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Dark reality



After 1000 kg-year exposure:
1805.12562

Direct searches: status
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Challenges of  direct searches
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XENON1T - SD
      No nuclear coherence 
      if scattering spin-dependent: 
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XENON1T - SI

E.g. (Majorana) DM coupling to 
axial quark current q̄�µ�5q

More challenges: spin dependence



Tucker-Smith, Weiner 0101138, 0402065, 
Barello, Chang, Newby 1409.0536 

If scattering inelastic, 
no recoil when 

� > 2µN�v
2
DM = O(100keV)

� ⌘ mDM⇤ �mDM

DM DM*

(Image: G. Kribs)

PandaX-II, 1708.05825

More challenges: inelasticity
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More challenges: inelasticity
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More challenges: inelasticity



XENON1T-SD

Xe ν floor - SD

Xe ν floor - SI

XENON1T - SI

Atmospheric +  
diffuse supernovae +  
solar 
neutrino background 

E.g. Higgsino elastic scattering (loops) 
Hill & Solon 1408.8290

More challenges: irreducible backgrounds



(1) Low mass 
(2) High mass 
(3) Strongly interacting 
(4) Spin-dependent 
(5) Inelastic 
(6) Neutrino floors

✕

✕

✕

✕

Crucial frontiers — beyond which dark matter could be.

✕

✕

Challenges: summary



(Dark) Kinetic Heating



heating rate = cooling rate



/
<latexit sha1_base64="GtFuUjY8BZZm7HbTan7fO5QgE9o=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5EULugjWUEzwSSI+xtNsmSvd1ld04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMv0YJbDIIvr7Syura+Ud6sbG3v7O5V9w8erMoMZRFVQpl2QiwTXLIIOQrW1oaRNBGslYxvZn7rkRnLlbzHiWZxSoaSDzgl6KRWVxulUfWqtaAezOH/JWFBalCg2at+dvuKZimTSAWxthMGGuOcGORUsGmlm1mmCR2TIes4KknKbJzPz536J07p+wNlXEn05+rPiZyk1k7SxHWmBEd22ZuJ/3mdDAeXcc6lzpBJulg0yISPyp/97ve5YRTFxBFCDXe3+nREDKHoEqq4EMLll/+S6Kx+VQ/vzmuN6yKNMhzBMZxCCBfQgFtoQgQUxvAEL/Dqae/Ze/PeF60lr5g5hF/wPr4BDrOPlA==</latexit><latexit sha1_base64="GtFuUjY8BZZm7HbTan7fO5QgE9o=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5EULugjWUEzwSSI+xtNsmSvd1ld04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMv0YJbDIIvr7Syura+Ud6sbG3v7O5V9w8erMoMZRFVQpl2QiwTXLIIOQrW1oaRNBGslYxvZn7rkRnLlbzHiWZxSoaSDzgl6KRWVxulUfWqtaAezOH/JWFBalCg2at+dvuKZimTSAWxthMGGuOcGORUsGmlm1mmCR2TIes4KknKbJzPz536J07p+wNlXEn05+rPiZyk1k7SxHWmBEd22ZuJ/3mdDAeXcc6lzpBJulg0yISPyp/97ve5YRTFxBFCDXe3+nREDKHoEqq4EMLll/+S6Kx+VQ/vzmuN6yKNMhzBMZxCCBfQgFtoQgQUxvAEL/Dqae/Ze/PeF60lr5g5hF/wPr4BDrOPlA==</latexit><latexit sha1_base64="GtFuUjY8BZZm7HbTan7fO5QgE9o=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5EULugjWUEzwSSI+xtNsmSvd1ld04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMv0YJbDIIvr7Syura+Ud6sbG3v7O5V9w8erMoMZRFVQpl2QiwTXLIIOQrW1oaRNBGslYxvZn7rkRnLlbzHiWZxSoaSDzgl6KRWVxulUfWqtaAezOH/JWFBalCg2at+dvuKZimTSAWxthMGGuOcGORUsGmlm1mmCR2TIes4KknKbJzPz536J07p+wNlXEn05+rPiZyk1k7SxHWmBEd22ZuJ/3mdDAeXcc6lzpBJulg0yISPyp/97ve5YRTFxBFCDXe3+nREDKHoEqq4EMLll/+S6Kx+VQ/vzmuN6yKNMhzBMZxCCBfQgFtoQgQUxvAEL/Dqae/Ze/PeF60lr5g5hF/wPr4BDrOPlA==</latexit><latexit sha1_base64="GtFuUjY8BZZm7HbTan7fO5QgE9o=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5EULugjWUEzwSSI+xtNsmSvd1ld04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMv0YJbDIIvr7Syura+Ud6sbG3v7O5V9w8erMoMZRFVQpl2QiwTXLIIOQrW1oaRNBGslYxvZn7rkRnLlbzHiWZxSoaSDzgl6KRWVxulUfWqtaAezOH/JWFBalCg2at+dvuKZimTSAWxthMGGuOcGORUsGmlm1mmCR2TIes4KknKbJzPz536J07p+wNlXEn05+rPiZyk1k7SxHWmBEd22ZuJ/3mdDAeXcc6lzpBJulg0yISPyp/97ve5YRTFxBFCDXe3+nREDKHoEqq4EMLll/+S6Kx+VQ/vzmuN6yKNMhzBMZxCCBfQgFtoQgQUxvAEL/Dqae/Ze/PeF60lr5g5hF/wPr4BDrOPlA==</latexit>

