<latexit sha1_base64="6qDf1l8s3eZVC6aIBk+YTZfG8sE=">AAACB3icbVDLSgNBEJz1GeNr1aMgg0HwFHYlosegHrwEYjAPyIZldjJJhszsLjO9YljiyYu/4sWDIl79BW/+jZPHQRMLGoqqbrq7glhwDY7zbS0sLi2vrGbWsusbm1vb9s5uTUeJoqxKIxGpRkA0EzxkVeAgWCNWjMhAsHrQvxz59TumNI/CWxjErCVJN+QdTgkYybcPKr6DPc0l9oDdQ1oiwwdc8VNPSXxVGvp2zsk7Y+B54k5JDk1R9u0vrx3RRLIQqCBaN10nhlZKFHAq2DDrJZrFhPZJlzUNDYlkupWO/xjiI6O0cSdSpkLAY/X3REqk1gMZmE5JoKdnvZH4n9dMoHPeSnkYJ8BCOlnUSQSGCI9CwW2uGAUxMIRQxc2tmPaIIhRMdFkTgjv78jypneTdQv70ppArXkzjyKB9dIiOkYvOUBFdozKqIooe0TN6RW/Wk/VivVsfk9YFazqzh/7A+vwBwl+Ynw==</latexit>

RDM

<latexit sha1_base64="VU6UeiwEDTr2ylOI+gEb0PjJlDo=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVFj0W9eBFqGI/sF1KNs22oUl2SbJCWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqa+q0nqjSL5IMZx9QXeCBZyAg2Vnq876VdJdD17aRXLLlldwa0TLyMlCBDvVf86vYjkggqDeFY647nxsZPsTKMcDopdBNNY0xGeEA7lkosqPbT2cUTdGKVPgojZUsaNFN/T6RYaD0Wge0U2Az1ojcV//M6iQkv/JTJODFUkvmiMOHIRGj6PuozRYnhY0swUczeisgQK0yMDalgQ/AWX14mzbOyVylX7yql2mUWRx6O4BhOwYNzqMEN1KEBBCQ8wyu8Odp5cd6dj3lrzslmDuEPnM8f/e2Qew==</latexit>

Near the dark asteroid: since 
, can approximate with 

known cylindrical blast wave


Characteristic size 

Ma ≫ 1

R0 ∼ Ma RDM
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How the Energy Escapes

Beyond , match onto a weak 
shock solution — essentially an 
acoustic wave with additional 
dissipation


Rays refract radially outward 

R0

rays

<latexit sha1_base64="oQlAGs7XuqzoqiwLMFqU8nCJsSM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWy2m3bpZjfsTsQQ+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBHcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcPJ7czvPjJtuJIPkCUsiMlI8ohTAlby+8CeINckM9NBtebW3TnwKvEKUkMFWoPqV3+oaBozCVQQY3zPTSDIiQZOBZtW+qlhCaETMmK+pZLEzAT5/OQpPrPKEEdK25KA5+rviZzExmRxaDtjAmOz7M3E/zw/heg6yLlMUmCSLhZFqcCg8Ox/POSaURCZJYRqbm/FdEw0oWBTqtgQvOWXV0nnou416pf3jVrzpoijjE7QKTpHHrpCTXSHWqiNKFLoGb2iNwecF+fd+Vi0lpxi5hj9gfP5AxOlkcg=</latexit>

rays

<latexit sha1_base64="oQlAGs7XuqzoqiwLMFqU8nCJsSM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWy2m3bpZjfsTsQQ+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBHcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcPJ7czvPjJtuJIPkCUsiMlI8ohTAlby+8CeINckM9NBtebW3TnwKvEKUkMFWoPqV3+oaBozCVQQY3zPTSDIiQZOBZtW+qlhCaETMmK+pZLEzAT5/OQpPrPKEEdK25KA5+rviZzExmRxaDtjAmOz7M3E/zw/heg6yLlMUmCSLhZFqcCg8Ox/POSaURCZJYRqbm/FdEw0oWBTqtgQvOWXV0nnou416pf3jVrzpoijjE7QKTpHHrpCTXSHWqiNKFLoGb2iNwecF+fd+Vi0lpxi5hj9gfP5AxOlkcg=</latexit>

