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The strong CP ‘‘issue’’
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- CP violation in QCD sector: CKM angle                                          �13 = 1.2± 0.1 rad
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quark phase redefinition shifts between quark mass phase and QCD vacuum because of the axial anomaly

- The     -angle produces flavour-neutral CP violation like Electric Dipole Moments ... never observed!

- Neutron EDM (Pospelov 9908508)

✓

- Experimental upper limit (Grenoble hep-ex/0602020) 

|dn| < 3⇥ 10�13 [e fm]
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- Why is                        ? ✓ < 10�10

✓ = ✓QCD +Nf�AND flavour-neutral phase 



Driving     dynamically to zero with BSM physics✓



QCD vacuum energy is minimised at              !

0 ⇡�⇡

Potential energy density

✓

generated by QCD  
non-perturbative dynamics 
(instantons)

V (✓)

✓ = 0

New Spontaneous symmetry breaking [energy] scale fa

Canonically normalised    -field is the QCD AXION!✓ a(x) = ✓(x)fa

- If     is a dynamical field, QCD will automatically set     ✓ ✓ ! 0

- PQ Mechanism: 1: Global U(1) symmetry spontaneously broken-> Goldstone boso 
                              2: symmetry color anomalous          -> gluon coupling!  

La =
1

2
(@µ✓)(@

µ✓)f2
a

<latexit sha1_base64="JkLXpX80ub2gq4uS4fKCq5OUHRo="></latexit><latexit sha1_base64="JkLXpX80ub2gq4uS4fKCq5OUHRo="></latexit><latexit sha1_base64="JkLXpX80ub2gq4uS4fKCq5OUHRo="></latexit><latexit sha1_base64="JkLXpX80ub2gq4uS4fKCq5OUHRo="></latexit><latexit sha1_base64="JkLXpX80ub2gq4uS4fKCq5OUHRo="></latexit><latexit sha1_base64="JkLXpX80ub2gq4uS4fKCq5OUHRo="></latexit>

�↵s

8⇡
Gµ⌫aG

µ⌫
a ✓

<latexit sha1_base64="Gol7MgKa0Tho8b8MeGq26LI7I5I="></latexit><latexit sha1_base64="Gol7MgKa0Tho8b8MeGq26LI7I5I="></latexit><latexit sha1_base64="Gol7MgKa0Tho8b8MeGq26LI7I5I="></latexit><latexit sha1_base64="Gol7MgKa0Tho8b8MeGq26LI7I5I="></latexit><latexit sha1_base64="Gol7MgKa0Tho8b8MeGq26LI7I5I="></latexit><latexit sha1_base64="Gol7MgKa0Tho8b8MeGq26LI7I5I="></latexit>

F. WilczekS. Weinberg

New scale        can relate to fundamental scales (string, flavor)fa



electron couplingphoton coupling

couplings
- U(1) symmetry (axion shift symmetry) restricts interactions

- SS breaking terms induce mass, mixings + new interactions (one example ... 
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CP Neutron electric dipole
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Models old and new, ALPs
- Axions and "axion-like" particles are generic in BSM + compatible with SUSY, GUTs and String Theories

- QCD axion models:  hadronic, 2-Higgs-Doublet-models, familons, axi-majorons… 

pseudo Goldstone Bosons

- Global symmetry spontaneously broken 

stringy axions

- Im parts of moduli fields (control sizes) 

�(x) = ⇢(x)ei✓(x)

- O(100) candidates in typical compactifications 
- masses from non-perturbative effects

a recent selection from arXiv:1801.08127

Examples: QCD mesons, ..., QCD axion, Majoron, R-axion, Familon ... 



Landscape, what do we know?

If QCD axions exist, they are very light and VERY weakly interacting!

ma[eV] =
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axion-like … broader parameter spaces

photon coupling
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electron coupling
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arXiv:1801.08127



Dark Matters



- Weakly interacting, no thermalisation with SM particles, ALPs follow their potential 
- low mass ... flat potentials

Axions are dark matter ... to some extent

time
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= 

Dark Matter Axions 
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- Some amount of axion Dark matter is unavoidable! 
- t1~teq ... ALP is not DM



Axion dark matter
- The ALP DM YIELD depends on      AND on the initial conditionsfa

After PQ phase transition, theta IC conditions  
no-correlation beyond causal horizon

average over initial conditions! -> prediction!
⇡fa

⇡fa

large fa, small acceleration, energy stored longer

V (a)

V (a)

but which one???   no prediction!

Inflation after PQ phase transition...  
one domain stretched beyond our horizon! 
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�⇡
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SCENARIO I (N=1): axion evolution around t1

- 2D slice axion 
- Correlation length increases 
- cosmic strings (resolution!) 
- at t_1,  theta->0  
- inhomogeneus DM 



3 D string network

- UV completion when  
Theta=0...2pi



- Axion DM scenarios

Excluded (too much DM) OK! sub Excluded by Lab+Astro

What value of       for                              ?    

✓I ⇠ O(1)

⌦cdmh2 = 0.12fa

⇠ ⇡

- Less minimal axion models have further possibilities .... 
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SCENARIO I, N>1, Domain Walls stable-> cosmological disaster

SCENARIO I, N=1
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In some axion models, the Goldstone is                           but the anomaly leads to  ✓g 2 (�⇡,⇡) L✓ =
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-> the axion field is defined                       up to Npi and has thefore N degenerate (CP conserving) minima ✓ = ✓gN
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SCENARIO I, N>1, break slightly degeneracy (but tuning...)

SCENARIO I, N=1

a

fa
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Excluded (too much DM) ? tuned

- Axion DM scenarios

Excluded (too much DM) ok sub Excluded by Lab+Astro

What value of       for                              ?    

Dark Matter 
huge parameter space!

✓I ⌧ 1

✓I ⇠ O(1)

⌦cdmh2 = 0.12fa

⇠ ⇡

- Less minimal axion models have further possibilities .... 



What value of       for                              ?    ⌦cdmh2 = 0.12
arXiv:1801.08127