/
<latexit sha1_base64="GtFuUjY8BZZm7HbTan7fO5QgE9o=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5EULugjWUEzwSSI+xtNsmSvd1ld04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMv0YJbDIIvr7Syura+Ud6sbG3v7O5V9w8erMoMZRFVQpl2QiwTXLIIOQrW1oaRNBGslYxvZn7rkRnLlbzHiWZxSoaSDzgl6KRWVxulUfWqtaAezOH/JWFBalCg2at+dvuKZimTSAWxthMGGuOcGORUsGmlm1mmCR2TIes4KknKbJzPz536J07p+wNlXEn05+rPiZyk1k7SxHWmBEd22ZuJ/3mdDAeXcc6lzpBJulg0yISPyp/97ve5YRTFxBFCDXe3+nREDKHoEqq4EMLll/+S6Kx+VQ/vzmuN6yKNMhzBMZxCCBfQgFtoQgQUxvAEL/Dqae/Ze/PeF60lr5g5hF/wPr4BDrOPlA==</latexi t><latexit sha1_base64="GtFuUjY8BZZm7HbTan7fO5QgE9o=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5EULugjWUEzwSSI+xtNsmSvd1ld04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMv0YJbDIIvr7Syura+Ud6sbG3v7O5V9w8erMoMZRFVQpl2QiwTXLIIOQrW1oaRNBGslYxvZn7rkRnLlbzHiWZxSoaSDzgl6KRWVxulUfWqtaAezOH/JWFBalCg2at+dvuKZimTSAWxthMGGuOcGORUsGmlm1mmCR2TIes4KknKbJzPz536J07p+wNlXEn05+rPiZyk1k7SxHWmBEd22ZuJ/3mdDAeXcc6lzpBJulg0yISPyp/97ve5YRTFxBFCDXe3+nREDKHoEqq4EMLll/+S6Kx+VQ/vzmuN6yKNMhzBMZxCCBfQgFtoQgQUxvAEL/Dqae/Ze/PeF60lr5g5hF/wPr4BDrOPlA==</latexi t><latexit sha1_base64="GtFuUjY8BZZm7HbTan7fO5QgE9o=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5EULugjWUEzwSSI+xtNsmSvd1ld04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMv0YJbDIIvr7Syura+Ud6sbG3v7O5V9w8erMoMZRFVQpl2QiwTXLIIOQrW1oaRNBGslYxvZn7rkRnLlbzHiWZxSoaSDzgl6KRWVxulUfWqtaAezOH/JWFBalCg2at+dvuKZimTSAWxthMGGuOcGORUsGmlm1mmCR2TIes4KknKbJzPz536J07p+wNlXEn05+rPiZyk1k7SxHWmBEd22ZuJ/3mdDAeXcc6lzpBJulg0yISPyp/97ve5YRTFxBFCDXe3+nREDKHoEqq4EMLll/+S6Kx+VQ/vzmuN6yKNMhzBMZxCCBfQgFtoQgQUxvAEL/Dqae/Ze/PeF60lr5g5hF/wPr4BDrOPlA==</latexi t><latexit sha1_base64="GtFuUjY8BZZm7HbTan7fO5QgE9o=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5EULugjWUEzwSSI+xtNsmSvd1ld04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMv0YJbDIIvr7Syura+Ud6sbG3v7O5V9w8erMoMZRFVQpl2QiwTXLIIOQrW1oaRNBGslYxvZn7rkRnLlbzHiWZxSoaSDzgl6KRWVxulUfWqtaAezOH/JWFBalCg2at+dvuKZimTSAWxthMGGuOcGORUsGmlm1mmCR2TIes4KknKbJzPz536J07p+wNlXEn05+rPiZyk1k7SxHWmBEd22ZuJ/3mdDAeXcc6lzpBJulg0yISPyp/97ve5YRTFxBFCDXe3+nREDKHoEqq4EMLll/+S6Kx+VQ/vzmuN6yKNMhzBMZxCCBfQgFtoQgQUxvAEL/Dqae/Ze/PeF60lr5g5hF/wPr4BDrOPlA==</latexi t>

