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they would emit any existing particle – SM and (if any) BSM  –
with mass below the PBHs Hawking temperature

«Light» PBHs (if any) would be an ideal «particle factory»:
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Evaporation of PBHs is an interesting mechanism for 
dark matter and/or dark radiation production

It received recently a lot of attention! 

BSM

SM

[Hawking 1974, Carr, Page, Mac Gibbon,…]

MBH= 10^-5(9) g à Memitted < 10^18(4) GeV à



1) General introduction on PBHs: 
formation, constraints, evaporation, lifetime

I. Masina, NEHOP, Naples  20/06/23 3

OUTLINE



PBHs formation
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Here we consider PBHs:
Ø Heavier than MPL = 10 -5 g 
Ø Which evaporated at t < 1 s (BBN)  à lighter than 109 g 

and according to a general argument

particle horizon
mass

numerical factor
(0.2 or so)

PBHs could have formed in the very early Universe, during the radiation dominated era
at the end of inflation, due to gravitational collapse of overdense regions

MBH = �MPH = �M2
Pl

tf
<latexit sha1_base64="rShGrbxgXBw3BP4ut2IP45riIY4=">AAACI3icbVA9SwNBEN3z2/gVtbRZDIKFxLsoaCOINjZCBKNCLh5z6yQu7t4du3OCHPkZ/gR/ha1WdmJj4X9xL6bw61Vv3pthZl6cKWnJ99+9kdGx8YnJqenKzOzc/EJ1cenMprkR2BKpSs1FDBaVTLBFkhReZAZBxwrP45vD0j+/RWNlmpzSXYYdDb1EdqUAclJU3TyOioOj/l7YA62BhxuubrqafwnhBi8F1b9sOEpRN6rW/Lo/AP9LgiGpsSGaUfUjvEpFrjEhocDaduBn1CnAkBQK+5Uwt5iBuIEeth1NQKPtFIPH+nwtt0Apz9BwqfhAxO8TBWhr73TsOjXQtf3tleJ/Xjun7m6nkEmWEyaiXERS4WCRFUa6xJBfSYNEUF6OXCZcgAEiNJKDEE7MXYQVl0fw+/u/5KxRD7bqjZPt2v7BMJkptsJW2ToL2A7bZ0esyVpMsHv2yJ7Ys/fgvXiv3ttX64g3nFlmP+B9fAIrW6Lt</latexit>

There are several mechanisms for PBHs formation [see e.g. the review by Carr et al. 2002.12778]

time of formation

PBH mass 
at formation



PBHs constraints
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� =
⇢BH(tf )

⇢R(tf )
<latexit sha1_base64="qcrJcLHW+qfwzZF7uayp6arcpzY=">AAACHnicbVC7SgNREL0b3/EVtbS5GIRoEXZV0EaQ2KRUMSaQDcvszSS55O6De2cFWfIPfoJfYauVndhq4b+4eRSaeKoz58wwM8ePlTRk219Wbm5+YXFpeSW/ura+sVnY2r4zUaIF1kSkIt3wwaCSIdZIksJGrBECX2Hd718O/fo9aiOj8JYeYmwF0A1lRwqgTPIKh66PBPycux0NInV1L/LSSnVQIq9zMBjXN+PCKxTtsj0CnyXOhBTZBFde4dttRyIJMCShwJimY8fUSkGTFAoHeTcxGIPoQxebGQ0hQNNKRz8N+H5igCIeo+ZS8ZGIvydSCIx5CPysMwDqmWlvKP7n NRPqnLVSGcYJYSiGi0gqHC0yQsssLORtqZEIhpcjlyEXoIEIteQgRCYmWXr5LA9n+vtZcndUdo7LR9cnxYvKJJlltsv2WIk57JRdsCq7YjUm2CN7Zi/s1Xqy3qx362PcmrMmMzvsD6zPH0uboiU=</latexit>

excluded by GW

This range is quite unconstrained, apart from gravitational waves (GW)
induced by second order effects [Papanikolaou et al. 2020,  Domenech et al. 2020, …]
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PBHs density/Radiation density at time of formation



PBHs evaporation / Schwarzschild

Greybody factors

All particles with mass below
Hawking temperature are emitted
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with 
instantaneous
energy
distribution

[Hawking 1974, Carr, 
Page, Mac Gibbon,…]



PBHs evaporation / Schwarzschild

Greybody factors

All particles with mass below
Hawking temperature are emitted
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Geometrical optics E ! 1
<latexit sha1_base64="wsFdq3qRKtZBP2cGuiIdkZcwyo4=">AAACCHicbVDLTgJBEJz1ifjCx83LRGLiieyiiR6JxsQjJvJIgJDeoYEJs7ObmV4NbvgBv8KrnrwZr/6FB//FBTkoWKdKVXe6uvxISUuu++ksLC4tr6xm1rLrG5tb27md3aoNYyOwIkIVmroPFpXUWCFJCuuRQQh8hTV/cDn2a3dorAz1LQ0jbAXQ07IrBVAqtXP7V7xpZK9PYEx4z5tSd2nYzuXdgjsBnyfelOTZFOV27qvZCUUcoCahwNqG50bUSsCQFApH2WZsMQIxgB42UqohQNtKJulH/Ci2QCGP0HCp+ETE3xsJBNYOAz+dDID6dtYbi/95jZi6561E6igm1GJ8iKTCySErjExrQd6RBolgnBy51FyAASI0koMQqRinPWXTPrzZ7+dJtVjwTgrFm9N86WLaTIYdsEN2zDx2xkrsmpVZhQn2wJ7YM3txHp1X5815/xldcKY7e+wPnI9vRuiZrA==</latexit>

1

gi

d2N

dt dE
<latexit sha1_base64="QBwNjDw6sNVGQfePHI2EGGTIyao=">AAACFXicbVC7SgNREL3rM8ZX1NLmahAsJOxGQUtRBCuJYKKQjWH27iRecvfBvbOCLFv7CX6FrVZ2Ymtt4b+4Sbbwdaoz58wwM8eLlTRk2x/WxOTU9Mxsaa48v7C4tFxZWW2ZKNECmyJSkb7ywKCSITZJksKrWCMEnsJLb3A89C9vURsZhRd0F2MngH4oe1IA5VK3suH2NIjUydJ+V2Z8XPnX9bMs9cnd8U+ybqVq1+wR+F/iFKTKCjS6lU/Xj0QSYEhCgTFtx46pk4ImKRRmZTcxGIMYQB/bOQ0hQNNJR69kfCsxQBGPUXOp+EjE7xMpBMbcBV7eGQDdmN/eUPzPayfUO+ikMowTwlAMF5FUOFpkhJZ5Rsh9qZEIhpcjlyEXoIEIteQgRC4meWjlPA/n9/d/Satec3Zr9fO96uFRkUyJrbNNts0cts8O2SlrsCYT7J49sif2bD1YL9ar9TZunbCKmTX2A9b7F126nxk=</latexit>