fa



axion-like parameter space

�I ⇠ f
<latexit sha1_base64="4992BLRsbSYSp268ALNKqQsPh2c=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVgnoreNFbBdcWukvJptk2NMmGJCuU0r/hxYOKV3+NN/+NabsHbX0w8Hhvhpl5ieLMWN//9kpr6xubW+Xtys7u3v5B9fDo0WS5JjQkGc90J8GGciZpaJnltKM0xSLhtJ2MbmZ++4lqwzL5YMeKxgIPJEsZwdZJUaSGrHcXGSZQ2qvW/Lo/B1olQUFqUKDVq35F/YzkgkpLODamG/jKxhOsLSOcTitRbqjCZIQHtOuoxIKaeDK/eYrOnNJHaaZdSYvm6u+JCRbGjEXiOgW2Q7PszcT/vG5u06t4wqTKLZVksSjNObIZmgWA+kxTYvnYEUw0c7ciMsQaE+tiqrgQguWXV0l4Ub+uB/eNWrNRpFGGEziFcwjgEppwCy0IgYCCZ3iFNy/3Xrx372PRWvKKmWP4A+/zBwBYkSg=</latexit><latexit sha1_base64="4992BLRsbSYSp268ALNKqQsPh2c=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVgnoreNFbBdcWukvJptk2NMmGJCuU0r/hxYOKV3+NN/+NabsHbX0w8Hhvhpl5ieLMWN//9kpr6xubW+Xtys7u3v5B9fDo0WS5JjQkGc90J8GGciZpaJnltKM0xSLhtJ2MbmZ++4lqwzL5YMeKxgIPJEsZwdZJUaSGrHcXGSZQ2qvW/Lo/B1olQUFqUKDVq35F/YzkgkpLODamG/jKxhOsLSOcTitRbqjCZIQHtOuoxIKaeDK/eYrOnNJHaaZdSYvm6u+JCRbGjEXiOgW2Q7PszcT/vG5u06t4wqTKLZVksSjNObIZmgWA+kxTYvnYEUw0c7ciMsQaE+tiqrgQguWXV0l4Ub+uB/eNWrNRpFGGEziFcwjgEppwCy0IgYCCZ3iFNy/3Xrx372PRWvKKmWP4A+/zBwBYkSg=</latexit><latexit sha1_base64="4992BLRsbSYSp268ALNKqQsPh2c=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVgnoreNFbBdcWukvJptk2NMmGJCuU0r/hxYOKV3+NN/+NabsHbX0w8Hhvhpl5ieLMWN//9kpr6xubW+Xtys7u3v5B9fDo0WS5JjQkGc90J8GGciZpaJnltKM0xSLhtJ2MbmZ++4lqwzL5YMeKxgIPJEsZwdZJUaSGrHcXGSZQ2qvW/Lo/B1olQUFqUKDVq35F/YzkgkpLODamG/jKxhOsLSOcTitRbqjCZIQHtOuoxIKaeDK/eYrOnNJHaaZdSYvm6u+JCRbGjEXiOgW2Q7PszcT/vG5u06t4wqTKLZVksSjNObIZmgWA+kxTYvnYEUw0c7ciMsQaE+tiqrgQguWXV0l4Ub+uB/eNWrNRpFGGEziFcwjgEppwCy0IgYCCZ3iFNy/3Xrx372PRWvKKmWP4A+/zBwBYkSg=</latexit><latexit sha1_base64="4992BLRsbSYSp268ALNKqQsPh2c=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVgnoreNFbBdcWukvJptk2NMmGJCuU0r/hxYOKV3+NN/+NabsHbX0w8Hhvhpl5ieLMWN//9kpr6xubW+Xtys7u3v5B9fDo0WS5JjQkGc90J8GGciZpaJnltKM0xSLhtJ2MbmZ++4lqwzL5YMeKxgIPJEsZwdZJUaSGrHcXGSZQ2qvW/Lo/B1olQUFqUKDVq35F/YzkgkpLODamG/jKxhOsLSOcTitRbqjCZIQHtOuoxIKaeDK/eYrOnNJHaaZdSYvm6u+JCRbGjEXiOgW2Q7PszcT/vG5u06t4wqTKLZVksSjNObIZmgWA+kxTYvnYEUw0c7ciMsQaE+tiqrgQguWXV0l4Ub+uB/eNWrNRpFGGEziFcwjgEppwCy0IgYCCZ3iFNy/3Xrx372PRWvKKmWP4A+/zBwBYkSg=</latexit>

g�� ⇠ ↵

2⇡f
<latexit sha1_base64="sWGt0gf58+oPxlX8kCMFWBEtNAs=">AAACEXicbVA9SwNBEN3zM8avqKXNYhC0CXchoHYBG8sIngnkQpjb7CVLdu+W3T0hHPcbbPwrNhYqtnZ2/hs3yRWa+GDg8d4MM/NCyZk2rvvtrKyurW9slrbK2zu7e/uVg8N7naSKUJ8kPFGdEDTlLKa+YYbTjlQURMhpOxxfT/32A1WaJfGdmUjaEzCMWcQIGCv1K+fDfhbIEQuGIATkONBM4CBSQLIAuBxBntUDyXCU9ytVt+bOgJeJV5AqKtDqV76CQUJSQWNDOGjd9VxpehkowwineTlINZVAxjCkXUtjEFT3stlLOT61ygBHibIVGzxTf09kILSeiNB2CjAjvehNxf+8bmqiy17GYpkaGpP5oijl2CR4mg8eMEWJ4RNLgChmb8VkBDYPY1Ms2xC8xZeXiV+vXdW820a12SjSKKFjdILOkIcuUBPdoBbyEUGP6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8AEUed4Q==</latexit><latexit sha1_base64="sWGt0gf58+oPxlX8kCMFWBEtNAs=">AAACEXicbVA9SwNBEN3zM8avqKXNYhC0CXchoHYBG8sIngnkQpjb7CVLdu+W3T0hHPcbbPwrNhYqtnZ2/hs3yRWa+GDg8d4MM/NCyZk2rvvtrKyurW9slrbK2zu7e/uVg8N7naSKUJ8kPFGdEDTlLKa+YYbTjlQURMhpOxxfT/32A1WaJfGdmUjaEzCMWcQIGCv1K+fDfhbIEQuGIATkONBM4CBSQLIAuBxBntUDyXCU9ytVt+bOgJeJV5AqKtDqV76CQUJSQWNDOGjd9VxpehkowwineTlINZVAxjCkXUtjEFT3stlLOT61ygBHibIVGzxTf09kILSeiNB2CjAjvehNxf+8bmqiy17GYpkaGpP5oijl2CR4mg8eMEWJ4RNLgChmb8VkBDYPY1Ms2xC8xZeXiV+vXdW820a12SjSKKFjdILOkIcuUBPdoBbyEUGP6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8AEUed4Q==</latexit><latexit sha1_base64="sWGt0gf58+oPxlX8kCMFWBEtNAs=">AAACEXicbVA9SwNBEN3zM8avqKXNYhC0CXchoHYBG8sIngnkQpjb7CVLdu+W3T0hHPcbbPwrNhYqtnZ2/hs3yRWa+GDg8d4MM/NCyZk2rvvtrKyurW9slrbK2zu7e/uVg8N7naSKUJ8kPFGdEDTlLKa+YYbTjlQURMhpOxxfT/32A1WaJfGdmUjaEzCMWcQIGCv1K+fDfhbIEQuGIATkONBM4CBSQLIAuBxBntUDyXCU9ytVt+bOgJeJV5AqKtDqV76CQUJSQWNDOGjd9VxpehkowwineTlINZVAxjCkXUtjEFT3stlLOT61ygBHibIVGzxTf09kILSeiNB2CjAjvehNxf+8bmqiy17GYpkaGpP5oijl2CR4mg8eMEWJ4RNLgChmb8VkBDYPY1Ms2xC8xZeXiV+vXdW820a12SjSKKFjdILOkIcuUBPdoBbyEUGP6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8AEUed4Q==</latexit><latexit sha1_base64="sWGt0gf58+oPxlX8kCMFWBEtNAs=">AAACEXicbVA9SwNBEN3zM8avqKXNYhC0CXchoHYBG8sIngnkQpjb7CVLdu+W3T0hHPcbbPwrNhYqtnZ2/hs3yRWa+GDg8d4MM/NCyZk2rvvtrKyurW9slrbK2zu7e/uVg8N7naSKUJ8kPFGdEDTlLKa+YYbTjlQURMhpOxxfT/32A1WaJfGdmUjaEzCMWcQIGCv1K+fDfhbIEQuGIATkONBM4CBSQLIAuBxBntUDyXCU9ytVt+bOgJeJV5AqKtDqV76CQUJSQWNDOGjd9VxpehkowwineTlINZVAxjCkXUtjEFT3stlLOT61ygBHibIVGzxTf09kILSeiNB2CjAjvehNxf+8bmqiy17GYpkaGpP5oijl2CR4mg8eMEWJ4RNLgChmb8VkBDYPY1Ms2xC8xZeXiV+vXdW820a12SjSKKFjdILOkIcuUBPdoBbyEUGP6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8AEUed4Q==</latexit>

preinflation

post-inflation

possible?  
(N>1,…)



Most important constraints I
- PQ breaking after inflation 
-> DM inhomogeneous, Axion miniclusters

DM
 d

en
sit

y c
on

tra
st

~ 0.1 comoving pc 

Microlensing

Mass ~ M ⇠ 10�12M�
Merging to heavier masses?