KE
dN

dt
<latexit sha1_base64="RI/rbkShDuS9EAS1UjwzkxMUkBE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56kgrGFNpTNZtMu3Xy4OymU0N/hxYOKV/+MN/+N2zYHbX0w8Hhvhpl5fiqFRtv+tkorq2vrG+XNytb2zu5edf/gUSeZYtxliUxU26eaSxFzFwVK3k4Vp5Evecsf3kz91ogrLZL4Accp9yLaj0UoGEUjed1QUZYHd5M8wEmvWrPr9gxkmTgFqUGBZq/61Q0SlkU8Riap1h3HTtHLqULBJJ9UupnmKWVD2ucdQ2Mace3ls6Mn5MQoAQkTZSpGMlN/T+Q00noc+aYzojjQi95U/M/rZBheermI0wx5zOaLwkwSTMg0ARIIxRnKsSGUKWFuJWxATQ5ocqqYEJzFl5eJe1a/qjv357XGdZFGGY7gGE7BgQtowC00wQUGT/AMr/BmjawX6936mLeWrGLmEP7A+vwBtb+SQg==</latexit><latexit sha1_base64="RI/rbkShDuS9EAS1UjwzkxMUkBE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56kgrGFNpTNZtMu3Xy4OymU0N/hxYOKV/+MN/+N2zYHbX0w8Hhvhpl5fiqFRtv+tkorq2vrG+XNytb2zu5edf/gUSeZYtxliUxU26eaSxFzFwVK3k4Vp5Evecsf3kz91ogrLZL4Accp9yLaj0UoGEUjed1QUZYHd5M8wEmvWrPr9gxkmTgFqUGBZq/61Q0SlkU8Riap1h3HTtHLqULBJJ9UupnmKWVD2ucdQ2Mace3ls6Mn5MQoAQkTZSpGMlN/T+Q00noc+aYzojjQi95U/M/rZBheermI0wx5zOaLwkwSTMg0ARIIxRnKsSGUKWFuJWxATQ5ocqqYEJzFl5eJe1a/qjv357XGdZFGGY7gGE7BgQtowC00wQUGT/AMr/BmjawX6936mLeWrGLmEP7A+vwBtb+SQg==</latexit><latexit sha1_base64="RI/rbkShDuS9EAS1UjwzkxMUkBE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56kgrGFNpTNZtMu3Xy4OymU0N/hxYOKV/+MN/+N2zYHbX0w8Hhvhpl5fiqFRtv+tkorq2vrG+XNytb2zu5edf/gUSeZYtxliUxU26eaSxFzFwVK3k4Vp5Evecsf3kz91ogrLZL4Accp9yLaj0UoGEUjed1QUZYHd5M8wEmvWrPr9gxkmTgFqUGBZq/61Q0SlkU8Riap1h3HTtHLqULBJJ9UupnmKWVD2ucdQ2Mace3ls6Mn5MQoAQkTZSpGMlN/T+Q00noc+aYzojjQi95U/M/rZBheermI0wx5zOaLwkwSTMg0ARIIxRnKsSGUKWFuJWxATQ5ocqqYEJzFl5eJe1a/qjv357XGdZFGGY7gGE7BgQtowC00wQUGT/AMr/BmjawX6936mLeWrGLmEP7A+vwBtb+SQg==</latexit><latexit sha1_base64="RI/rbkShDuS9EAS1UjwzkxMUkBE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56kgrGFNpTNZtMu3Xy4OymU0N/hxYOKV/+MN/+N2zYHbX0w8Hhvhpl5fiqFRtv+tkorq2vrG+XNytb2zu5edf/gUSeZYtxliUxU26eaSxFzFwVK3k4Vp5Evecsf3kz91ogrLZL4Accp9yLaj0UoGEUjed1QUZYHd5M8wEmvWrPr9gxkmTgFqUGBZq/61Q0SlkU8Riap1h3HTtHLqULBJJ9UupnmKWVD2ucdQ2Mace3ls6Mn5MQoAQkTZSpGMlN/T+Q00noc+aYzojjQi95U/M/rZBheermI0wx5zOaLwkwSTMg0ARIIxRnKsSGUKWFuJWxATQ5ocqqYEJzFl5eJe1a/qjv357XGdZFGGY7gGE7BgQtowC00wQUGT/AMr/BmjawX6936mLeWrGLmEP7A+vwBtb+SQg==</latexit>

