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At the horizon we impose ingoing modes
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M. Kamionkowski, J. March-Russell, 
Phys. Lett. B282 (1992) 137-141
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Non-trivial stationary 
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The action is 
non-zero if you 
plug in back the 
solution
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Non-trivial stationary 
points of the Euclidean 
action

Trivial solutions with zero 
action are the infinite 
degenerate vacua with flat 
space and constant axion 
field



Non-perturbative solutions

These non-perturbative 
euclidean solutions exist: 
Wormholes S. B. Giddings and A. Strominger,  

Nucl. Phys. B306, 890 (1988) 

1) Euclidean metric 
2) Scalar field configuration 
3) Action
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Effective potential
Integration over both metric  

and matter field degrees of freedom  
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it includes wormholes in all possible combinations.  
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Effective potential
Does not respect  

the U(1) global symmetry 

Wormhole fluctuations integrated out  
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Gauge symmetry  

preserved 
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QCD superradiance
Arvanitaki, Baryakhtar, 

Huang,  

Phys.Rev. D91, 084011,  

[arxiv/1411.2263]



Ultra-light scalar  
as cosmological DM

Dark matter must behave sufficiently classically.  

If we suppose dark matter to be a boson with mass ma and velocity v,  

we can require to behave classically down to the typical size of Milky Way 
satellite galaxies, and obtain the condition:  

“Fuzzy” dark matter 

W. Hu, R. Barkana and A. Gruzinov, Phys. Rev. Lett. 85, 1158 [astro-ph/0003365]  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