
 Correlated signals of first-order 
phase transitions in dark sectors



Macroscopic dark matter from a FOPT
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Dirac fermion must have large mass gap in true and 
false vacuum (so that it gets trapped in the false 
vacuum)


Must have charge asymmetry     during FOPT (so 
that an excess remains after pair annihilation that 
can aggregate to form macroscopic Fermi balls) 


Must carry a conserved global U(1)_Q (so that FB 
attains stability by accumulating Q-charge)

Conditions needed (2008.04430):
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FBs start to form at     as the false vacuum shrinks and 
separates into smaller volumes


Below a critical volume of the false vacuum bubble, a true 
vacuum bubble does not nucleate inside it, and FB formation 
takes over


With one FB per critical volume, the number density at 
formation is given by the bubble nucleation rate per unit 
volume and the bubble wall velocity:                                                                                                                                                                                                           


… and dilutes as matter


Net Q charge is the # of fermions in FB: 
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Fermi-gas kinetic energy


Yukawa potential energy (can be neglected only if 
interaction length     is small compared to the mean 
separation of fermions       ) 


Potential energy difference in true and false vacua

FB energy 

FB mass (       ) and radius (       ) obtained by minimizing 

the FB energy wrt radius. FB has a uniform density profile
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FB must be stable against decay i.e., dark fermion has 
smaller energy inside FB than outside


FB must be stable to fission i.e., a more massive FB is 
energetically favored for a given total charge:      
M(Q1 + Q2) < M(Q1) + M(Q2)

Stability 
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Parameters that determine GW signal

Sound waves give the dominant contribution

temp at which 

fraction of space

in false vacuum is

1/e


strength of FOPT


inverse duration 



 A = 0.1                                                

2107.00859                                                



Gravitational wave signal
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Microlensing 

2007.12697
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! 1.34 for u = 1

If angular separation of images is too small, magnification 
(transient brightening) is observed. Magnification by a point 
lens of a point source: 

(FB)

Finite lens and finite source

 FB
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Threshold impact parameter

pt lens & pt source 

Event rate/source star depends on threshold impact param via
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Radius distribution of stars in M31



Microlensing survey of the M31 galaxy
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Extra relativistic degrees of freedom 
Dark sector is partially thermalized via gravitational 
interactions with SM sector


Latent heat converted to dark radiation during FOPT 
heats the dark sector from     to 


Effective # of extra neutrino species after the 
FOPT depends sensitively on 


For temperatures below 60 keV, 
<latexit sha1_base64="o/K5c/F3SOnYoySIHti1NX5TVAA="></latexit>

�Ne↵ ' 9.9(Tf/TSM?)
4

<latexit sha1_base64="udf31jHXu7b9bVUZ7wM13LQvcr0=">AAACAHicbVC7TsMwFHXKq7Q8AgwMLBYFiakkFPHYKlhYkIroS2qiyHGd1qrzkO1UqqIs/AoLAwixMLDyB2x8CMy4LYhHOZKto3Pu1b33uBGjQhrGq5aZmp6ZncvO5/ILi0vL+spqXYQxx6SGQxbyposEYTQgNUklI82IE+S7jDTc3unQb/QJFzQMqnIQEdtHnYB6FCOpJEdfrzqJl+6qP7G4Dy/PU0tIxFNHLxhFYwRofhGjeGyWjNK3UihvvT0+9/PvFUd/sdohjn0SSMyQEC3TiKSdIC4pZiTNWbEgEcI91CEtRQPkE2EnowNSuK2UNvRCrl4g4Uj92ZEgX4iB76pKH8mu+OsNxf+8Viy9IzuhQRRLEuDxIC9mUIZwmAZsU06wZANFEOZU7QpxF3GEpcosp0IwJ0KYIPW9onlQ3L9QaZyAMbJgA2yCHWCCQ1AGZ6ACagCDFFyDW3CnXWk32r32MC7NaJ89a+AXtKcPpmKa5A==</latexit>

Tf/TSM?

<latexit sha1_base64="MNzI7+F/mXZGlLjkZoXSa60DzR8=">AAAB8HicbVDJSgNBEO1xjXGLCl68NAbB0zBjxOUW4sVjAtkkGUJPpydp0tMzdNcIYchXePGgiFfBv/ALvHnxW+wkikt8UPB4r4qqen4suAbHebPm5hcWl5YzK9nVtfWNzdzWdl1HiaKsRiMRqaZPNBNcshpwEKwZK0ZCX7CGP7gY+41rpjSPZBWGMfNC0pM84JSAka6qnbStgahRJ5d3bGcC7H4Rxz53C07hW8kXdyvv/Ln0Uu7kXtvdiCYhk0AF0brlOjF4KVHAqWCjbDvRLCZ0QHqsZagkIdNeOjl4hA+M0sVBpExJwBP150RKQq2HoW86QwJ9/dcbi/95rQSCMy/lMk6ASTpdFCQCQ4TH3+MuV4yCGBpCqOLmVkz7RBEKJqOsCcGdCWGG1I9s98Q+rpg0SmiKDNpD++gQuegUFdElKqMaoihEN+gO3VvKurUerMdp65z1ObODfsF6+gAQm5RM</latexit>

T?
<latexit sha1_base64="LPL3f3twngKZXp5Gm/1lBBfHkLQ=">AAAB6nicbVDJSgNBEK2JW0xcoh69NEbBU5gx4nILevEYMRskQ+jp9CRNenqG7p5AGPIJXjwo4tVv8Af8A29+iJ7tJIpLfFDweK+KqnpexJnStv1qpebmFxaX0suZ7Mrq2npuY7OmwlgSWiUhD2XDw4pyJmhVM81pI5IUBx6nda9/PvbrAyoVC0VFDyPqBrgrmM8I1ka6qrT9di5vF+wJkPNF7MKpU7SL30q+tPv29DzIvpfbuZdWJyRxQIUmHCvVdOxIuwmWmhFOR5lWrGiESR93adNQgQOq3GRy6gjtGaWD/FCaEhpN1J8TCQ6UGgae6Qyw7qm/3lj8z2vG2j9xEyaiWFNBpov8mCMdovHfqMMkJZoPDcFEMnMrIj0sMdEmnYwJwZkJYYbUDgrOUeHw0qRxBlOkYRt2YB8cOIYSXEAZqkCgC9dwC3cWt26se+th2pqyPme24Besxw8CDpIQ</latexit>

Tf



 A = 0.1                                                

2107.00859                                                



Fermi ball collapse to primordial black hole 

Yukawa interaction length increases as T falls


(Negative) Yukawa energy can dominate and cause FB to 
collapse 
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Since FBs have a monochromatic mass function, so do 
the PBHs


PBH formation will not conserve Q charge of FB and 
PBH will evaporate as a Schwarzschild BH 


Hawking evaporation of PBH produces all particles with 
mass below the PBH temperature


Will focus on extragalactic gamma-ray background



Measure of fraction of energy density in PBHs at formation
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Summary

Macroscopic Fermi balls can be produced in the false 
vacuum during FOPT


Vacuum energy                      give FBs of mass                                                                                                                                                    


Correlated observations of GWs                        at 
SKA/THEIA/muAres and microlensing at Subaru-HSC, can 
be made
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If the Yukawa force is strong enough FBs can collapse to 
PBHs                              


Vacuum energy                         gives PBHs of mass                          


Correlated observations of GWs                      at THEIA/
muAres and extragalactic gamma-rays at AMEGO-X/e-
ASTROGAM, can be made


A measurable amount of dark radiation is also typically 
expected
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