/
<latexit sha1_base64="GtFuUjY8BZZm7HbTan7fO5QgE9o=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5EULugjWUEzwSSI+xtNsmSvd1ld04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMv0YJbDIIvr7Syura+Ud6sbG3v7O5V9w8erMoMZRFVQpl2QiwTXLIIOQrW1oaRNBGslYxvZn7rkRnLlbzHiWZxSoaSDzgl6KRWVxulUfWqtaAezOH/JWFBalCg2at+dvuKZimTSAWxthMGGuOcGORUsGmlm1mmCR2TIes4KknKbJzPz536J07p+wNlXEn05+rPiZyk1k7SxHWmBEd22ZuJ/3mdDAeXcc6lzpBJulg0yISPyp/97ve5YRTFxBFCDXe3+nREDKHoEqq4EMLll/+S6Kx+VQ/vzmuN6yKNMhzBMZxCCBfQgFtoQgQUxvAEL/Dqae/Ze/PeF60lr5g5hF/wPr4BDrOPlA==</latexi t><latexit sha1_base64="GtFuUjY8BZZm7HbTan7fO5QgE9o=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5EULugjWUEzwSSI+xtNsmSvd1ld04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMv0YJbDIIvr7Syura+Ud6sbG3v7O5V9w8erMoMZRFVQpl2QiwTXLIIOQrW1oaRNBGslYxvZn7rkRnLlbzHiWZxSoaSDzgl6KRWVxulUfWqtaAezOH/JWFBalCg2at+dvuKZimTSAWxthMGGuOcGORUsGmlm1mmCR2TIes4KknKbJzPz536J07p+wNlXEn05+rPiZyk1k7SxHWmBEd22ZuJ/3mdDAeXcc6lzpBJulg0yISPyp/97ve5YRTFxBFCDXe3+nREDKHoEqq4EMLll/+S6Kx+VQ/vzmuN6yKNMhzBMZxCCBfQgFtoQgQUxvAEL/Dqae/Ze/PeF60lr5g5hF/wPr4BDrOPlA==</latexi t><latexit sha1_base64="GtFuUjY8BZZm7HbTan7fO5QgE9o=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5EULugjWUEzwSSI+xtNsmSvd1ld04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMv0YJbDIIvr7Syura+Ud6sbG3v7O5V9w8erMoMZRFVQpl2QiwTXLIIOQrW1oaRNBGslYxvZn7rkRnLlbzHiWZxSoaSDzgl6KRWVxulUfWqtaAezOH/JWFBalCg2at+dvuKZimTSAWxthMGGuOcGORUsGmlm1mmCR2TIes4KknKbJzPz536J07p+wNlXEn05+rPiZyk1k7SxHWmBEd22ZuJ/3mdDAeXcc6lzpBJulg0yISPyp/97ve5YRTFxBFCDXe3+nREDKHoEqq4EMLll/+S6Kx+VQ/vzmuN6yKNMhzBMZxCCBfQgFtoQgQUxvAEL/Dqae/Ze/PeF60lr5g5hF/wPr4BDrOPlA==</latexi t><latexit sha1_base64="GtFuUjY8BZZm7HbTan7fO5QgE9o=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5EULugjWUEzwSSI+xtNsmSvd1ld04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMv0YJbDIIvr7Syura+Ud6sbG3v7O5V9w8erMoMZRFVQpl2QiwTXLIIOQrW1oaRNBGslYxvZn7rkRnLlbzHiWZxSoaSDzgl6KRWVxulUfWqtaAezOH/JWFBalCg2at+dvuKZimTSAWxthMGGuOcGORUsGmlm1mmCR2TIes4KknKbJzPz536J07p+wNlXEn05+rPiZyk1k7SxHWmBEd22ZuJ/3mdDAeXcc6lzpBJulg0yISPyp/97ve5YRTFxBFCDXe3+nREDKHoEqq4EMLll/+S6Kx+VQ/vzmuN6yKNMhzBMZxCCBfQgFtoQgQUxvAEL/Dqae/Ze/PeF60lr5g5hF/wPr4BDrOPlA==</latexi t>

heating rate = cooling rate
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heating rate = KEDM
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Dark fire

How hot can  
dark matter  
keep my soup?

heating rate = KEDM
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= 10-29 cm2

Dark fire: soup temperature

heating rate =

one hit per transit:

KEDM
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Dark fire: soup temperature

mass drops out!

heating rate = KEDM
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1

2
mDM(300 km/s)2
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0.3 GeV/cm3

mDM
Asoup(300 km/s)
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T = 0.003 Kelvin

Dark fire: soup temperature

How hot can  
dark matter  
keep my soup?

�

R

�

�



Need a better detector



better

= 10-29 cm2=

�

�

�



better

= <<10-29 cm2

�

�

�

�

�

�

denser & bigger



better

=

�

�

�

denser & bigger

�

�

�

Accelerate dark matter.

vesc /
p
⇢R

( higher KE, dN/dt )

Gravity bonus!

<<10-29 cm2



better

T = 0.003 Kelvin

 T = 278 Kelvinleft to itself

dark fire-heated 



better

be colder in natural state 

T = 0.003 Kelvin

 T = 278 Kelvinleft to itself

dark fire-heated 



What’s dense, big, and cold?