E/kBTBH
<latexit sha1_base64="CHhEh2065GfrUn8Lk/zTZz8r9tg=">AAAB/nicbVDLSsNAFJ3UV62vqks3g0VwVZMq6LJUhC4r9AVtKJPpbR06mYSZG6GEgl/hVlfuxK2/4sJ/MYlZaPWsDufcyz33eKEUBm37wyqsrK6tbxQ3S1vbO7t75f2DrgkizaHDAxnovscMSKGggwIl9EMNzPck9LzZder37kEbEag2zkNwfTZVYiI4w0Qa3pzNRg3aHsWN5mJUrthVOwP9S5ycVEiO1qj8ORwHPPJBIZfMmIFjh+jGTKPgEhalYWQgZHzGpjBIqGI+GDfOMi/oSWQYBjQETYWkmQg/N2LmGzP3vWTSZ3hnlr1U/M8bRDi5cmOhwghB8fQQCgnZIcO1SMoAOhYaEFmaHKhQlDPNEEELyjhPxChpp5T04Sx//5d0a1XnvFq7vajUG3kzRXJEjskpccglqZMmaZEO4SQkj+SJPFsP1ov1ar19jxasfOeQ/IL1/gVwWZVQ</latexit>

At tf

with 
instantaneous
energy
distribution

[Hawking 1974, Carr, 
Page, Mac Gibbon,…]



PBHs evaporation / Schwarzschild

[Hawking 1974, Carr, 
Page, Mac Gibbon,…]

Greybody factors

All particles with mass below
Hawking temperature are emitted
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BlackHawk [Arbey Auffinger 2020]
At tf

E/kBTBH
<latexit sha1_base64="CHhEh2065GfrUn8Lk/zTZz8r9tg=">AAAB/nicbVDLSsNAFJ3UV62vqks3g0VwVZMq6LJUhC4r9AVtKJPpbR06mYSZG6GEgl/hVlfuxK2/4sJ/MYlZaPWsDufcyz33eKEUBm37wyqsrK6tbxQ3S1vbO7t75f2DrgkizaHDAxnovscMSKGggwIl9EMNzPck9LzZder37kEbEag2zkNwfTZVYiI4w0Qa3pzNRg3aHsWN5mJUrthVOwP9S5ycVEiO1qj8ORwHPPJBIZfMmIFjh+jGTKPgEhalYWQgZHzGpjBIqGI+GDfOMi/oSWQYBjQETYWkmQg/N2LmGzP3vWTSZ3hnlr1U/M8bRDi5cmOhwghB8fQQCgnZIcO1SMoAOhYaEFmaHKhQlDPNEEELyjhPxChpp5T04Sx//5d0a1XnvFq7vajUG3kzRXJEjskpccglqZMmaZEO4SQkj+SJPFsP1ov1ar19jxasfOeQ/IL1/gVwWZVQ</latexit>

1

gi

d2N

dt dE
<latexit sha1_base64="QBwNjDw6sNVGQfePHI2EGGTIyao=">AAACFXicbVC7SgNREL3rM8ZX1NLmahAsJOxGQUtRBCuJYKKQjWH27iRecvfBvbOCLFv7CX6FrVZ2Ymtt4b+4Sbbwdaoz58wwM8eLlTRk2x/WxOTU9Mxsaa48v7C4tFxZWW2ZKNECmyJSkb7ywKCSITZJksKrWCMEnsJLb3A89C9vURsZhRd0F2MngH4oe1IA5VK3suH2NIjUydJ+V2Z8XPnX9bMs9cnd8U+ybqVq1+wR+F/iFKTKCjS6lU/Xj0QSYEhCgTFtx46pk4ImKRRmZTcxGIMYQB/bOQ0hQNNJR69kfCsxQBGPUXOp+EjE7xMpBMbcBV7eGQDdmN/eUPzPayfUO+ikMowTwlAMF5FUOFpkhJZ5Rsh9qZEIhpcjlyEXoIEIteQgRC4meWjlPA/n9/d/Satec3Zr9fO96uFRkUyJrbNNts0cts8O2SlrsCYT7J49sif2bD1YL9ar9TZunbCKmTX2A9b7F126nxk=</latexit>

E/kBTBH
<latexit sha1_base64="CHhEh2065GfrUn8Lk/zTZz8r9tg=">AAAB/nicbVDLSsNAFJ3UV62vqks3g0VwVZMq6LJUhC4r9AVtKJPpbR06mYSZG6GEgl/hVlfuxK2/4sJ/MYlZaPWsDufcyz33eKEUBm37wyqsrK6tbxQ3S1vbO7t75f2DrgkizaHDAxnovscMSKGggwIl9EMNzPck9LzZder37kEbEag2zkNwfTZVYiI4w0Qa3pzNRg3aHsWN5mJUrthVOwP9S5ycVEiO1qj8ORwHPPJBIZfMmIFjh+jGTKPgEhalYWQgZHzGpjBIqGI+GDfOMi/oSWQYBjQETYWkmQg/N2LmGzP3vWTSZ3hnlr1U/M8bRDi5cmOhwghB8fQQCgnZIcO1SMoAOhYaEFmaHKhQlDPNEEELyjhPxChpp5T04Sx//5d0a1XnvFq7vajUG3kzRXJEjskpccglqZMmaZEO4SQkj+SJPFsP1ov1ar19jxasfOeQ/IL1/gVwWZVQ</latexit>

with 
instantaneous
energy
distribution



PBHs lifetime / Schwarzschild
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Evaporation
before BBN 

The plot is for SM
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Page function (#dof)
Rate of mass loss
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Shortening of lifetime by: few % for few additional particles BSM; by about 1/2 for SUSY



PBHs evaporation and lifetime / Kerr

Greybody factors

All particles with mass below
Hawking temperature are emitted
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Spin parameter