DM minicluster fraction <0.1

Marsh 1701.04787

10�7M�?



Miniclusters

Kolb-Tkachev, properties determined by      and                              (mass inside typical causal patch)      �
<latexit sha1_base64="iQ4ORUiHst2zQwu8MobQx3XYS+Q=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48V7Ae0oWw2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6jhUijeRoGS91LNaRxI3g0mt3O/+8S1EYl6wGnK/ZiOlIgEo2ilziDkEumwWnPr7gJknXgFqUGB1rD6NQgTlsVcIZPUmL7npujnVKNgks8qg8zwlLIJHfG+pYrG3Pj54toZubBKSKJE21JIFurviZzGxkzjwHbGFMdm1ZuL/3n9DKOGnwuVZsgVWy6KMkkwIfPXSSg0ZyinllCmhb2VsDHVlKENqGJD8FZfXiedq7rn1r3761qzUcRRhjM4h0vw4AaacActaAODR3iGV3hzEufFeXc+lq0lp5g5hT9wPn8AjoqPEg==</latexit><latexit sha1_base64="iQ4ORUiHst2zQwu8MobQx3XYS+Q=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48V7Ae0oWw2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6jhUijeRoGS91LNaRxI3g0mt3O/+8S1EYl6wGnK/ZiOlIgEo2ilziDkEumwWnPr7gJknXgFqUGB1rD6NQgTlsVcIZPUmL7npujnVKNgks8qg8zwlLIJHfG+pYrG3Pj54toZubBKSKJE21JIFurviZzGxkzjwHbGFMdm1ZuL/3n9DKOGnwuVZsgVWy6KMkkwIfPXSSg0ZyinllCmhb2VsDHVlKENqGJD8FZfXiedq7rn1r3761qzUcRRhjM4h0vw4AaacActaAODR3iGV3hzEufFeXc+lq0lp5g5hT9wPn8AjoqPEg==</latexit><latexit sha1_base64="iQ4ORUiHst2zQwu8MobQx3XYS+Q=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48V7Ae0oWw2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6jhUijeRoGS91LNaRxI3g0mt3O/+8S1EYl6wGnK/ZiOlIgEo2ilziDkEumwWnPr7gJknXgFqUGB1rD6NQgTlsVcIZPUmL7npujnVKNgks8qg8zwlLIJHfG+pYrG3Pj54toZubBKSKJE21JIFurviZzGxkzjwHbGFMdm1ZuL/3n9DKOGnwuVZsgVWy6KMkkwIfPXSSg0ZyinllCmhb2VsDHVlKENqGJD8FZfXiedq7rn1r3761qzUcRRhjM4h0vw4AaacActaAODR3iGV3hzEufFeXc+lq0lp5g5hT9wPn8AjoqPEg==</latexit><latexit sha1_base64="iQ4ORUiHst2zQwu8MobQx3XYS+Q=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48V7Ae0oWw2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6jhUijeRoGS91LNaRxI3g0mt3O/+8S1EYl6wGnK/ZiOlIgEo2ilziDkEumwWnPr7gJknXgFqUGB1rD6NQgTlsVcIZPUmL7npujnVKNgks8qg8zwlLIJHfG+pYrG3Pj54toZubBKSKJE21JIFurviZzGxkzjwHbGFMdm1ZuL/3n9DKOGnwuVZsgVWy6KMkkwIfPXSSg0ZyinllCmhb2VsDHVlKENqGJD8FZfXiedq7rn1r3761qzUcRRhjM4h0vw4AaacActaAODR3iGV3hzEufFeXc+lq0lp5g5hT9wPn8AjoqPEg==</latexit>

⇠ 10�12M�
<latexit sha1_base64="MQ41V+Y5BaTb/KE4QHcIMpqvw7M=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR3FiSIthlwY0boYJ9QBPDZDJph85kwsxEKCEbf8WNC0Xc+hnu/BunbRbaeuDC4Zx7ufeeMGVUacf5tlZW19Y3Nitb1e2d3b19++Cwq0QmMelgwYTsh0gRRhPS0VQz0k8lQTxkpBeOr6d+75FIRUVyrycp8TkaJjSmGGkjBfaxpyiHrvOQX7iNAt4GuScioYvArjl1Zwa4TNyS1ECJdmB/eZHAGSeJxgwpNXCdVPs5kppiRoqqlymSIjxGQzIwNEGcKD+fPVDAM6NEMBbSVKLhTP09kSOu1ISHppMjPVKL3lT8zxtkOm76OU3STJMEzxfFGYNawGkaMKKSYM0mhiAsqbkV4hGSCGuTWdWE4C6+vEy6jbrr1N27y1qrWcZRASfgFJwDF1yBFrgBbdABGBTgGbyCN+vJerHerY9564pVzhyBP7A+fwAX55Vp</latexit><latexit sha1_base64="MQ41V+Y5BaTb/KE4QHcIMpqvw7M=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR3FiSIthlwY0boYJ9QBPDZDJph85kwsxEKCEbf8WNC0Xc+hnu/BunbRbaeuDC4Zx7ufeeMGVUacf5tlZW19Y3Nitb1e2d3b19++Cwq0QmMelgwYTsh0gRRhPS0VQz0k8lQTxkpBeOr6d+75FIRUVyrycp8TkaJjSmGGkjBfaxpyiHrvOQX7iNAt4GuScioYvArjl1Zwa4TNyS1ECJdmB/eZHAGSeJxgwpNXCdVPs5kppiRoqqlymSIjxGQzIwNEGcKD+fPVDAM6NEMBbSVKLhTP09kSOu1ISHppMjPVKL3lT8zxtkOm76OU3STJMEzxfFGYNawGkaMKKSYM0mhiAsqbkV4hGSCGuTWdWE4C6+vEy6jbrr1N27y1qrWcZRASfgFJwDF1yBFrgBbdABGBTgGbyCN+vJerHerY9564pVzhyBP7A+fwAX55Vp</latexit><latexit sha1_base64="MQ41V+Y5BaTb/KE4QHcIMpqvw7M=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR3FiSIthlwY0boYJ9QBPDZDJph85kwsxEKCEbf8WNC0Xc+hnu/BunbRbaeuDC4Zx7ufeeMGVUacf5tlZW19Y3Nitb1e2d3b19++Cwq0QmMelgwYTsh0gRRhPS0VQz0k8lQTxkpBeOr6d+75FIRUVyrycp8TkaJjSmGGkjBfaxpyiHrvOQX7iNAt4GuScioYvArjl1Zwa4TNyS1ECJdmB/eZHAGSeJxgwpNXCdVPs5kppiRoqqlymSIjxGQzIwNEGcKD+fPVDAM6NEMBbSVKLhTP09kSOu1ISHppMjPVKL3lT8zxtkOm76OU3STJMEzxfFGYNawGkaMKKSYM0mhiAsqbkV4hGSCGuTWdWE4C6+vEy6jbrr1N27y1qrWcZRASfgFJwDF1yBFrgBbdABGBTgGbyCN+vJerHerY9564pVzhyBP7A+fwAX55Vp</latexit><latexit sha1_base64="MQ41V+Y5BaTb/KE4QHcIMpqvw7M=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR3FiSIthlwY0boYJ9QBPDZDJph85kwsxEKCEbf8WNC0Xc+hnu/BunbRbaeuDC4Zx7ufeeMGVUacf5tlZW19Y3Nitb1e2d3b19++Cwq0QmMelgwYTsh0gRRhPS0VQz0k8lQTxkpBeOr6d+75FIRUVyrycp8TkaJjSmGGkjBfaxpyiHrvOQX7iNAt4GuScioYvArjl1Zwa4TNyS1ECJdmB/eZHAGSeJxgwpNXCdVPs5kppiRoqqlymSIjxGQzIwNEGcKD+fPVDAM6NEMBbSVKLhTP09kSOu1ISHppMjPVKL3lT8zxtkOm76OU3STJMEzxfFGYNawGkaMKKSYM0mhiAsqbkV4hGSCGuTWdWE4C6+vEy6jbrr1N27y1qrWcZRASfgFJwDF1yBFrgBbdABGBTgGbyCN+vJerHerY9564pVzhyBP7A+fwAX55Vp</latexit>