What’s dense, big, and cold?



What’s dense, big, and cold?

a neutron star!



 neutron starcore-collapse 
   supernova

Zwicky 
  again 
 

1934 
 



What’s dense, big, and cold?
7 x 1014 g/cm3density:



What’s dense, big, and cold?
7 x 1014 g/cm3density: radius: 10 km



What’s dense, big, and cold?
7 x 1014 g/cm3 radius: 10 kmdensity:

vesc /
p
⇢R

vesc ' 0.7c



What’s dense, big, and cold?
7 x 1014 g/cm3 radius: 10 kmdensity:

Teffective ≲ 1000 K

Teffective ~ 100 K

20 x 106 years

 1  x 109 years

Page, Lattimer, Prakash, Steiner (2004) 
Yakovlev, Pethick (2004)

(compare with snowball)

vesc /
p
⇢R

vesc ' 0.7c



  Detector properties

7 x 1014 g/cm3density:

Teffective ~ 100 K
radius: 10 km



  Dark fires in the sky

�

�

�

How hot can dark matter  
keep my neutron star?

7 x 1014 g/cm3density:
radius: 10 km
Teffective ~ 100 K

Phys.Rev.Lett. 119, 131801 (2017)
  M Baryakhtar, J Bramante, S Li, T Linden, N. Raj

Phys.Rev.D. 97, 043006 (2017)
N. Raj, P Tanedo, H-B Yu



 Zwicky misses the party

How hot can dark matter  
keep my neutron star?

1933

1934

unknown to 
   Zwicky

estimable by 
     Zwicky

 dark matter

neutron star

FROM LOCAL MEASUREMENTS

7 x 1014 g/cm3density:

Teffective ~ 100 K
radius: 10 km

300 km/s  0.3 GeV/cm3 



Dark fire: neutron star temperature

10-45 cm2

Phys.Rev.Lett. 119, 131801 (2017)
  M Baryakhtar, J Bramante, S Li, T Linden, N. Raj

Phys.Rev.D. 97, 043006 (2017)
N. Raj, P Tanedo, H-B Yu

mneutron

⇢NSRNS
<latexit sha1_base64="dR7fQvoJtQZq0zJxVU8wkzFCLKE=">AAACGHicbZDLSgMxFIYz9VbrbdSlm2ARXJUZEdRd0Y0rqZexhU4pmTTThuYyJBmhDPMabnwVNy5U3Hbn25i2g2j1h8CX/5xDcv4oYVQbz/t0SguLS8sr5dXK2vrG5pa7vXOvZaowCbBkUrUipAmjggSGGkZaiSKIR4w0o+HFpN58IEpTKe7MKCEdjvqCxhQjY62u64WxQjjj3SxUHAqSGiVFntvbQM68q9sc3nxj3nWrXs2bCv4Fv4AqKNTouuOwJ3HKiTCYIa3bvpeYToaUoZiRvBKmmiQID1GftC0KxInuZNPNcnhgnR6MpbJHGDh1f05kiGs94pHt5MgM9HxtYv5Xa6cmPu1kVCSpIQLPHopTBo2Ek5hgjyqCDRtZQFhR+1eIB8hGZWyYFRuCP7/yXwiOamc1//q4Wj8v0iiDPbAPDoEPTkAdXIIGCAAGj+AZvII358l5cd6dj1lrySlmdsEvOeMvH/ChLg==</latexit><latexit sha1_base64="dR7fQvoJtQZq0zJxVU8wkzFCLKE=">AAACGHicbZDLSgMxFIYz9VbrbdSlm2ARXJUZEdRd0Y0rqZexhU4pmTTThuYyJBmhDPMabnwVNy5U3Hbn25i2g2j1h8CX/5xDcv4oYVQbz/t0SguLS8sr5dXK2vrG5pa7vXOvZaowCbBkUrUipAmjggSGGkZaiSKIR4w0o+HFpN58IEpTKe7MKCEdjvqCxhQjY62u64WxQjjj3SxUHAqSGiVFntvbQM68q9sc3nxj3nWrXs2bCv4Fv4AqKNTouuOwJ3HKiTCYIa3bvpeYToaUoZiRvBKmmiQID1GftC0KxInuZNPNcnhgnR6MpbJHGDh1f05kiGs94pHt5MgM9HxtYv5Xa6cmPu1kVCSpIQLPHopTBo2Ek5hgjyqCDRtZQFhR+1eIB8hGZWyYFRuCP7/yXwiOamc1//q4Wj8v0iiDPbAPDoEPTkAdXIIGCAAGj+AZvII358l5cd6dj1lrySlmdsEvOeMvH/ChLg==</latexit><latexit sha1_base64="dR7fQvoJtQZq0zJxVU8wkzFCLKE=">AAACGHicbZDLSgMxFIYz9VbrbdSlm2ARXJUZEdRd0Y0rqZexhU4pmTTThuYyJBmhDPMabnwVNy5U3Hbn25i2g2j1h8CX/5xDcv4oYVQbz/t0SguLS8sr5dXK2vrG5pa7vXOvZaowCbBkUrUipAmjggSGGkZaiSKIR4w0o+HFpN58IEpTKe7MKCEdjvqCxhQjY62u64WxQjjj3SxUHAqSGiVFntvbQM68q9sc3nxj3nWrXs2bCv4Fv4AqKNTouuOwJ3HKiTCYIa3bvpeYToaUoZiRvBKmmiQID1GftC0KxInuZNPNcnhgnR6MpbJHGDh1f05kiGs94pHt5MgM9HxtYv5Xa6cmPu1kVCSpIQLPHopTBo2Ek5hgjyqCDRtZQFhR+1eIB8hGZWyYFRuCP7/yXwiOamc1//q4Wj8v0iiDPbAPDoEPTkAdXIIGCAAGj+AZvII358l5cd6dj1lrySlmdsEvOeMvH/ChLg==</latexit><latexit sha1_base64="dR7fQvoJtQZq0zJxVU8wkzFCLKE=">AAACGHicbZDLSgMxFIYz9VbrbdSlm2ARXJUZEdRd0Y0rqZexhU4pmTTThuYyJBmhDPMabnwVNy5U3Hbn25i2g2j1h8CX/5xDcv4oYVQbz/t0SguLS8sr5dXK2vrG5pa7vXOvZaowCbBkUrUipAmjggSGGkZaiSKIR4w0o+HFpN58IEpTKe7MKCEdjvqCxhQjY62u64WxQjjj3SxUHAqSGiVFntvbQM68q9sc3nxj3nWrXs2bCv4Fv4AqKNTouuOwJ3HKiTCYIa3bvpeYToaUoZiRvBKmmiQID1GftC0KxInuZNPNcnhgnR6MpbJHGDh1f05kiGs94pHt5MgM9HxtYv5Xa6cmPu1kVCSpIQLPHopTBo2Ek5hgjyqCDRtZQFhR+1eIB8hGZWyYFRuCP7/yXwiOamc1//q4Wj8v0iiDPbAPDoEPTkAdXIIGCAAGj+AZvII358l5cd6dj1lrySlmdsEvOeMvH/ChLg==</latexit>