In the Kerr case,
the shortening of lifetime is by at most ½ 

even for extremal PBHs ↵K = tev/t
S
ev

<latexit sha1_base64="wrP9Vzew+rfasSoGXxeKCx2U7jw=">AAACDHicbVC7SgNREL3rM8ZX1EawuRgEq7irgjZC0EawUTQPSOIyezOJF+8+uHdWkCV+gl9hq5Wd2PoPFv6Lm3ULTTzNHM6ZYWaOFylpyLY/rYnJqemZ2cJccX5hcWm5tLJaN2GsBdZEqELd9MCgkgHWSJLCZqQRfE9hw7s9GfqNO9RGhsEV3UfY8aEfyJ4UQKnkltbboKIbcM+OyE3wbrDzU64v3VLZrtgZ+DhxclJmOc7d0le7G4rYx4CEAmNajh1RJwFNUigcFNuxwQjELfSxldIAfDSdJPtgwLdiAxTyCDWXimci/p5IwDfm3vfSTh/oxox6Q/E/rxVT77CTyCCKCQMxXERSYbbICC3TaJB3pUYiGF6OXAZcgAYi1JKDEKkYp1kV0zyc0e/HSX234uxVdi/2y9XjPJkC22CbbJs57IBV2Sk7ZzUm2AN7Ys/sxXq0Xq036/2ndcLKZ9bYH1gf38P4m5k=</latexit>

S=Schwarzschild

<latexit sha1_base64="OEhcJVieLYuw6cpuQvdgqv6Rc1E=">AAACDHicbVDLSgNBEJz1GeMr6kXwMhiEeAm7EtRjiJdchAgmEZIQeicdHZx9MNMrhGX9BL/Cq568iVf/wYP/4mbdg0brVFR1013lhkoasu0Pa25+YXFpubBSXF1b39gsbW13TBBpgW0RqEBfuWBQSR/bJEnhVagRPFdh1709m/rdO9RGBv4lTUIceHDty7EUQKk0LO32xxpEfD6MG82kQodJTpNhqWxX7Qz8L3FyUmY5WsPSZ38UiMhDn4QCY3qOHdIgBk1SKEyK/chgCOIWrrGXUh88NIM4S5Dwg8gABTxEzaXimYg/N2LwjJl4bjrpAd2YWW8q/uf1IhqfDmLphxGhL6aHSCrMDhmhZVoN8pHUSATTz5FLnwvQQIRachAiFaO0q2LahzOb/i/pHFWd42rtolauN/JmCmyP7bMKc9gJq7Mma7E2E+yePbIn9mw9WC/Wq/X2PTpn5Ts77Bes9y8ZzZsy</latexit>

MBH(t)

MBH

(d
as

he
d)

(solid)

with 
instantaneous
energy
distribution

[Kerr 1963, Page 1976,…]



1) General introduction on PBHs: 
formation, constraints, evaporation, lifetime

2) Dynamics of energy densities: radiation or BH domination, 
abundance of the emitted particles
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OUTLINE



Dynamics of the energy densities
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Radiation

BHs (matter) 

Depending on b, one or the other «dominates» at BH evaporation
[Barrow et al 1991, …] 



Dynamics of the energy densities
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Radiation

BHs (matter) 

Radiation domination BH domination

Depending on b, one or the other «dominates» at BH evaporation

DE
N

SI
TI

ES

DE
N

SI
TI

ES

ß TEMPERATURE ß TEMPERATURE

evaporation

evaporation

EXAMPLE: MBH=104 g à Tf = 1013 GeV , Tev = 104 GeV
b=10-10 b=10-6 



Abundance of the PBHs at evaporation
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Radiation
domination

BH 
domination

independent on b� = �̄
<latexit sha1_base64="BAhz2BIN07Xu5mISsP8VgsjA4/0=">AAACBHicdVA9SwNBEN3z2/h1ammzGASrsJeoSQpBtLFUMBpIQphbR13c+2B3LhBCWn+FrVZ2Yuv/sPC/uBcjqOirHu/NMG9emGplSYg3b2Jyanpmdm6+sLC4tLzir66d2yQzEhsy0YlphmBRqxgbpEhjMzUIUajxIrw9yv2LHhqrkviM+il2IriO1ZWSQE7q+n47RIL9dgiGj2jXL4qS2NutVwQXpV0RVOt1R4TYq1XKPHAkR5GNcdL139uXicwijElqsLYViJQ6AzCkpMZhoZ1ZTEHewjW2HI0hQtsZjJIP+VZmgRKeouFK85GI3zcGEFnbj0I3GQHd2N9eLv7ltTK6qnUGKk4zwljmh0hpHB2y0ihXCfJLZZAI8uTIVcwlGCBCozhI6cTMdVRwfXw9zf8n5+VSUCmVT3eKB4fjZubYBttk2yxgVXbAjtkJazDJeuyePbBH78578p69l8/RCW+8s85+wHv9AC89l/s=</latexit>

excluded by GW

<latexit sha1_base64="g8XVtX/n5z8vmpSMP8eDJgJWn8o=">AAACH3icbVC7TsNAEDyHVwivACXNiQgJhBRsQEAZhYYGCSTCQ0mw1scSTpzt090aKbL8EXwCX0ELFR2ipeBfcEwKXlONZna1sxNoJS257rtTGhkdG58oT1ampmdm56rzC6c2TozAlohVbM4DsKhkhC2SpPBcG4QwUHgW3O4P/LM7NFbG0Qn1NXZD6EXyWgqgXPKr6xd+2jzIVslP8S5b4x1tYk0x7wRIwDf4YWFfplsbm5lfrbl1twD/S7whqbEhjvzqR+cqFkmIEQkF1rY9V1M3BUNSKMwqncSiBnELPWznNIIQbTctnsr4SmIhD6LRcKl4IeL3jRRCa/thkE+GQDf2tzcQ//PaCV3vdVMZ6YQwEoNDJBUWh6wwMm8L+ZU0SASD5MhlxAUYIEIjOQiRi0leXyXvw/v9/V9yuln3durbx9u1RnPYTJktsWW2yjy2yxrsgB2xFhPsnj2yJ/bsPDgvzqvz9jVacoY7i+wHnPdP7pqh1w==</latexit>

YBH(tev) / �/M3/2
BH

<latexit sha1_base64="Zl7Vbt9tXu/2aHsnDle4+0FcG+0=">AAACGnicbVC7TsNAEDzzDOEVoKQ5EYFCk9iIVxlBQ4MUJBKCkmCdLxs45Wyf7taRIst/wCfwFbRQ0SFaGgr+BcekAMJUo5ld7ex4SgqDtv1hTU3PzM7N5xbyi0vLK6uFtfWGCSPNoc5DGeqmxwxIEUAdBUpoKg3M9yRcef3TkX81AG1EGFziUEHHZ7eB6AnOMJXcws61G5+cJSV0Yxgku7StdKgwpE6FnmfOTXxQ2UvcQtEu2xnoJHHGpEjGqLmFz3Y35JEPAXLJjGk5tsJOzDQKLiHJtyMDivE+u4VWSgPmg+nE2T8J3Y4MSzMo0FRImonwcyNmvjFD30snfYZ35q83Ev/zWhH2jjuxCFSEEPDRIRQSskOGa5EWBbQrNCCyUXKgIqCcaYYIWlDGeSpGaXP5tA/n7/eTpLFXdg7L+xf7xerJuJkc2SRbpEQcckSq5IzUSJ1wck8eyRN5th6sF+vVevsenbLGOxvkF6z3L/UKn8A=</latexit>