R
0
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M
a
R

D
M

<latexit sha1_base64="6qDf1l8s3eZVC6aIBk+YTZfG8sE=">AAACB3icbVDLSgNBEJz1GeNr1aMgg0HwFHYlosegHrwEYjAPyIZldjJJhszsLjO9YljiyYu/4sWDIl79BW/+jZPHQRMLGoqqbrq7glhwDY7zbS0sLi2vrGbWsusbm1vb9s5uTUeJoqxKIxGpRkA0EzxkVeAgWCNWjMhAsHrQvxz59TumNI/CWxjErCVJN+QdTgkYybcPKr6DPc0l9oDdQ1oiwwdc8VNPSXxVGvp2zsk7Y+B54k5JDk1R9u0vrx3RRLIQqCBaN10nhlZKFHAq2DDrJZrFhPZJlzUNDYlkupWO/xjiI6O0cSdSpkLAY/X3REqk1gMZmE5JoKdnvZH4n9dMoHPeSnkYJ8BCOlnUSQSGCI9CwW2uGAUxMIRQxc2tmPaIIhRMdFkTgjv78jypneTdQv70ppArXkzjyKB9dIiOkYvOUBFdozKqIooe0TN6RW/Wk/VivVsfk9YFazqzh/7A+vwBwl+Ynw==</latexit>

RDM

<latexit sha1_base64="VU6UeiwEDTr2ylOI+gEb0PjJlDo=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVFj0W9eBFqGI/sF1KNs22oUl2SbJCWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqa+q0nqjSL5IMZx9QXeCBZyAg2Vnq876VdJdD17aRXLLlldwa0TLyMlCBDvVf86vYjkggqDeFY647nxsZPsTKMcDopdBNNY0xGeEA7lkosqPbT2cUTdGKVPgojZUsaNFN/T6RYaD0Wge0U2Az1ojcV//M6iQkv/JTJODFUkvmiMOHIRGj6PuozRYnhY0swUczeisgQK0yMDalgQ/AWX14mzbOyVylX7yql2mUWRx6O4BhOwYNzqMEN1KEBBCQ8wyu8Odp5cd6dj3lrzslmDuEPnM8f/e2Qew==</latexit>
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How the Energy Escapes

Weak shock waves lose energy, 
but grow in strength as they 
approach the stellar surface

rays

<latexit sha1_base64="oQlAGs7XuqzoqiwLMFqU8nCJsSM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWy2m3bpZjfsTsQQ+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBHcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcPJ7czvPjJtuJIPkCUsiMlI8ohTAlby+8CeINckM9NBtebW3TnwKvEKUkMFWoPqV3+oaBozCVQQY3zPTSDIiQZOBZtW+qlhCaETMmK+pZLEzAT5/OQpPrPKEEdK25KA5+rviZzExmRxaDtjAmOz7M3E/zw/heg6yLlMUmCSLhZFqcCg8Ox/POSaURCZJYRqbm/FdEw0oWBTqtgQvOWXV0nnou416pf3jVrzpoijjE7QKTpHHrpCTXSHWqiNKFLoGb2iNwecF+fd+Vi0lpxi5hj9gfP5AxOlkcg=</latexit>

rays

<latexit sha1_base64="oQlAGs7XuqzoqiwLMFqU8nCJsSM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWy2m3bpZjfsTsQQ+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBHcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcPJ7czvPjJtuJIPkCUsiMlI8ohTAlby+8CeINckM9NBtebW3TnwKvEKUkMFWoPqV3+oaBozCVQQY3zPTSDIiQZOBZtW+qlhCaETMmK+pZLEzAT5/OQpPrPKEEdK25KA5+rviZzExmRxaDtjAmOz7M3E/zw/heg6yLlMUmCSLhZFqcCg8Ox/POSaURCZJYRqbm/FdEw0oWBTqtgQvOWXV0nnou416pf3jVrzpoijjE7QKTpHHrpCTXSHWqiNKFLoGb2iNwecF+fd+Vi0lpxi5hj9gfP5AxOlkcg=</latexit>