=

<<10-29 cm2

heating rate = KEDM
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x dNDM

dt
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Dark fire: neutron star temperature

heating rate = KEDM
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x dNDM

dt
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0.35 mDM
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mass drops out!

0.3 GeV/cm3

mDM
⇡R2

NS

✓
vesc

300 km/s

◆2

(300 km/s)
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Dark fire: neutron star temperature

�

�

�

How hot can dark matter  
keep my neutron star?

T = 1750 Kelvin

(infrared)



Coldest neutron star  
temperatures we were  
able to measure:

T = 1750 Kelvin

snowball star      lava star

     dark matter

T = 105 Kelvin

How to find dark fire-heated, lava-cold neutron stars? 



CHIME

100 old, cold neutron stars  
in the local 50 pc.

O. Blaes, P. Madau (1993)

 Observation prospects
Radio telescopes 

(design: pulsar discovery) 

FAST



James Webb

Thirty Meter 

European Extremely Large

CHIME

100 old, cold neutron stars  
in the local 50 pc.

O. Blaes, P. Madau (1993)

 Observation prospects
Infrared telescopes 

(design: exoplanet atmosphere study) 

2025

2021

2027

Radio telescopes 
(design: pulsar discovery) 

FAST



James Webb

7⇥ 104 sec

✓
d

10pc

◆4

for 2𝜎 sensitivity

kinetic heating

1750 K(1.5 solar mass, 10 km star)

Thirty Meter

105 sec

✓
d

10pc

◆4

Observation times



L / (� � 1)mDM +mDM
kinetic heating

Minimum signature



Possible bonus

L / (� � 1)mDM +mDM
+ annihilation

kinetic heating

Minimum signature



L / (� � 1)mDM +mDM
+ annihilation

kinetic heating

Affects choice of filter, observation time.

Brightness diagnosis



L / (� � 1)mDM +mDM
+ annihilation

kinetic heating
 
� =

1p
1� 2GM/R

!

Brightness diagnosis



James Webb

7⇥ 104 sec

✓
d

10pc

◆4

for 2𝜎 sensitivity

+ annihilationkinetic heating

1750 K 2480 K(1.5 solar mass, 10 km star)

Thirty Meter

Annihilation saves observation time (= $$)  
                  by a factor of  >10!