⇠ 1012cm
<latexit sha1_base64="dWns119QlNPZzd7ffMku2zjqp3w=">AAAB/HicbVBNS8NAEJ34WetXtUcvi0XwVLJFsMeCF48V7Ac0sWy2m3bpbhJ2N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5QSK4Nq777Wxsbm3v7Jb2yvsHh0fHlZPTro5TRVmHxiJW/YBoJnjEOoYbwfqJYkQGgvWC6c3c7z0ypXkc3ZssYb4k44iHnBJjpWGl6mkuEXYfctyYIU9JROWwUnPr7gJoneCC1KBAe1j58kYxTSWLDBVE6wF2E+PnRBlOBZuVvVSzhNApGbOBpRGRTPv54vgZurDKCIWxshUZtFB/T+REap3JwHZKYiZ61ZuL/3mD1IRNP+dRkhoW0eWiMBXIxGieBBpxxagRmSWEKm5vRXRCFKHG5lW2IeDVl9dJt1HHbh3fXdVazSKOEpzBOVwChmtowS20oQMUMniGV3hznpwX5935WLZuOMVMFf7A+fwBznOTiQ==</latexit><latexit sha1_base64="dWns119QlNPZzd7ffMku2zjqp3w=">AAAB/HicbVBNS8NAEJ34WetXtUcvi0XwVLJFsMeCF48V7Ac0sWy2m3bpbhJ2N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5QSK4Nq777Wxsbm3v7Jb2yvsHh0fHlZPTro5TRVmHxiJW/YBoJnjEOoYbwfqJYkQGgvWC6c3c7z0ypXkc3ZssYb4k44iHnBJjpWGl6mkuEXYfctyYIU9JROWwUnPr7gJoneCC1KBAe1j58kYxTSWLDBVE6wF2E+PnRBlOBZuVvVSzhNApGbOBpRGRTPv54vgZurDKCIWxshUZtFB/T+REap3JwHZKYiZ61ZuL/3mD1IRNP+dRkhoW0eWiMBXIxGieBBpxxagRmSWEKm5vRXRCFKHG5lW2IeDVl9dJt1HHbh3fXdVazSKOEpzBOVwChmtowS20oQMUMniGV3hznpwX5935WLZuOMVMFf7A+fwBznOTiQ==</latexit><latexit sha1_base64="dWns119QlNPZzd7ffMku2zjqp3w=">AAAB/HicbVBNS8NAEJ34WetXtUcvi0XwVLJFsMeCF48V7Ac0sWy2m3bpbhJ2N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5QSK4Nq777Wxsbm3v7Jb2yvsHh0fHlZPTro5TRVmHxiJW/YBoJnjEOoYbwfqJYkQGgvWC6c3c7z0ypXkc3ZssYb4k44iHnBJjpWGl6mkuEXYfctyYIU9JROWwUnPr7gJoneCC1KBAe1j58kYxTSWLDBVE6wF2E+PnRBlOBZuVvVSzhNApGbOBpRGRTPv54vgZurDKCIWxshUZtFB/T+REap3JwHZKYiZ61ZuL/3mD1IRNP+dRkhoW0eWiMBXIxGieBBpxxagRmSWEKm5vRXRCFKHG5lW2IeDVl9dJt1HHbh3fXdVazSKOEpzBOVwChmtowS20oQMUMniGV3hznpwX5935WLZuOMVMFf7A+fwBznOTiQ==</latexit><latexit sha1_base64="dWns119QlNPZzd7ffMku2zjqp3w=">AAAB/HicbVBNS8NAEJ34WetXtUcvi0XwVLJFsMeCF48V7Ac0sWy2m3bpbhJ2N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5QSK4Nq777Wxsbm3v7Jb2yvsHh0fHlZPTro5TRVmHxiJW/YBoJnjEOoYbwfqJYkQGgvWC6c3c7z0ypXkc3ZssYb4k44iHnBJjpWGl6mkuEXYfctyYIU9JROWwUnPr7gJoneCC1KBAe1j58kYxTSWLDBVE6wF2E+PnRBlOBZuVvVSzhNApGbOBpRGRTPv54vgZurDKCIWxshUZtFB/T+REap3JwHZKYiZ61ZuL/3mD1IRNP+dRkhoW0eWiMBXIxGieBBpxxagRmSWEKm5vRXRCFKHG5lW2IeDVl9dJt1HHbh3fXdVazSKOEpzBOVwChmtowS20oQMUMniGV3hznpwX5935WLZuOMVMFf7A+fwBznOTiQ==</latexit>