R
0
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M
a
R

D
M

<latexit sha1_base64="6qDf1l8s3eZVC6aIBk+YTZfG8sE=">AAACB3icbVDLSgNBEJz1GeNr1aMgg0HwFHYlosegHrwEYjAPyIZldjJJhszsLjO9YljiyYu/4sWDIl79BW/+jZPHQRMLGoqqbrq7glhwDY7zbS0sLi2vrGbWsusbm1vb9s5uTUeJoqxKIxGpRkA0EzxkVeAgWCNWjMhAsHrQvxz59TumNI/CWxjErCVJN+QdTgkYybcPKr6DPc0l9oDdQ1oiwwdc8VNPSXxVGvp2zsk7Y+B54k5JDk1R9u0vrx3RRLIQqCBaN10nhlZKFHAq2DDrJZrFhPZJlzUNDYlkupWO/xjiI6O0cSdSpkLAY/X3REqk1gMZmE5JoKdnvZH4n9dMoHPeSnkYJ8BCOlnUSQSGCI9CwW2uGAUxMIRQxc2tmPaIIhRMdFkTgjv78jypneTdQv70ppArXkzjyKB9dIiOkYvOUBFdozKqIooe0TN6RW/Wk/VivVsfk9YFazqzh/7A+vwBwl+Ynw==</latexit>

RDM

<latexit sha1_base64="VU6UeiwEDTr2ylOI+gEb0PjJlDo=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVFj0W9eBFqGI/sF1KNs22oUl2SbJCWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqa+q0nqjSL5IMZx9QXeCBZyAg2Vnq876VdJdD17aRXLLlldwa0TLyMlCBDvVf86vYjkggqDeFY647nxsZPsTKMcDopdBNNY0xGeEA7lkosqPbT2cUTdGKVPgojZUsaNFN/T6RYaD0Wge0U2Az1ojcV//M6iQkv/JTJODFUkvmiMOHIRGj6PuozRYnhY0swUczeisgQK0yMDalgQ/AWX14mzbOyVylX7yql2mUWRx6O4BhOwYNzqMEN1KEBBCQ8wyu8Odp5cd6dj3lrzslmDuEPnM8f/e2Qew==</latexit>

M
a
�

1

<latexit sha1_base64="pbcxhe8zRQpTZpidVBW5qop0eow=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoiih6LXrwIFewHNKFstpt06WYTdidiDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpAKrsFxvq3Syura+kZ5s7K1vbNbtff22zrJFGUtmohEdQOimeCStYCDYN1UMRIHgnWC0fXU7zwwpXki72GcMj8mkeQhpwSM1LerHrBHyG/JBHtRhN2+XXPqzgx4mbgFqaECzb795Q0SmsVMAhVE657rpODnRAGngk0qXqZZSuiIRKxnqCQx034+O3yCj40ywGGiTEnAM/X3RE5ircdxYDpjAkO96E3F/7xeBuGln3OZZsAknS8KM4EhwdMU8IArRkGMDSFUcXMrpkOiCAWTVcWE4C6+vEzap3X3rH5+d1ZrXBVxlNEhOkInyEUXqIFuUBO1EEUZekav6M16sl6sd+tj3lqyipkD9AfW5w8C3JKr</latexit>
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How the Energy Escapes