105 sec

✓
d

10pc

◆4

9⇥ 103 sec

✓
d

10pc

◆4

2⇥ 103 sec

✓
d

10pc

◆4

Observation times



- Old, nearby neutron stars must turn up  

- Internal backgrounds not fully understood 

- Age determination not fully reliable 

So what do you buy?

} Claim of dark matter discovery  
will be premature/exaggerated! 
(As opposed to exclusion = clean.)

Difficulties



- Old, nearby neutron stars must turn up  

- Internal backgrounds not fully understood 

- Age determination not fully reliable 

Does dark kinetic heating 
expand our direct detection 
frontiers?

(1) Low mass 
(2) High mass 
(3) Strongly interacting 
(4) Spin-dependent 
(5) v-suppressed 
(6) Inelastic 
(7) Neutrino floors

So what do you buy?

Claim of dark matter discovery  
will be premature/exaggerated! 
(As opposed to exclusion = clean.)}

✕

✕

✕

✕

✕

✕

✕

Rewards?



T
∞ = 1750 K

T
∞ = 1000 K

CRESST (2015)

CDMSlite (2015)

XENON1T-SIXENON1T-SD

�threshold /

Erecoil ⇠ 2mnv
2
esc

EDM ⇠ 1

2
mDMv2DM

versus

number of scatters
= EDM/Erecoil

✅

M Baryakhtar, J Bramante, S Li, T Linden, N R;1704.01577
(1) Low mass 
(2) High mass 

✅

��1
threshold / fraction of nucleons excitable 

to > Fermi momentum �mDMvesc
pFermi

“Pauli blocking"

�threshold = ⇡R2

✓
mn

MNS

◆

Complementing terrestrial searches



T
∞ = 1750 K

T
∞ = 1000 K

CRESST (2015)

CDMSlite (2015)

XENON1T-SIXENON1T-SD

✅

✅

Direct detection ceiling does not apply

(1) Low mass 
(2) High mass 
(3) Strong 

✅

Complementing terrestrial searches



T
∞ = 1750 K

T
∞ = 1000 K

CRESST (2015)

CDMSlite (2015)

Scattering with neutrons: 
apathy to nuclear coherence

✅

✅

✅

M Baryakhtar, J Bramante, S Li, T Linden, N R;1704.01577
(1) Low mass 
(2) High mass 
(3) Strong 
(4) Spin-dependent 

✅

Complementing terrestrial searches

XENON1T-SIXENON1T-SD



� ⌘ mDM⇤ �mDM

DM DM*

Scattering proceeds so long as 
     mass splitting is below

(Direct detection δmax: O(100 keV))

1807.02840

✅

✅

✅

✅

(1) Low mass 
(2) High mass 
(3) Strong 
(4) Spin-dependent 
(5) Inelastic 

✅

Complementing terrestrial searches

= 200 MeV

q

eH0
1

q

eH0
2/

eH±

Great news for Higgsino lovers!



T
∞ = 1750 K

T
∞ = 1000 K

CRESST (2015)

CDMSlite (2015)

✅

✅

✅

✅

Xe ν
 flo

or - 
SI

M Baryakhtar, J Bramante, S Li, T Linden, N R;1704.01577

✅

✅

✅

✅

✅

✅

(1) Low mass 
(2) High mass 
(3) Strong 
(4) Spin-dependent 
(5) Inelastic 
(6) Neutrino floors 

✅

Complementing terrestrial searches

XENON1T-SIXENON1T-SD



Important variations on a theme

Are we barking down  
the wrong stellar region?

Are we barking down  
the wrong target particle?

A Joglekar, N R, P Tanedo, H-B. Yu; 1911.13293

J Acevedo, J Bramante, R Leane, N R; 1911.06334



A Joglekar, N R, P Tanedo, H-B. Yu; 1911.13293

Zippy electrons in the core

speed ~c, random directions

frozen in the star]
-

products of 
β equilibrium 



A Joglekar, N R, P Tanedo, H-B. Yu; 1911.13293

Trouble with zippy electrons

speed ~c, random directions

frozen in the star]
-

products of 
β equilibrium 

notion of “geometric cross section” breaks down!

�nTR?
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f = scattering cross section
geometric cross section = capture probability

NON-RELATIVISTIC TARGETS:

ELECTRON TARGETS:



A Joglekar, N R, P Tanedo, H-B. Yu; 1911.13293

More trouble with zippy electrons

fcapture probability must be Lorentz-invariant

But scattering ingredients aren’t

cross sections most 
conveniently expressed here

Fermi-Dirac distribution  
best known (to me) here



A Joglekar, N R,  
P Tanedo, H-B. Yu;  
1911.13293

Putting frames together Lorentz-invariantly

DM’s stellar 
transit time

electron orientation 
with respect to star

Møller velocity
energy transfer  
to electron electron Fermi momentum

Pauli blocking possible multiscatter captureFermi sphere 
volume

In limit of non-relativistic target (&                 ):

f = 

Nhit ! 1
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scattering cross section
geometric cross section