YBH(tev) / 1/M5/2
BH

linear dependence on b

YBH(tev)=nBH(tev)/s(tev)  is a crucial quantity



Number of X particles
emitted by each BH

Present abundance of an emitted stable non-interacting X particle

HEAVY CASELIGHT CASE
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Possible entropy production

Assume that PBHs emit STABLE NON-INTERACTING (BSM) X particles

=YBH(tev)

emitted since BH formation emitted after BH formation



Number of X particles
emitted by each BH

Present abundance of an emitted stable non-interacting X particle

HEAVY CASELIGHT CASE
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Possible entropy production

To calculate NX we need the integrated spectrum at the evaporation:
Numerical methods (e.g. BlackHawk) / Approximate analytical methods

Assume that PBHs emit STABLE NON-INTERACTING (BSM) X particles

=YBH(tev)

emitted since BH formation emitted after BH formation

Better account of spin dep for «high spins»
s>1/2

Reliable for «low spins» 
s=0,1/2
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Technicalities about NX calculation

Integrated
spectrum at
evaporation

Define the adimensional

cp(tev)/kBTBH
<latexit sha1_base64="RQKBsOecw7s2RKPCkKxITyrMODE=">AAACCnicbVC7TgJBFJ3FF+Jr1cTGZiIxwQZ30URLgg0lJjxMYLOZHS44YfaRmbskZOUP/ApbreyMrT9h4b+4rBQKnurknHtzzz1eJIVGy/o0ciura+sb+c3C1vbO7p65f9DWYaw4tHgoQ3XnMQ1SBNBCgRLuIgXM9yR0vNHNzO+MQWkRBk2cROD4bBiIgeAMU8k1jziNSugmMJ6enY/cGm26Sa0+dc2iVbYy0GViz0mRzNFwza9eP+SxDwFyybTu2laETsIUCi5hWujFGiLGR2wI3ZQGzAftJFn+KT2NNcOQRqCokDQT4fdGwnytJ76XTvoM7/WiNxP/87oxDq6dRARRjBDw2SEUErJDmiuRFgO0LxQgsllyoCKgnCmGCEpQxnkqxmlThbQPe/H7ZdKulO2LcuX2slitzZvJk2NyQkrEJlekSuqkQVqEkwfyRJ7Ji/FovBpvxvvPaM6Y7xySPzA+vgFGL5mK</latexit>

For the LIGHT case and Schwarzschild

redshift effect

Numerical method

(X=i)
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Technicalities about NX calculation

Define the adimensional

cp(tev)/kBTBH
<latexit sha1_base64="RQKBsOecw7s2RKPCkKxITyrMODE=">AAACCnicbVC7TgJBFJ3FF+Jr1cTGZiIxwQZ30URLgg0lJjxMYLOZHS44YfaRmbskZOUP/ApbreyMrT9h4b+4rBQKnurknHtzzz1eJIVGy/o0ciura+sb+c3C1vbO7p65f9DWYaw4tHgoQ3XnMQ1SBNBCgRLuIgXM9yR0vNHNzO+MQWkRBk2cROD4bBiIgeAMU8k1jziNSugmMJ6enY/cGm26Sa0+dc2iVbYy0GViz0mRzNFwza9eP+SxDwFyybTu2laETsIUCi5hWujFGiLGR2wI3ZQGzAftJFn+KT2NNcOQRqCokDQT4fdGwnytJ76XTvoM7/WiNxP/87oxDq6dRARRjBDw2SEUErJDmiuRFgO0LxQgsllyoCKgnCmGCEpQxnkqxmlThbQPe/H7ZdKulO2LcuX2slitzZvJk2NyQkrEJlekSuqkQVqEkwfyRJ7Ji/FovBpvxvvPaM6Y7xySPzA+vgFGL5mK</latexit>

cp(tev)/kBTBH
<latexit sha1_base64="RQKBsOecw7s2RKPCkKxITyrMODE=">AAACCnicbVC7TgJBFJ3FF+Jr1cTGZiIxwQZ30URLgg0lJjxMYLOZHS44YfaRmbskZOUP/ApbreyMrT9h4b+4rBQKnurknHtzzz1eJIVGy/o0ciura+sb+c3C1vbO7p65f9DWYaw4tHgoQ3XnMQ1SBNBCgRLuIgXM9yR0vNHNzO+MQWkRBk2cROD4bBiIgeAMU8k1jziNSugmMJ6enY/cGm26Sa0+dc2iVbYy0GViz0mRzNFwza9eP+SxDwFyybTu2laETsIUCi5hWujFGiLGR2wI3ZQGzAftJFn+KT2NNcOQRqCokDQT4fdGwnytJ76XTvoM7/WiNxP/87oxDq6dRARRjBDw2SEUErJDmiuRFgO0LxQgsllyoCKgnCmGCEpQxnkqxmlThbQPe/H7ZdKulO2LcuX2slitzZvJk2NyQkrEJlekSuqkQVqEkwfyRJ7Ji/FovBpvxvvPaM6Y7xySPzA+vgFGL5mK</latexit>

Good approx. for s=0, 
quite good for s=1/2

For the LIGHT case and Schwarzschild

redshift effect

Numerical method Analytical method

Integrated
spectrum at
evaporation

(X=i)
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Technicalities about NX calculation

a⇤ = 0.5
<latexit sha1_base64="gEgjWNGjvFrHAi+y1ghSRHaYEn8=">AAAB+nicbVC7TsNAEDyHVwivACXNiQgJUUQ2D0GDFEFDGSTykJIoWl824ZTz2bpbI0UmP0ELFR2i5Wco+BfskAISphrN7Gpnx4+UtOS6n05uYXFpeSW/Wlhb39jcKm7v1G0YG4E1EarQNH2wqKTGGklS2IwMQuArbPjD68xvPKCxMtR3NIqwE8BAy74UQKnUhO4Rv3TLZ91iyS27E/B54k1JiU1R7Ra/2r1QxAFqEgqsbXluRJ0EDEmhcFxoxxYjEEMYYCulGgK0nWSSd8wPYgsU8ggNl4pPRPy9kUBg7Sjw08kA6N7Oepn4n9eKqX/RSaSOYkItskMkFU4OWWFkWgTynjRIBFly5FJzAQaI0EgOQqRinDZTSPvwZr+fJ/XjsndSPr49LVWups3k2R7bZ4fMY+eswm5YldWYYIo9sWf24jw6r86b8/4zmnOmO7vsD5yPb7ntky0=</latexit> a⇤ = 0.9