Shock waves grow strong very 
close to the photosphere, heating 
a patch of the surface

rays

<latexit sha1_base64="oQlAGs7XuqzoqiwLMFqU8nCJsSM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWy2m3bpZjfsTsQQ+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBHcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcPJ7czvPjJtuJIPkCUsiMlI8ohTAlby+8CeINckM9NBtebW3TnwKvEKUkMFWoPqV3+oaBozCVQQY3zPTSDIiQZOBZtW+qlhCaETMmK+pZLEzAT5/OQpPrPKEEdK25KA5+rviZzExmRxaDtjAmOz7M3E/zw/heg6yLlMUmCSLhZFqcCg8Ox/POSaURCZJYRqbm/FdEw0oWBTqtgQvOWXV0nnou416pf3jVrzpoijjE7QKTpHHrpCTXSHWqiNKFLoGb2iNwecF+fd+Vi0lpxi5hj9gfP5AxOlkcg=</latexit>

rays

<latexit sha1_base64="oQlAGs7XuqzoqiwLMFqU8nCJsSM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWy2m3bpZjfsTsQQ+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBHcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcPJ7czvPjJtuJIPkCUsiMlI8ohTAlby+8CeINckM9NBtebW3TnwKvEKUkMFWoPqV3+oaBozCVQQY3zPTSDIiQZOBZtW+qlhCaETMmK+pZLEzAT5/OQpPrPKEEdK25KA5+rviZzExmRxaDtjAmOz7M3E/zw/heg6yLlMUmCSLhZFqcCg8Ox/POSaURCZJYRqbm/FdEw0oWBTqtgQvOWXV0nnou416pf3jVrzpoijjE7QKTpHHrpCTXSHWqiNKFLoGb2iNwecF+fd+Vi0lpxi5hj9gfP5AxOlkcg=</latexit>

R
0
⇠

M
a
R

D
M

<latexit sha1_base64="6qDf1l8s3eZVC6aIBk+YTZfG8sE=">AAACB3icbVDLSgNBEJz1GeNr1aMgg0HwFHYlosegHrwEYjAPyIZldjJJhszsLjO9YljiyYu/4sWDIl79BW/+jZPHQRMLGoqqbrq7glhwDY7zbS0sLi2vrGbWsusbm1vb9s5uTUeJoqxKIxGpRkA0EzxkVeAgWCNWjMhAsHrQvxz59TumNI/CWxjErCVJN+QdTgkYybcPKr6DPc0l9oDdQ1oiwwdc8VNPSXxVGvp2zsk7Y+B54k5JDk1R9u0vrx3RRLIQqCBaN10nhlZKFHAq2DDrJZrFhPZJlzUNDYlkupWO/xjiI6O0cSdSpkLAY/X3REqk1gMZmE5JoKdnvZH4n9dMoHPeSnkYJ8BCOlnUSQSGCI9CwW2uGAUxMIRQxc2tmPaIIhRMdFkTgjv78jypneTdQv70ppArXkzjyKB9dIiOkYvOUBFdozKqIooe0TN6RW/Wk/VivVsfk9YFazqzh/7A+vwBwl+Ynw==</latexit>

RDM

<latexit sha1_base64="VU6UeiwEDTr2ylOI+gEb0PjJlDo=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVFj0W9eBFqGI/sF1KNs22oUl2SbJCWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqa+q0nqjSL5IMZx9QXeCBZyAg2Vnq876VdJdD17aRXLLlldwa0TLyMlCBDvVf86vYjkggqDeFY647nxsZPsTKMcDopdBNNY0xGeEA7lkosqPbT2cUTdGKVPgojZUsaNFN/T6RYaD0Wge0U2Az1ojcV//M6iQkv/JTJODFUkvmiMOHIRGj6PuozRYnhY0swUczeisgQK0yMDalgQ/AWX14mzbOyVylX7yql2mUWRx6O4BhOwYNzqMEN1KEBBCQ8wyu8Odp5cd6dj3lrzslmDuEPnM8f/e2Qew==</latexit>