⇠ 10�12g/cm3
<latexit sha1_base64="CcugzPdpyN0p5BPx9OjGflGl6jA=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR3FgnVbDLghuXFewDOtOSSTNtaJIZkoxQhrrxV9y4UMStf+HOvzF9LLT1wIXDOfdy7z1hwpk2nvft5FZW19Y38puFre2d3T13/6Ch41QRWicxj1UrxJpyJmndMMNpK1EUi5DTZji8mfjNB6o0i+W9GSU0ELgvWcQINlbquke+ZgIir5Odo/IY+krA/gURncuuW/RK3hRwmaA5KYI5al33y+/FJBVUGsKx1m3kJSbIsDKMcDou+KmmCSZD3KdtSyUWVAfZ9IMxPLVKD0axsiUNnKq/JzIstB6J0HYKbAZ60ZuI/3nt1ESVIGMySQ2VZLYoSjk0MZzEAXtMUWL4yBJMFLO3QjLAChNjQyvYENDiy8ukUS4hr4TurorVyjyOPDgGJ+AMIHANquAW1EAdEPAInsEreHOenBfn3fmYteac+cwh+APn8werYZUP</latexit><latexit sha1_base64="CcugzPdpyN0p5BPx9OjGflGl6jA=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR3FgnVbDLghuXFewDOtOSSTNtaJIZkoxQhrrxV9y4UMStf+HOvzF9LLT1wIXDOfdy7z1hwpk2nvft5FZW19Y38puFre2d3T13/6Ch41QRWicxj1UrxJpyJmndMMNpK1EUi5DTZji8mfjNB6o0i+W9GSU0ELgvWcQINlbquke+ZgIir5Odo/IY+krA/gURncuuW/RK3hRwmaA5KYI5al33y+/FJBVUGsKx1m3kJSbIsDKMcDou+KmmCSZD3KdtSyUWVAfZ9IMxPLVKD0axsiUNnKq/JzIstB6J0HYKbAZ60ZuI/3nt1ESVIGMySQ2VZLYoSjk0MZzEAXtMUWL4yBJMFLO3QjLAChNjQyvYENDiy8ukUS4hr4TurorVyjyOPDgGJ+AMIHANquAW1EAdEPAInsEreHOenBfn3fmYteac+cwh+APn8werYZUP</latexit><latexit sha1_base64="CcugzPdpyN0p5BPx9OjGflGl6jA=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR3FgnVbDLghuXFewDOtOSSTNtaJIZkoxQhrrxV9y4UMStf+HOvzF9LLT1wIXDOfdy7z1hwpk2nvft5FZW19Y38puFre2d3T13/6Ch41QRWicxj1UrxJpyJmndMMNpK1EUi5DTZji8mfjNB6o0i+W9GSU0ELgvWcQINlbquke+ZgIir5Odo/IY+krA/gURncuuW/RK3hRwmaA5KYI5al33y+/FJBVUGsKx1m3kJSbIsDKMcDou+KmmCSZD3KdtSyUWVAfZ9IMxPLVKD0axsiUNnKq/JzIstB6J0HYKbAZ60ZuI/3nt1ESVIGMySQ2VZLYoSjk0MZzEAXtMUWL4yBJMFLO3QjLAChNjQyvYENDiy8ukUS4hr4TurorVyjyOPDgGJ+AMIHANquAW1EAdEPAInsEreHOenBfn3fmYteac+cwh+APn8werYZUP</latexit><latexit sha1_base64="CcugzPdpyN0p5BPx9OjGflGl6jA=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR3FgnVbDLghuXFewDOtOSSTNtaJIZkoxQhrrxV9y4UMStf+HOvzF9LLT1wIXDOfdy7z1hwpk2nvft5FZW19Y38puFre2d3T13/6Ch41QRWicxj1UrxJpyJmndMMNpK1EUi5DTZji8mfjNB6o0i+W9GSU0ELgvWcQINlbquke+ZgIir5Odo/IY+krA/gURncuuW/RK3hRwmaA5KYI5al33y+/FJBVUGsKx1m3kJSbIsDKMcDou+KmmCSZD3KdtSyUWVAfZ9IMxPLVKD0axsiUNnKq/JzIstB6J0HYKbAZ60ZuI/3nt1ESVIGMySQ2VZLYoSjk0MZzEAXtMUWL4yBJMFLO3QjLAChNjQyvYENDiy8ukUS4hr4TurorVyjyOPDgGJ+AMIHANquAW1EAdEPAInsEreHOenBfn3fmYteac+cwh+APn8werYZUP</latexit>

M ⇠ (1 + �)M0
<latexit sha1_base64="mtAKZ/VsDpQeWfFRiL+IURjZ4kQ=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0WoCCURwS4LbtwUKtgHNCFMJpN26MwkzEyEGoq/4saFIm79D3f+jdM2C209cOFwzr3ce0+YMqq043xbK6tr6xubpa3y9s7u3r59cNhRSSYxaeOEJbIXIkUYFaStqWakl0qCeMhINxzdTP3uA5GKJuJej1PiczQQNKYYaSMF9nHTU5TDqnvhRYRpdA6bgRPYFafmzACXiVuQCijQCuwvL0pwxonQmCGl+q6Taj9HUlPMyKTsZYqkCI/QgPQNFYgT5eez6yfwzCgRjBNpSmg4U39P5IgrNeah6eRID9WiNxX/8/qZjut+TkWaaSLwfFGcMagTOI0CRlQSrNnYEIQlNbdCPEQSYW0CK5sQ3MWXl0nnsuY6NffuqtKoF3GUwAk4BVXggmvQALegBdoAg0fwDF7Bm/VkvVjv1se8dcUqZo7AH1ifP+slk4o=</latexit><latexit sha1_base64="mtAKZ/VsDpQeWfFRiL+IURjZ4kQ=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0WoCCURwS4LbtwUKtgHNCFMJpN26MwkzEyEGoq/4saFIm79D3f+jdM2C209cOFwzr3ce0+YMqq043xbK6tr6xubpa3y9s7u3r59cNhRSSYxaeOEJbIXIkUYFaStqWakl0qCeMhINxzdTP3uA5GKJuJej1PiczQQNKYYaSMF9nHTU5TDqnvhRYRpdA6bgRPYFafmzACXiVuQCijQCuwvL0pwxonQmCGl+q6Taj9HUlPMyKTsZYqkCI/QgPQNFYgT5eez6yfwzCgRjBNpSmg4U39P5IgrNeah6eRID9WiNxX/8/qZjut+TkWaaSLwfFGcMagTOI0CRlQSrNnYEIQlNbdCPEQSYW0CK5sQ3MWXl0nnsuY6NffuqtKoF3GUwAk4BVXggmvQALegBdoAg0fwDF7Bm/VkvVjv1se8dcUqZo7AH1ifP+slk4o=</latexit><latexit sha1_base64="mtAKZ/VsDpQeWfFRiL+IURjZ4kQ=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0WoCCURwS4LbtwUKtgHNCFMJpN26MwkzEyEGoq/4saFIm79D3f+jdM2C209cOFwzr3ce0+YMqq043xbK6tr6xubpa3y9s7u3r59cNhRSSYxaeOEJbIXIkUYFaStqWakl0qCeMhINxzdTP3uA5GKJuJej1PiczQQNKYYaSMF9nHTU5TDqnvhRYRpdA6bgRPYFafmzACXiVuQCijQCuwvL0pwxonQmCGl+q6Taj9HUlPMyKTsZYqkCI/QgPQNFYgT5eez6yfwzCgRjBNpSmg4U39P5IgrNeah6eRID9WiNxX/8/qZjut+TkWaaSLwfFGcMagTOI0CRlQSrNnYEIQlNbdCPEQSYW0CK5sQ3MWXl0nnsuY6NffuqtKoF3GUwAk4BVXggmvQALegBdoAg0fwDF7Bm/VkvVjv1se8dcUqZo7AH1ifP+slk4o=</latexit><latexit sha1_base64="mtAKZ/VsDpQeWfFRiL+IURjZ4kQ=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0WoCCURwS4LbtwUKtgHNCFMJpN26MwkzEyEGoq/4saFIm79D3f+jdM2C209cOFwzr3ce0+YMqq043xbK6tr6xubpa3y9s7u3r59cNhRSSYxaeOEJbIXIkUYFaStqWakl0qCeMhINxzdTP3uA5GKJuJej1PiczQQNKYYaSMF9nHTU5TDqnvhRYRpdA6bgRPYFafmzACXiVuQCijQCuwvL0pwxonQmCGl+q6Taj9HUlPMyKTsZYqkCI/QgPQNFYgT5eez6yfwzCgRjBNpSmg4U39P5IgrNeah6eRID9WiNxX/8/qZjut+TkWaaSLwfFGcMagTOI0CRlQSrNnYEIQlNbdCPEQSYW0CK5sQ3MWXl0nnsuY6NffuqtKoF3GUwAk4BVXggmvQALegBdoAg0fwDF7Bm/VkvVjv1se8dcUqZo7AH1ifP+slk4o=</latexit>