<latexit sha1_base64="/EvDC9x6xvYulnBQkz+jB3ES34o=">AAAB+nicbVA9SwNBEN2LXzF+RS1tFoMgFuFOBbUQgjaWEcwHJCHMbSZxyd7esTsnhDN/wlYrO7H1z1j4X7yLKTTxVY/3Zpg3z4+UtOS6n05uYXFpeSW/Wlhb39jcKm7v1G0YG4E1EarQNH2wqKTGGklS2IwMQuArbPjD68xvPKCxMtR3NIqwE8BAy74UQKnUhO4Rv3TLF91iyS27E/B54k1JiU1R7Ra/2r1QxAFqEgqsbXluRJ0EDEmhcFxoxxYjEEMYYCulGgK0nWSSd8wPYgsU8ggNl4pPRPy9kUBg7Sjw08kA6N7Oepn4n9eKqX/eSaSOYkItskMkFU4OWWFkWgTynjRIBFly5FJzAQaI0EgOQqRinDZTSPvwZr+fJ/XjsndSPr49LVWups3k2R7bZ4fMY2eswm5YldWYYIo9sWf24jw6r86b8/4zmnOmO7vsD5yPb8ApkzE=</latexit>

Define the adimensional

For the LIGHT case and Kerr

cp(tev)/kBTBH
<latexit sha1_base64="RQKBsOecw7s2RKPCkKxITyrMODE=">AAACCnicbVC7TgJBFJ3FF+Jr1cTGZiIxwQZ30URLgg0lJjxMYLOZHS44YfaRmbskZOUP/ApbreyMrT9h4b+4rBQKnurknHtzzz1eJIVGy/o0ciura+sb+c3C1vbO7p65f9DWYaw4tHgoQ3XnMQ1SBNBCgRLuIgXM9yR0vNHNzO+MQWkRBk2cROD4bBiIgeAMU8k1jziNSugmMJ6enY/cGm26Sa0+dc2iVbYy0GViz0mRzNFwza9eP+SxDwFyybTu2laETsIUCi5hWujFGiLGR2wI3ZQGzAftJFn+KT2NNcOQRqCokDQT4fdGwnytJ76XTvoM7/WiNxP/87oxDq6dRARRjBDw2SEUErJDmiuRFgO0LxQgsllyoCKgnCmGCEpQxnkqxmlThbQPe/H7ZdKulO2LcuX2slitzZvJk2NyQkrEJlekSuqkQVqEkwfyRJ7Ji/FovBpvxvvPaM6Y7xySPzA+vgFGL5mK</latexit>

cp(tev)/kBTBH
<latexit sha1_base64="RQKBsOecw7s2RKPCkKxITyrMODE=">AAACCnicbVC7TgJBFJ3FF+Jr1cTGZiIxwQZ30URLgg0lJjxMYLOZHS44YfaRmbskZOUP/ApbreyMrT9h4b+4rBQKnurknHtzzz1eJIVGy/o0ciura+sb+c3C1vbO7p65f9DWYaw4tHgoQ3XnMQ1SBNBCgRLuIgXM9yR0vNHNzO+MQWkRBk2cROD4bBiIgeAMU8k1jziNSugmMJ6enY/cGm26Sa0+dc2iVbYy0GViz0mRzNFwza9eP+SxDwFyybTu2laETsIUCi5hWujFGiLGR2wI3ZQGzAftJFn+KT2NNcOQRqCokDQT4fdGwnytJ76XTvoM7/WiNxP/87oxDq6dRARRjBDw2SEUErJDmiuRFgO0LxQgsllyoCKgnCmGCEpQxnkqxmlThbQPe/H7ZdKulO2LcuX2slitzZvJk2NyQkrEJlekSuqkQVqEkwfyRJ7Ji/FovBpvxvvPaM6Y7xySPzA+vgFGL5mK</latexit>

cp(tev)/kBTBH
<latexit sha1_base64="RQKBsOecw7s2RKPCkKxITyrMODE=">AAACCnicbVC7TgJBFJ3FF+Jr1cTGZiIxwQZ30URLgg0lJjxMYLOZHS44YfaRmbskZOUP/ApbreyMrT9h4b+4rBQKnurknHtzzz1eJIVGy/o0ciura+sb+c3C1vbO7p65f9DWYaw4tHgoQ3XnMQ1SBNBCgRLuIgXM9yR0vNHNzO+MQWkRBk2cROD4bBiIgeAMU8k1jziNSugmMJ6enY/cGm26Sa0+dc2iVbYy0GViz0mRzNFwza9eP+SxDwFyybTu2laETsIUCi5hWujFGiLGR2wI3ZQGzAftJFn+KT2NNcOQRqCokDQT4fdGwnytJ76XTvoM7/WiNxP/87oxDq6dRARRjBDw2SEUErJDmiuRFgO0LxQgsllyoCKgnCmGCEpQxnkqxmlThbQPe/H7ZdKulO2LcuX2slitzZvJk2NyQkrEJlekSuqkQVqEkwfyRJ7Ji/FovBpvxvvPaM6Y7xySPzA+vgFGL5mK</latexit>

redshift effect

Numerical method

Integrated
spectrum at
evaporation

(X=i)
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Technicalities about NX calculation

In agreement with simple approx
by Baumann et al. [2007]

For the LIGHT case and Kerr

= �̃si
<latexit sha1_base64="yYbzwPsVbDW0U6ekrqKW/Blbzrk=">AAACB3icbVC7TsNAEDzzDOFlSElzIkKiiuyABA1SBA1lkMhDii3rfNkkp5wfulsjRVY+gK+ghYoO0fIZFPwLtnEBCVONZna1s+PHUmi0rE9jZXVtfWOzslXd3tnd2zcPDrs6ShSHDo9kpPo+0yBFCB0UKKEfK2CBL6HnT29yv/cASosovMdZDG7AxqEYCc4wkzyzdkUdFHII1Iknwku1J+aeWbcaVgG6TOyS1EmJtmd+OcOIJwGEyCXTemBbMbopUyi4hHnVSTTEjE/ZGAYZDVkA2k2L8HN6kmiGEY1BUSFpIcLvjZQFWs8CP5sMGE70opeL/3mDBEeXbirCOEEIeX4oexSKQ5orkbUCdCgUILI8OVARUs4UQwQlKOM8E5OspmrWh734/TLpNhv2WaN5d15vXZfNVMgROSanxCYXpEVuSZt0CCcz8kSeyYvxaLwab8b7z+iKUe7UyB8YH98tdZkM</latexit>

redshift effect

OR… DO NOT DO ANY CALCULATION AND JUST USE THE PLOT BELOW

(X=i)