M
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1

<latexit sha1_base64="pbcxhe8zRQpTZpidVBW5qop0eow=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoiih6LXrwIFewHNKFstpt06WYTdidiDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpAKrsFxvq3Syura+kZ5s7K1vbNbtff22zrJFGUtmohEdQOimeCStYCDYN1UMRIHgnWC0fXU7zwwpXki72GcMj8mkeQhpwSM1LerHrBHyG/JBHtRhN2+XXPqzgx4mbgFqaECzb795Q0SmsVMAhVE657rpODnRAGngk0qXqZZSuiIRKxnqCQx034+O3yCj40ywGGiTEnAM/X3RE5ircdxYDpjAkO96E3F/7xeBuGln3OZZsAknS8KM4EhwdMU8IArRkGMDSFUcXMrpkOiCAWTVcWE4C6+vEzap3X3rH5+d1ZrXBVxlNEhOkInyEUXqIFuUBO1EEUZekav6M16sl6sd+tj3lqyipkD9AfW5w8C3JKr</latexit>
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Point of shock calculation: typical final temperature is UV; energy released is 
suppressed by shock dissipation as  decreases, but still sizableRDM

Typical shocked 
surface temperature

Energy released 
from star surface
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Main signature: thermal UV transient spread over ~hundreds of seconds

Detecting the Signal

t

<latexit sha1_base64="UxXCAGDTaUNCc8ZkLJcN6TsViGQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9WvWyWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4sGNAA==</latexit>

lo
g

L

<latexit sha1_base64="4b3csf+7VXJmWmmsAE30YpC+iUg=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegFw8eIpgHJEuYncwmY+axzMwKYck/ePGgiFf/x5t/4yTZgyYWNBRV3XR3RQlnxvr+t1dYWV1b3yhulra2d3b3yvsHTaNSTWiDKK50O8KGciZpwzLLaTvRFIuI01Y0upn6rSeqDVPywY4TGgo8kCxmBFsnNbtcDdBdr1zxq/4MaJkEOalAjnqv/NXtK5IKKi3h2JhO4Cc2zLC2jHA6KXVTQxNMRnhAO45KLKgJs9m1E3TilD6KlXYlLZqpvycyLIwZi8h1CmyHZtGbiv95ndTGV2HGZJJaKsl8UZxyZBWavo76TFNi+dgRTDRztyIyxBoT6wIquRCCxZeXSfOsGpxXL+7PK7XrPI4iHMExnEIAl1CDW6hDAwg8wjO8wpunvBfv3fuYtxa8fOYQ/sD7/AEIlI7I</latexit>

0 s

<latexit sha1_base64="gm6KYVekalCAX+Y2uBNwquoTAkQ=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAcmS5iddJIhs7PLTK8YlvgVXjwo4tW/8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEc6jzSEa6FTADUiioo0AJrVgDCwMJzWB0PfWbD6CNiNQdjmPwQzZQoi84Qyvdu08dhEdMzaRbLLlldwa6TLyMlEiGWrf41elFPAlBIZfMmLbnxuinTKPgEiaFTmIgZnzEBtC2VLEQjJ/OLp7QE6v0aD/SthTSmfp7ImWhMeMwsJ0hw6FZ9Kbif147wf6lnwoVJwiKzxf1E0kxotP3aU9o4CjHljCuhb2V8iHTjKMNqWBD8BZfXiaNs7JXKZ/fVkrVqyyOPDkix+SUeOSCVMkNqZE64USRZ/JK3hzjvDjvzse8NedkM4fkD5zPH/kIkSA=</latexit>