R ⇠ L/(zeq�)
<latexit sha1_base64="8t1EBkTIEKopoRe1KJHpd76+SkM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahbmoigl0W3LhwUcU+oAlhMr1th84kcWYi1FBw46+4caGIW3/CnX/j9LHQ6oELh3Pu5d57woQzpR3ny8otLC4tr+RXC2vrG5tb9vZOQ8WppFCnMY9lKyQKOIugrpnm0EokEBFyaIaD87HfvAOpWBzd6GECviC9iHUZJdpIgb137Skm8OVx6T7IPCkw3I68DnBNjgK76JSdCfBf4s5IEc1QC+xPrxPTVECkKSdKtV0n0X5GpGaUw6jgpQoSQgekB21DIyJA+dnkhxE+NEoHd2NpKtJ4ov6cyIhQaihC0ymI7qt5byz+57VT3a34GYuSVENEp4u6Kcc6xuNAcIdJoJoPDSFUMnMrpn0iCdUmtoIJwZ1/+S9pnJRdp+xenRarlVkcebSPDlAJuegMVdEFqqE6ougBPaEX9Go9Ws/Wm/U+bc1Zs5ld9AvWxzfLWpbw</latexit><latexit sha1_base64="8t1EBkTIEKopoRe1KJHpd76+SkM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahbmoigl0W3LhwUcU+oAlhMr1th84kcWYi1FBw46+4caGIW3/CnX/j9LHQ6oELh3Pu5d57woQzpR3ny8otLC4tr+RXC2vrG5tb9vZOQ8WppFCnMY9lKyQKOIugrpnm0EokEBFyaIaD87HfvAOpWBzd6GECviC9iHUZJdpIgb137Skm8OVx6T7IPCkw3I68DnBNjgK76JSdCfBf4s5IEc1QC+xPrxPTVECkKSdKtV0n0X5GpGaUw6jgpQoSQgekB21DIyJA+dnkhxE+NEoHd2NpKtJ4ov6cyIhQaihC0ymI7qt5byz+57VT3a34GYuSVENEp4u6Kcc6xuNAcIdJoJoPDSFUMnMrpn0iCdUmtoIJwZ1/+S9pnJRdp+xenRarlVkcebSPDlAJuegMVdEFqqE6ougBPaEX9Go9Ws/Wm/U+bc1Zs5ld9AvWxzfLWpbw</latexit><latexit sha1_base64="8t1EBkTIEKopoRe1KJHpd76+SkM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahbmoigl0W3LhwUcU+oAlhMr1th84kcWYi1FBw46+4caGIW3/CnX/j9LHQ6oELh3Pu5d57woQzpR3ny8otLC4tr+RXC2vrG5tb9vZOQ8WppFCnMY9lKyQKOIugrpnm0EokEBFyaIaD87HfvAOpWBzd6GECviC9iHUZJdpIgb137Skm8OVx6T7IPCkw3I68DnBNjgK76JSdCfBf4s5IEc1QC+xPrxPTVECkKSdKtV0n0X5GpGaUw6jgpQoSQgekB21DIyJA+dnkhxE+NEoHd2NpKtJ4ov6cyIhQaihC0ymI7qt5byz+57VT3a34GYuSVENEp4u6Kcc6xuNAcIdJoJoPDSFUMnMrpn0iCdUmtoIJwZ1/+S9pnJRdp+xenRarlVkcebSPDlAJuegMVdEFqqE6ougBPaEX9Go9Ws/Wm/U+bc1Zs5ld9AvWxzfLWpbw</latexit><latexit sha1_base64="8t1EBkTIEKopoRe1KJHpd76+SkM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahbmoigl0W3LhwUcU+oAlhMr1th84kcWYi1FBw46+4caGIW3/CnX/j9LHQ6oELh3Pu5d57woQzpR3ny8otLC4tr+RXC2vrG5tb9vZOQ8WppFCnMY9lKyQKOIugrpnm0EokEBFyaIaD87HfvAOpWBzd6GECviC9iHUZJdpIgb137Skm8OVx6T7IPCkw3I68DnBNjgK76JSdCfBf4s5IEc1QC+xPrxPTVECkKSdKtV0n0X5GpGaUw6jgpQoSQgekB21DIyJA+dnkhxE+NEoHd2NpKtJ4ov6cyIhQaihC0ymI7qt5byz+57VT3a34GYuSVENEp4u6Kcc6xuNAcIdJoJoPDSFUMnMrpn0iCdUmtoIJwZ1/+S9pnJRdp+xenRarlVkcebSPDlAJuegMVdEFqqE6ougBPaEX9Go9Ws/Wm/U+bc1Zs5ld9AvWxzfLWpbw</latexit>

⇢ ⇠ ⇢eq�
3(1 + �)

<latexit sha1_base64="Omezo8L4bGkyOfKOYaxV8PFL/Yo=">AAACEXicbZDLSgMxFIYzXmu9VV26CRahIpQZFeyy4MZlBXuBTh0ymdM2NMmMSUYoQ1/Bja/ixoUibt25821MLwtt/SHw8Z9zODl/mHCmjet+O0vLK6tr67mN/ObW9s5uYW+/oeNUUajTmMeqFRINnEmoG2Y4tBIFRIQcmuHgalxvPoDSLJa3ZphAR5CeZF1GibFWUCj5qh/7mgk8hiDzlcBwP/Ij4IbcnZe80ymeBIWiW3YnwovgzaCIZqoFhS8/imkqQBrKidZtz01MJyPKMMphlPdTDQmhA9KDtkVJBOhONrlohI+tE+FurOyTBk/c3xMZEVoPRWg7BTF9PV8bm//V2qnpVjoZk0lqQNLpom7KsYnxOB4cMQXU8KEFQhWzf8W0TxShxoaYtyF48ycvQuOs7Lll7+aiWK3M4sihQ3SESshDl6iKrlEN1RFFj+gZvaI358l5cd6dj2nrkjObOUB/5Hz+AKQlnNI=</latexit><latexit sha1_base64="Omezo8L4bGkyOfKOYaxV8PFL/Yo=">AAACEXicbZDLSgMxFIYzXmu9VV26CRahIpQZFeyy4MZlBXuBTh0ymdM2NMmMSUYoQ1/Bja/ixoUibt25821MLwtt/SHw8Z9zODl/mHCmjet+O0vLK6tr67mN/ObW9s5uYW+/oeNUUajTmMeqFRINnEmoG2Y4tBIFRIQcmuHgalxvPoDSLJa3ZphAR5CeZF1GibFWUCj5qh/7mgk8hiDzlcBwP/Ij4IbcnZe80ymeBIWiW3YnwovgzaCIZqoFhS8/imkqQBrKidZtz01MJyPKMMphlPdTDQmhA9KDtkVJBOhONrlohI+tE+FurOyTBk/c3xMZEVoPRWg7BTF9PV8bm//V2qnpVjoZk0lqQNLpom7KsYnxOB4cMQXU8KEFQhWzf8W0TxShxoaYtyF48ycvQuOs7Lll7+aiWK3M4sihQ3SESshDl6iKrlEN1RFFj+gZvaI358l5cd6dj2nrkjObOUB/5Hz+AKQlnNI=</latexit><latexit sha1_base64="Omezo8L4bGkyOfKOYaxV8PFL/Yo=">AAACEXicbZDLSgMxFIYzXmu9VV26CRahIpQZFeyy4MZlBXuBTh0ymdM2NMmMSUYoQ1/Bja/ixoUibt25821MLwtt/SHw8Z9zODl/mHCmjet+O0vLK6tr67mN/ObW9s5uYW+/oeNUUajTmMeqFRINnEmoG2Y4tBIFRIQcmuHgalxvPoDSLJa3ZphAR5CeZF1GibFWUCj5qh/7mgk8hiDzlcBwP/Ij4IbcnZe80ymeBIWiW3YnwovgzaCIZqoFhS8/imkqQBrKidZtz01MJyPKMMphlPdTDQmhA9KDtkVJBOhONrlohI+tE+FurOyTBk/c3xMZEVoPRWg7BTF9PV8bm//V2qnpVjoZk0lqQNLpom7KsYnxOB4cMQXU8KEFQhWzf8W0TxShxoaYtyF48ycvQuOs7Lll7+aiWK3M4sihQ3SESshDl6iKrlEN1RFFj+gZvaI358l5cd6dj2nrkjObOUB/5Hz+AKQlnNI=</latexit><latexit sha1_base64="Omezo8L4bGkyOfKOYaxV8PFL/Yo=">AAACEXicbZDLSgMxFIYzXmu9VV26CRahIpQZFeyy4MZlBXuBTh0ymdM2NMmMSUYoQ1/Bja/ixoUibt25821MLwtt/SHw8Z9zODl/mHCmjet+O0vLK6tr67mN/ObW9s5uYW+/oeNUUajTmMeqFRINnEmoG2Y4tBIFRIQcmuHgalxvPoDSLJa3ZphAR5CeZF1GibFWUCj5qh/7mgk8hiDzlcBwP/Ij4IbcnZe80ymeBIWiW3YnwovgzaCIZqoFhS8/imkqQBrKidZtz01MJyPKMMphlPdTDQmhA9KDtkVJBOhONrlohI+tE+FurOyTBk/c3xMZEVoPRWg7BTF9PV8bm//V2qnpVjoZk0lqQNLpom7KsYnxOB4cMQXU8KEFQhWzf8W0TxShxoaYtyF48ycvQuOs7Lll7+aiWK3M4sihQ3SESshDl6iKrlEN1RFFj+gZvaI358l5cd6dj2nrkjObOUB/5Hz+AKQlnNI=</latexit>