Integrated
spectrum at
evaporation



1) General introduction on PBHs: 
formation, constraints, evaporation, lifetime

2) Dynamics of energy densities: radiation or BH domination, 
abundance of emitted particles
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OUTLINE

3) Non-interacting stable particles from evaporating PBHs as dark matter: 
light/heavy case
Bounds on warm dark matter for the light case



Dark matter from PBHs evaporation

grossly TWO SCENARIOS 

according to the HEAVY / LIGHT case 
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If the particle X is stable and non interacting,
it contributes to dark matter

⌦X =
⇢X
⇢c

=
MX s(tnow)

⇢c
YX(tnow)

<latexit sha1_base64="46JitS0N2KVjq3RoYWBcRvstSqk="></latexit>

Present abundance of the 
emitted X particles

Mass of the X particles

and with small differences for different spins and Schwarzschild / Kerr

[Fujita et al. 2014]



HEAVY case for Schwarzschild with s=0

Candidates: 
stable right-handed neutrinos, stable GUT particles, … 

Log10M0[GeV]=

Assume all DM is made by stable X particles with s=0 and mass M0
(numerical/analytical methods agree)

I. Masina, NEHOP, Naples  20/06/23 23

excluded by GW

Radiation
domination

BH 
domination



Assume all DM is made by stable X particles with s=0 and mass M0
(numerical/analytical methods agree)

LIGHT case for Schwarzschild with s=0

Candidates: 
«axions», stable right-handed neutrinos, LSP, …. 

Region excluded by constraints from 
structure formation on warm DM 
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Log10M0[GeV]=

�/�̄ . 0.01
<latexit sha1_base64="KYYV1AFq2EZg9K74Byd1gr8NDqI=">AAACFHicdVA9TwJBEN3DL8Qv1NJmIzGxwruDgHZEG0tMREyAkLl1xI17H9mdMyGE1p/gr7DVys7Y2lv4X9xDTNToa/bNezOZnRckShpy3TcnNzM7N7+QXywsLa+srhXXN85MnGqBLRGrWJ8HYFDJCFskSeF5ohHCQGE7uD7K/PYNaiPj6JSGCfZCGETyUgogK/WLvBsgAd+zL+hp0VVojJEhd8uu1y+W3PLBfs2v1rLarXu+lxG/Xq1UuWeVDCU2RbNffO9exCINMSKhwJiO5ybUG4EmKRSOC93UYALiGgbYsTSCEE1vNLlkzHdSAxTzBDWXik9E/D4xgtCYYRjYzhDoyvz2MvEvr5PS5X5vJKMkJYxEtoikwskiI7S0ESG/kBqJIPs5chlxARqIUEsOQlgxtZkVbB5fR/P/yZlf9ipl/6RaahxOk8mzLbbNdpnH6qzBjlmTtZhgt+yePbBH5855cp6dl8/WnDOd2WQ/4Lx+AAwUnSE=</latexit>

excluded by GW

Radiation
domination

BH 
domination



Assume all DM is made by stable X particles with s=0 and mass M0
(numerical/analytical methods agree)

LIGHT case for Schwarzschild with s=0

Candidates: 
«axions», stable right-handed neutrinos, LSP, …. 

Region excluded by constraints from 
structure formation on warm DM 
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For other spins and Kerr case see this

Log10M0[GeV]=

M
X
/M

0
<latexit sha1_base64="6FbBoKMrryZXFXNkBesKWfVG+5k=">AAAB+XicbVC7TsNAEDyHVwivACXNiQiJKtgBCcoIGppIQSIPKbGs82UTTjmfrbs1UmTlI2ihokO0fA0F/4JtXEDCVKOZXe3s+JEUBm370yqtrK6tb5Q3K1vbO7t71f2DrgljzaHDQxnqvs8MSKGggwIl9CMNLPAl9PzpTeb3HkEbEap7nEXgBmyixFhwhqnUa3n9s5Zne9WaXbdz0GXiFKRGCrS96tdwFPI4AIVcMmMGjh2hmzCNgkuYV4axgYjxKZvAIKWKBWDcJI87pyexYRjSCDQVkuYi/N5IWGDMLPDTyYDhg1n0MvE/bxDj+MpNhIpiBMWzQygk5IcM1yLtAehIaEBkWXKgQlHONEMELSjjPBXjtJhK2oez+P0y6Tbqznm9cXdRa14XzZTJETkmp8Qhl6RJbkmbdAgnU/JEnsmLlViv1pv1/jNasoqdQ/IH1sc35qSTWA==</latexit>

�/�̄ . 0.01
<latexit sha1_base64="KYYV1AFq2EZg9K74Byd1gr8NDqI=">AAACFHicdVA9TwJBEN3DL8Qv1NJmIzGxwruDgHZEG0tMREyAkLl1xI17H9mdMyGE1p/gr7DVys7Y2lv4X9xDTNToa/bNezOZnRckShpy3TcnNzM7N7+QXywsLa+srhXXN85MnGqBLRGrWJ8HYFDJCFskSeF5ohHCQGE7uD7K/PYNaiPj6JSGCfZCGETyUgogK/WLvBsgAd+zL+hp0VVojJEhd8uu1y+W3PLBfs2v1rLarXu+lxG/Xq1UuWeVDCU2RbNffO9exCINMSKhwJiO5ybUG4EmKRSOC93UYALiGgbYsTSCEE1vNLlkzHdSAxTzBDWXik9E/D4xgtCYYRjYzhDoyvz2MvEvr5PS5X5vJKMkJYxEtoikwskiI7S0ESG/kBqJIPs5chlxARqIUEsOQlgxtZkVbB5fR/P/yZlf9ipl/6RaahxOk8mzLbbNdpnH6qzBjlmTtZhgt+yePbBH5855cp6dl8/WnDOd2WQ/4Lx+AAwUnSE=</latexit>

excluded by GW

Radiation
domination

BH 
domination



Constraints on WDM for LIGHT case / Schwarschild

Ø Auffinger Masina Orlando 2020: further improves Baldes et al. method by including
spin effects
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Many improvements in the calculation in the last years

Ø Fujita et al. 2014: simple argument to adapt the constraints on thermal WDM  
to the case of DM from PBHs, within the geometrical optics approx (good for s=0)