100 s

<latexit sha1_base64="JW7cuRxQ+iDjETCvzwrowkaTtYg=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cK9gPaUDbbSbt0swm7E7GE+jO8eFDEq3/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6mfqtB9BGxOoexwn4ERsoEQrO0Epdz3WfugiPmJlJr1xxq+4MdJl4OamQHPVe+avbj3kagUIumTEdz03Qz5hGwSVMSt3UQML4iA2gY6liERg/m908oSdW6dMw1rYU0pn6eyJjkTHjKLCdEcOhWfSm4n9eJ8Xwys+ESlIExeeLwlRSjOk0ANoXGjjKsSWMa2FvpXzINONoYyrZELzFl5dJ86zqnVcv7s4rtes8jiI5IsfklHjkktTILamTBuEkIc/klbw5qfPivDsf89aCk88ckj9wPn8A2gSRlQ==</latexit>

Optical

<latexit sha1_base64="zNvR3WWEQEV5YLJ3FxTqvvX9o3s=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchSStNMuiG3dWsA9oQ5lMJ+3QSTLMTIQS+hFuXCji1u9x5984fQhV9MCFwzn3ztx7QsGZ0o7zaa2tb2xubRd2irt7+weHpaPjlkozSWiTpDyVnRAryllCm5ppTjtCUhyHnLbD8fXMbz9QqVia3OuJoEGMhwmLGMHaSO1boQ3l/VLZtZ05kGNXPL/iVw3xajWv4qNvqwxLNPqlj94gJVlME004VqrrOkIHOZbmOU6nxV6mqMBkjIe0a2iCY6qCfL7uFJ0bZYCiVJpKNJqrqxM5jpWaxKHpjLEeqd/eTPzL62Y68oOcJSLTNCGLj6KMI52i2e1owCQlmk8MwUQysysiIywx0Sah4moI/5OWZ7tV+/LOK9evlnEU4BTO4AJcqEEdbqABTSAwhkd4hhdLWE/Wq/W2aF2zljMn8APW+xeoaI/M</latexit>

UV

<latexit sha1_base64="/CLul1k7kI2KfSFy4BiAk7H3jGc=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU0lqS9tb0YvHKqYttKFstpt26WYTdjdCCf0HXjwo4tV/5M1/4zatoKIPBh7vzTAzz485U9q2P6zc2vrG5lZ+u7Czu7d/UDw86qgokYS6JOKR7PlYUc4EdTXTnPZiSXHoc9r1p1cLv3tPpWKRuNOzmHohHgsWMIK1kW7dzrBYsstV26COMuLYF4Y0m41arYmcsp2hBCu0h8X3wSgiSUiFJhwr1XfsWHsplpoRTueFQaJojMkUj2nfUIFDqrw0u3SOzowyQkEkTQmNMvX7RIpDpWahbzpDrCfqt7cQ//L6iQ4aXspEnGgqyHJRkHCkI7R4G42YpETzmSGYSGZuRWSCJSbahFMwIXx9iv4nnUrZqZZrN5VS63IVRx5O4BTOwYE6tOAa2uACgQAe4Ameran1aL1Yr8vWnLWaOYYfsN4+AbY1jX8=</latexit>

X-rays, ! ! 104 eV

<latexit sha1_base64="DoE5ArzwHbnt/qquPfBk2+Royew="></latexit>
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Local search

 Search Strategies
Focused search

• Wide field search for transients on 
nearby (within ) stars


• Does not require dedicated survey


• Rate low, so targets low 


• Stellar superflare background could 
be high

1 kpc

MDM

• Point to region with high 


• Requires dedicated search with 
powerful UV telescope


• Multiple  away, so targets high 


• Events very energetic, background 
negligible

Γ ∝ ρDM/vDM

kpc MDM
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Local search: planned UV transient 
telescope ULTRASAT, nearby K dwarfs

Detection threshold: SNR ≥ 5

Focused search: Hubble Space 
Telescope, core of globular cluster 47 Tuc
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Future Directions

• Other star types (brown dwarf) and telescopes (LSST)?


• Constraints with archival data?


• Other focused searches (galactic center, Milky Way 
satellites, other globular clusters)?


• Hydrodynamic simulation of shock propagation and 
subsequent cooling?
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Questions?
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