Important issues are quantitative: 
- how many MCs or which mass and radius? 
- how void is the space between them? 
- encounter rates with Earth? 
- sensitivity to lensing

M0 ⇠ ⇢̄⇥R3
1

<latexit sha1_base64="U2sKEGgbz1X/wgGvUM/kAOKX8nw=">AAACCXicZVDLSsNAFJ3UV62vqEsXDpaCq5K0lrS7ghs3QhX7gCaGyXTSDp08mJkIJXTpyk9xJSiIWz/BlX/jNC3F6oGBwzn3cuYeL2ZUSMP41nJr6xubW/ntws7u3v6BfnjUEVHCMWnjiEW85yFBGA1JW1LJSC/mBAUeI11vfDnzuw+ECxqFd3ISEydAw5D6FCOpJFc/vXYNaAsaQNtDHNp8FEFb0oAIeOua91VXLxplIwP8T8wFKYIFWq7+ZQ8inAQklJghIfqmEUsnRVxSzMi0YCeCxAiP0ZD0FQ2RinLS7JApLCllAP2IqxdKmKm/N1IUCDEJPDUZIDkSf72ZuPRKK1HSrzspDeNEkhDPk/yEQRnBWS1wQDnBkk0UQZhT9VmIR4gjLFV5hawFs2JZNVMd32g0rFp1ToxqfdlCp1I21djNRbFZX/SRByfgDJwDE1igCa5AC7QBBo/gGbyCN+1Je9HetY/5aE5b7ByDFWifP+BimK4=</latexit><latexit sha1_base64="U2sKEGgbz1X/wgGvUM/kAOKX8nw=">AAACCXicZVDLSsNAFJ3UV62vqEsXDpaCq5K0lrS7ghs3QhX7gCaGyXTSDp08mJkIJXTpyk9xJSiIWz/BlX/jNC3F6oGBwzn3cuYeL2ZUSMP41nJr6xubW/ntws7u3v6BfnjUEVHCMWnjiEW85yFBGA1JW1LJSC/mBAUeI11vfDnzuw+ECxqFd3ISEydAw5D6FCOpJFc/vXYNaAsaQNtDHNp8FEFb0oAIeOua91VXLxplIwP8T8wFKYIFWq7+ZQ8inAQklJghIfqmEUsnRVxSzMi0YCeCxAiP0ZD0FQ2RinLS7JApLCllAP2IqxdKmKm/N1IUCDEJPDUZIDkSf72ZuPRKK1HSrzspDeNEkhDPk/yEQRnBWS1wQDnBkk0UQZhT9VmIR4gjLFV5hawFs2JZNVMd32g0rFp1ToxqfdlCp1I21djNRbFZX/SRByfgDJwDE1igCa5AC7QBBo/gGbyCN+1Je9HetY/5aE5b7ByDFWifP+BimK4=</latexit><latexit sha1_base64="U2sKEGgbz1X/wgGvUM/kAOKX8nw=">AAACCXicZVDLSsNAFJ3UV62vqEsXDpaCq5K0lrS7ghs3QhX7gCaGyXTSDp08mJkIJXTpyk9xJSiIWz/BlX/jNC3F6oGBwzn3cuYeL2ZUSMP41nJr6xubW/ntws7u3v6BfnjUEVHCMWnjiEW85yFBGA1JW1LJSC/mBAUeI11vfDnzuw+ECxqFd3ISEydAw5D6FCOpJFc/vXYNaAsaQNtDHNp8FEFb0oAIeOua91VXLxplIwP8T8wFKYIFWq7+ZQ8inAQklJghIfqmEUsnRVxSzMi0YCeCxAiP0ZD0FQ2RinLS7JApLCllAP2IqxdKmKm/N1IUCDEJPDUZIDkSf72ZuPRKK1HSrzspDeNEkhDPk/yEQRnBWS1wQDnBkk0UQZhT9VmIR4gjLFV5hawFs2JZNVMd32g0rFp1ToxqfdlCp1I21djNRbFZX/SRByfgDJwDE1igCa5AC7QBBo/gGbyCN+1Je9HetY/5aE5b7ByDFWifP+BimK4=</latexit><latexit sha1_base64="U2sKEGgbz1X/wgGvUM/kAOKX8nw=">AAACCXicZVDLSsNAFJ3UV62vqEsXDpaCq5K0lrS7ghs3QhX7gCaGyXTSDp08mJkIJXTpyk9xJSiIWz/BlX/jNC3F6oGBwzn3cuYeL2ZUSMP41nJr6xubW/ntws7u3v6BfnjUEVHCMWnjiEW85yFBGA1JW1LJSC/mBAUeI11vfDnzuw+ECxqFd3ISEydAw5D6FCOpJFc/vXYNaAsaQNtDHNp8FEFb0oAIeOua91VXLxplIwP8T8wFKYIFWq7+ZQ8inAQklJghIfqmEUsnRVxSzMi0YCeCxAiP0ZD0FQ2RinLS7JApLCllAP2IqxdKmKm/N1IUCDEJPDUZIDkSf72ZuPRKK1HSrzspDeNEkhDPk/yEQRnBWS1wQDnBkk0UQZhT9VmIR4gjLFV5hawFs2JZNVMd32g0rFp1ToxqfdlCp1I21djNRbFZX/SRByfgDJwDE1igCa5AC7QBBo/gGbyCN+1Je9HetY/5aE5b7ByDFWifP+BimK4=</latexit><latexit sha1_base64="U2sKEGgbz1X/wgGvUM/kAOKX8nw=">AAACCXicZVDLSsNAFJ3UV62vqEsXDpaCq5K0lrS7ghs3QhX7gCaGyXTSDp08mJkIJXTpyk9xJSiIWz/BlX/jNC3F6oGBwzn3cuYeL2ZUSMP41nJr6xubW/ntws7u3v6BfnjUEVHCMWnjiEW85yFBGA1JW1LJSC/mBAUeI11vfDnzuw+ECxqFd3ISEydAw5D6FCOpJFc/vXYNaAsaQNtDHNp8FEFb0oAIeOua91VXLxplIwP8T8wFKYIFWq7+ZQ8inAQklJghIfqmEUsnRVxSzMi0YCeCxAiP0ZD0FQ2RinLS7JApLCllAP2IqxdKmKm/N1IUCDEJPDUZIDkSf72ZuPRKK1HSrzspDeNEkhDPk/yEQRnBWS1wQDnBkk0UQZhT9VmIR4gjLFV5hawFs2JZNVMd32g0rFp1ToxqfdlCp1I21djNRbFZX/SRByfgDJwDE1igCa5AC7QBBo/gGbyCN+1Je9HetY/5aE5b7ByDFWifP+BimK4=</latexit><latexit sha1_base64="U2sKEGgbz1X/wgGvUM/kAOKX8nw=">AAACCXicZVDLSsNAFJ3UV62vqEsXDpaCq5K0lrS7ghs3QhX7gCaGyXTSDp08mJkIJXTpyk9xJSiIWz/BlX/jNC3F6oGBwzn3cuYeL2ZUSMP41nJr6xubW/ntws7u3v6BfnjUEVHCMWnjiEW85yFBGA1JW1LJSC/mBAUeI11vfDnzuw+ECxqFd3ISEydAw5D6FCOpJFc/vXYNaAsaQNtDHNp8FEFb0oAIeOua91VXLxplIwP8T8wFKYIFWq7+ZQ8inAQklJghIfqmEUsnRVxSzMi0YCeCxAiP0ZD0FQ2RinLS7JApLCllAP2IqxdKmKm/N1IUCDEJPDUZIDkSf72ZuPRKK1HSrzspDeNEkhDPk/yEQRnBWS1wQDnBkk0UQZhT9VmIR4gjLFV5hawFs2JZNVMd32g0rFp1ToxqfdlCp1I21djNRbFZX/SRByfgDJwDE1igCa5AC7QBBo/gGbyCN+1Je9HetY/5aE5b7ByDFWifP+BimK4=</latexit>