=
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Putting frames together Lorentz-invariantly

DM’s stellar 
transit time

electron orientation 
with respect to star

Møller velocity
energy transfer  
to electron electron Fermi momentum

Pauli blocking possible multiscatter captureFermi sphere 
volume

In limit of non-relativistic target (&                 ):

f = 

Nhit ! 1
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scattering cross section
geometric cross section
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For short-distance 
interactions:

(�̄���)(f̄�ff)

⇤2
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“Electron star” dark matter detection

cross section ∝ Fermi energy2 

                                 [(150 MeV)2]

cross section ∝ electron mass2 

                                 [(0.5 MeV)2]

hard to lose energy to zippy electrons



[Caplan, Horowitz, RevModPhys 2017]

?

Are we barking down  
the wrong region?



[Caplan, Horowitz, RevModPhys 2017]

?

structure of the crust, 
better understood than core}



[Caplan, Horowitz, RevModPhys 2017]

deeper => 
knowledge of structure 
more uncertain

?



J Acevedo, J Bramante, R Leane, N R; 1911.06334

deeper => 
knowledge of structure 
more uncertain

worthwhile to investigate capability of  
every layer to capture dark matter

better sensitivity, 
more dubious

Climbing down the layers



q/ (2mn x phonon speed)

J Acevedo, J Bramante, R Leane, N R; 1911.06334

�phonon(q) = Sphonon(q)�n�
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energy deposited > halo KE
[q x phonon speed 
~ mDM vesc x 0.04 c]

[mDM (10-3 c)2]

capture by exciting single  
           superfluid phonon:
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Inner Crust: Phonon Excitations

neutron star mass = 1.8 M⦿,  radius = 12.5  km

Crust vs low mass dark matter
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Outer Crust
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Inner Crust: Phonon Excitations

neutron star mass = 1.8 M⦿,  radius = 12.5  km

Crust vs WIMPs & heavier dark matter

here lies the thermal Higgsino

response function describing 
correlations among nucleons in pasta

response peak

energy transfer < 
nucleon  
binding energy  
~ 10 MeV

capture by (quasi-)elastic scattering on nucleons

capture by pasta:
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spin-dependent scattering

100 K neutron star
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spin-independent scattering

100 K neutron star

versus direct detection:

Neutron star crust vs Earth crust



  
    low mass                 (sub-GeV)             , 
    high mass                (> 100 GeV)          , 
    spin-dependence     (𝜎SD > 10-45 cm2)   , 
    velocity-dependence                              , 
    inelasticity               (< GeV splittings) ,   and 
    sub-neutrino floors                                . 
    

Dark kinetic heating of neutron stars via scattering on  
non-relativistic nucleonic or ultra-relativistic electronic targets,  
in the less-understood core or fail-safe crust,  
seriously advances the direct detection frontiers of

Exoplanet observers like James Webb and Thirty Meter Telescope 
can unmask it with a day’s worth of exposure.

Takeaways



Backup



Asymmetric (with Z2-given stability)  — none 
p-wave                                                 — very suppressed

What happens for other spins & interactions? 
What if scattering is velocity-suppressed? 
                                 inelastic? 
Investigation ongoing…

But how much annihilation is guaranteed?

Annihilation saves observation time (= $$)  
                  by a factor of  >10!

Does DM even thermalize with the star?

Affects DM spatial distribution, 
hence annihilation rate: vs

Spin-0 DM, vector interaction with quarks

The importance of  being



✅

M Baryakhtar, J Bramante, S Li, T Linden, N R;1704.01577

✅

✅

✅

✅

✅

(1) Low mass 
(2) High mass 
(3) Strong 
(4) Spin-dependent 
(5) Inelastic 

✅

Complementing terrestrial searches





Detection

Thirty Meter 

Detection: infrared telescopes

Imager NIRCam IRIS
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✓
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James Webb

F200WFilter

T = 1750 Kelvin (infrared emission)

1.65 µmPeak wavelength:

1.75� 2.2 µm 2.0� 2.4 µm

K-band

Observ. time
for 2𝜎 sensitivity

backup



The Neutron Star Zoo 
A. K. Harding (2013)

Detection: radio pulsing



Complementing

T
∞ = 1750 K

T
∞ = 1000 K

CRESST (2015)

CDMSlite (2015)

PA
NDAX/LUX (2

016)

PA
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Xe ν
 flo

or - 
SD
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 flo

or - 
SI

M Baryakhtar, J Bramante, S Li, T Linden, N R;1704.01577

Underground searches would terrifically complement us.

✅

✅

✅

✅

✅

✅

(1) Low mass 
(2) High mass 
(3) Spin-dependent 
(4) v-suppressed 
(5) Inelastic 
(6) Neutrino floors