Ø Lennon et al. 2017: inclusion of redshift effect and hints to spin effect

Ø Baldes et al. 2020: improve method by calculating the WDM phase space distribution
to be put in CLASS to get the transfer function T(k) for comparison with observational constraints

T (k)2
<latexit sha1_base64="mo5fZXE4l/Vz717SZThb6fc4UQ4=">AAAB+HicbVC7TsNAEDzzDOEVoKQ5ESGFJrIDEpQRNJRByktKTHS+bMKR89m6WyMFK/9ACxUdouVvKPgXbOMCEqYazexqZ8cLpTBo25/W0vLK6tp6YaO4ubW9s1va22+bINIcWjyQge56zIAUClooUEI31MB8T0LHm1ylfucBtBGBauI0BNdnYyVGgjNMpHazMjm5rQ1KZbtqZ6CLxMlJmeRoDEpf/WHAIx8UcsmM6Tl2iG7MNAouYVbsRwZCxidsDL2EKuaDceMs7YweR4ZhQEPQVEiaifB7I2a+MVPfSyZ9hndm3kvF/7xehKMLNxYqjBAUTw+hkJAdMlyLpAagQ6EBkaXJgQpFOdMMEbSgjPNEjJJeikkfzvz3i6Rdqzqn1drNWbl+mTdTIIfkiFSIQ85JnVyTBmkRTu7JE3kmL9aj9Wq9We8/o0tWvnNA/sD6+AYSUJLf</latexit>

s=2s=0 s=½ s=1 s=3/2
�

�̄
.

<latexit sha1_base64="IBaqAm1uOHT9fQNSvQAy6KnaSPw=">AAACFHicbVC7TsNAEDyHVwgvAyXNiQiJKrIDEpQRNJRBIg8pjqL1ZRNOOT90t0aKrLR8Al9BCxUdoqWn4F9wnBSQMM2OZna1u+PHShpynC+rsLK6tr5R3Cxtbe/s7tn7B00TJVpgQ0Qq0m0fDCoZYoMkKWzHGiHwFbb80fXUbz2gNjIK72gcYzeAYSgHUgBlUs/m3kCDSD0fCSZZAc1n3FNojJFBzy47FScHXybunJTZHPWe/e31I5EEGJJQYEzHdWLqpqBJCoWTkpcYjEGMYIidjIYQoOmm+ScTfpIYoIjHqLlUPBfx90QKgTHjwM86A6B7s+hNxf+8TkKDy24qwzghDMV0EUmF+SIjtMwiQt6XGolgejlyGXIBGohQSw5CZGKSZVbK8nAXv18mzWrFPatUb8/Ltat5MkV2xI7ZKXPZBauxG1ZnDSbYI3tmL+zVerLerHfrY9ZasOYzh+wPrM8fpOCfWQ==</latexit>

tension reduced for increasing spin



Constraints on WDM for LIGHT case / Kerr

Ø Auffinger Masina Orlando 2020: further improves Baldes et al. method by including
spin effects
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Many improvements in the calculation in the last years

Ø Fujita et al. 2014: simple argument to adapt the constraints on thermal WDM  
to the case of DM from PBHs, within the geometrical optics approx (good for s=0)

Ø Lennon et al. 2017: inclusion of redshift effect and hints to spin effect

Ø Baldes et al. 2020: improve method by calculating the WDM phase space distribution
to be put in CLASS to get the transfer function T(k) for comparison with observational constraints

Ø Masina 2020: the Kerr case does not help: no significant differences for s=0,1/2,1, 
tension is exacerbated for s=2 and large a*



Constraints on WDM for LIGHT case / Kerr

Ø Auffinger Masina Orlando 2020: further improves Baldes et al. method by including
spin effects
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Many improvements in the calculation in the last years

Ø Fujita et al. 2014: simple argument to adapt the constraints on thermal WDM  
to the case of DM from PBHs, within the geometrical optics approx (good for s=0)

Ø Lennon et al. 2017: inclusion of redshift effect and hints to spin effect

Ø Baldes et al. 2020: improve method by calculating the WDM phase space distribution
to be put in CLASS to get the transfer function T(k) for comparison with observational constraints

Ø Masina 2020: the Kerr case does not help: no significant differences for s=0,1/2,1, 
tension is exacerbated for s=2 and large a*

WAYS to avoid tension with structure formation and «save» BH domination for LIGHT case: 
v Entropy production mechanism at work [Fujita et al. 2014]
v Self-interacting SM: thermalization with number changing interactions [Bernal et al. 2020]



1) General introduction on PBHs: 
formation, constraints, evaporation, lifetime

3) Non-interacting stable particles from evaporating PBHs as dark matter

2) Dynamics of energy densities: radiation or BH domination, 
abundance of emitted particles
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OUTLINE

4) Non-interacting stable particles from evaporating PBHs as dark radiation



The condition to be dark radiation

mean energy of the X particles
at matter-radiation equilibrium

X particle contribute to DR  (and not significantly to DM) if

20/06/23 I. Masina, NEHOP, Naples  30

<latexit sha1_base64="tpjTqCp57OV7qP/MiPr3FoYQz9Q=">AAACHnicbVDLSgNBEJz1bXxFPXoZDIJ6CLsi6jEoghdBwWggiUvv2MYhs7PLTK8QlvyDn+BXeNWTN/GqB//F2ZiDrzoVVd10V0WpkpZ8/90bGR0bn5icmi7NzM7NL5QXl85tkhmBdZGoxDQisKikxjpJUthIDUIcKbyIugeFf3GLxspEn1EvxXYMHS2vpQByUljePA4bXFxu8ZZCa62MHQHdUcgP1ynMD0/7G7xlBkpYrvhVfwD+lwRDUmFDnITlj9ZVIrIYNQkF1jYDP6V2DoakUNgvtTKLKYgudLDpqIYYbTsfZOrztcwCJTxFw6XiAxG/b+QQW9uLIzcZA93Y314h/uc1M7rea+dSpxmhFsUhki5uccgKI11ZyK+kQSIoPkcuNRdggAiN5CCEEzPXXsn1EfxO/5ecb1WDner26Xaltj9sZoqtsFW2zgK2y2rsiJ2wOhPsjj2wR/bk3XvP3ov3+jU64g13ltkPeG+fEA2haw==</latexit>

MXc2 . hE(tEQ)i

[Hooper et al. 2019]

MBH [g] 10-5 10-1 109 

MX < 1 eV 10 MeV0.1 keV



Dark radiation from PBH evaporation / Schwarzschild
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For BH domination:

SCHWARZSCHILD

Exciting possibility
to detect some 
signal in the future
for s<3/2

[Hooper et al. 2019]

For Radiation domination: multiply previous numbers by suppressing factor
<latexit sha1_base64="zeGw7Do1WkmFjEZ04P2LU64nb3Q=">AAACBXicbVC7TsNAEDzzDOGVQElzIkKiCjaKgDKChjJI5CHFVrS+bMIp54fu1qAoSs1X0EJFh2j5Dgr+Bce4gISpRjO72tnxYyUN2fantbS8srq2Xtgobm5t7+yWynstEyVaYFNEKtIdHwwqGWKTJCnsxBoh8BW2/dHVzG/fozYyCm9pHKMXwDCUAymAUqlXKrs+Epxw1wfNM94rVeyqnYEvEicnFZaj0St9uf1IJAGGJBQY03XsmLwJaJJC4bToJgZjECMYYjelIQRovEkWfcqPEgMU8Rg1l4pnIv7emEBgzDjw08kA6M7MezPxP6+b0ODCm8gwTghDMTtEUmF2yAgt006Q96VGIpglRy5DLkADEWrJQYhUTNKSimkfzvz3i6R1WnXOqrWbWqV+mTdTYAfskB0zh52zOrtmDdZkgj2wJ/bMXqxH69V6s95/RpesfGef/YH18Q0IJ5fT</latexit>

�/�̄

<latexit sha1_base64="Cx9HMO2g01JCF57y5FHIF9097Rg=">AAACJ3icbVDJSgNBEO1xjXGLevTSGAQFCTMqLregF48qZoFMGGraijbpmWm6a0QZ8iF+gl/hVU/eRA8e/BMnMYjbO716r4qqeqFW0pLrvjojo2PjE5OFqeL0zOzcfGlhsW6T1AisiUQlphmCRSVjrJEkhU1tEKJQYSPsHvb9xhUaK5P4jG40tiO4iGVHCqBcCkpbPmhtkmu+Wdnn/obfMSAy31wmQXONggyveuu9z/r0qw5KZbfiDsD/Em9IymyI46D05p8nIo0wJqHA2pbnampnYEgKhb2in1rUILpwga2cxhChbWeD53p8NbVACddouFR8IOL3iQwia2+iMO+MgC7tb68v/ue1UurstTMZ65QwFv1FJBUOFllhZJ4a8nNpkAj6lyOXMRdggAiN5CBELqZ5jMU8D+/3939JfbPi7VS2T7bL1YNhMgW2zFbYGvPYLquyI3bMakywW3bPHtijc+c8Oc/Oy2friDOcWWI/4Lx/AL/3phY=</latexit>

⇡ 2.9
⇢X(tev)

⇢R(tev)

(X)

<latexit sha1_base64="PPbCM3ebkmAdurNOV1pXeWw6mR0=">AAACCHicbVDLTgJBEJzFF+ILHzcvE4kJXsiuIeqRqAdPBhN5JICkd2hwwuwjM70muNkf8Cu86smb8epfePBfXJCDonWqVHWnq8sNlTRk2x9WZm5+YXEpu5xbWV1b38hvbtVNEGmBNRGoQDddMKikjzWSpLAZagTPVdhwh2djv3GH2sjAv6ZRiB0PBr7sSwGUSt38TvscFQG/7MbY7yc3cbF5kHTzBbtkT8D/EmdKCmyKajf/2e4FIvLQJ6HAmJZjh9SJQZMUCpNcOzIYghjCAFsp9cFD04kn6RO+HxmggIeouVR8IuLPjRg8Y0aem056QLdm1huL/3mtiPonnVj6YUToi/Ehkgonh4zQMq0FeU9qJIJxcuTS5wI0EKGWHIRIxSjtKZf24cx+/5fUD0vOUal8VS5UTqfNZNku22NF5rBjVmEXrMpqTLB79sie2LP1YL1Yr9bb92jGmu5ss1+w3r8AkcyZPA==</latexit>
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Dark radiation from PBH evaporation / Kerr
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KERR

Recent debate about «hot gravitons» in Kerr case for BH domination: will they be seen? 

Ø Hooper et al. 2004.00618: for a*=0.7, planned CMB will see massless «hot gravitons»

Ø Arbey et al. 2021: only for a*>0.8; study of extended mass and spin distribution

Ø Cheek et al. 2207.09462: No, never, with full inclusion of redshift
and density dynamics at evaporation

Ø Masina 2021: including redshift effects, only for extremal BH, a*>0.9

<latexit sha1_base64="PPbCM3ebkmAdurNOV1pXeWw6mR0=">AAACCHicbVDLTgJBEJzFF+ILHzcvE4kJXsiuIeqRqAdPBhN5JICkd2hwwuwjM70muNkf8Cu86smb8epfePBfXJCDonWqVHWnq8sNlTRk2x9WZm5+YXEpu5xbWV1b38hvbtVNEGmBNRGoQDddMKikjzWSpLAZagTPVdhwh2djv3GH2sjAv6ZRiB0PBr7sSwGUSt38TvscFQG/7MbY7yc3cbF5kHTzBbtkT8D/EmdKCmyKajf/2e4FIvLQJ6HAmJZjh9SJQZMUCpNcOzIYghjCAFsp9cFD04kn6RO+HxmggIeouVR8IuLPjRg8Y0aem056QLdm1huL/3mtiPonnVj6YUToi/Ehkgonh4zQMq0FeU9qJIJxcuTS5wI0EKGWHIRIxSjtKZf24cx+/5fUD0vOUal8VS5UTqfNZNku22NF5rBjVmEXrMpqTLB79sie2LP1YL1Yr9bb92jGmu5ss1+w3r8AkcyZPA==</latexit>

�N (X)
eff

a*



1) General introduction on PBHs: 
formation, constraints, evaporation, lifetime

3) Non-interacting stable particles from evaporating PBHs as dark matter

2) Dynamics of energy densities: radiation or BH domination, 
abundance of emitted particles

I. Masina, NEHOP, Naples  20/06/23 33

OUTLINE

5) Conclusions and outlook

4) Non-interacting stable particles from evaporating PBHs as dark radiation



Conclusions and outlook

Evaporation of PBHs with masses between 10-5 g and 109 g

is an elegant VIABLE mechanism to account for DM
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both radiation and BH 
domination are allowed

only radiation domination allowed, 
due to constraints from structure formation

… but ways out have been proposed
(entropy, thermalization)

BH domination: s=0,1/2,1 might be tested by planned CMB
(while hot gravitons give too low contribution even in Kerr case)

HEAVY DM LIGHT DM 

and also INTERESTING PROSPECTS FOR DR