Kolb Tkachev 1994

Kolb Tkachev 1996 overdensity distribution?

Enander-Schwetz, linear approximation

Enander 2017

1708.04466
power spectrum halo distribution function minicluster distribution function



Minicluster Microlensing ...

- Fairbairn, Marsh, Quevillon arXiv:1701.04787v1

Fraction of DM in miniclusters

simplest MC mass function typical MC mass ???

- Microlensing can be used to detect miniclusters with slightly optimistic parameters

- Problems: too large M_0 mass [?], Kolb-distribution for M_0 miniclusters,  
- HSC interpretation below 10^-10 M_sun.  (1711.06129)



New axion DM simulations
Redondo, Stadler, Vaquero 2018

-Cosmic-string simulation ->axion until freeze-out 
- Huge grids 8192^3, further sensitivity
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we see very large overdensities and non-linear effects 
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but power is at small scales, even smaller than enander 
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but at length (mass scales) related to horizon, variance 
small!! distribution of density contrasts for different Radii 
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- conclusions:  
   current microlensing constraints relaxed 
   many compact small-mass MCs 
   MC mass function coming soon! RSV, Niemeyer 2018



Axion stars ... gravitationally bound coherent lumps
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stable axion branch

- Gradient-pressure vs axion-attractive-self-interactions vs gravity 
- Axion miniclusters not far from axion stars (Bose-stars, oscillotons) 
- Our small compact MC seeds -> low mass axion stars 
- Exciting cosmology to explore 



Different cosmological histories
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Visinelli 2018- Radiation domination assumed during t1 
- Alternative cosmologies change strongly the MC mass and bring back constraints!

low-reheating-T

radiation domination

kination
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Most important constraints II
- PQ breaking after inflation 
-> DM inhomogeneous, Axion miniclusters

- PQ breaking before inflation 
* Axion fluctuations during inflation -> CMB isocurvature

DM
 d

en
sit

y c
on

tra
st

~ 0.1 comoving pc 

Microlensing

Mass ~ M ⇠ 10�12M�
Merging to heavier masses?

DM minicluster fraction <0.1

Marsh 1701.04787
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=
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⇡2f2
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< 0.039Ps = 0.88⇥ 10�10

- Planck sees no Isocurvature fluctuations, strong limit!

- If        is measured by next generation CMB Polarisation 
  axion DM is excluded (avoided in some models)

Depends on Hubble rate  
during inflation ... HI

10�7M�?

HI

100%DM

10%DM

1%DM



Most important constraints III

-Black-hole super radiance 1411.2263

BHs with spin can radiate it into axions quite efficiently,  
we observe spin BH’s so we can put constraints…

Cardoso 1801.01420 Arvanitaki 1411.2263



Axion DM in the lab

⇢aDM = 0.3
GeV

cm3

✓0 = 3.6⇥ 10�19

Local Dark Matter density*

time

✓(t) = ✓0 cos(mat)
0 ⇡�⇡ ✓

V (✓)
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Detecting Axion Dark Matter

-                                    is a very small number but, oscillations allow for coherent detection!✓0 = 3.6⇥ 10�19

ma

! ' ma(1 + v2/2 + ...)

�! =
mav2

2

�!

!
⇠ 10�6

- Axion spectrum is not exactly monochromatic, non-zero velocity of DM in the galaxy -> finite width

frequency



Oscillating EDM Cavities 

Mirrors

LC-circuit

Atomic transitionsFerromagnetic resonance



B-field

Axion DM in a B-field

LI = �Ca�
↵

2⇡
✓(t)Bext ·E

source

- Axion photon coupling in a strong B-field becomes a source of E-field

- Four different techniques: 

DM Radio Cavities Dielectric haloscope Dish antenna

E ⇠ O(10�12V/m)
|Bext|

10T
Ca� ⇥ cos(mat) P/Area ⇠ |Ea|2 ⇠ 2⇥ 10�27

✓
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5T
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2

◆2 Watt

1m2Power E-field 
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Experiments

Hot-DM ê CMB ê BBN
SN1987ABurst Duration SK
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Cold DM predictions
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Conclusions

- Axions: Strong CP -> dark matter 

- Axions and ALPs are generic BSM, generic couplings 

- DM abundance controlled by initial conditions and early cosmology (inflation?) 

- two grand scenarios: 
  pre-inflation : any QCD axion mass works … -> isocurvature perturbations in the CMB? 
  post-inflation: 25-100 micro-eV favoured -> miniclusters… microlensing?      

- Several detection schemes: most on R&D 

- other ‘gravitational probes available’: BH super radiance at ultra-low masses


