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Overview:
• Horizonless ultracompact objects (HUCOs) from quadratic gravity, a candidate  
theory for quantum gravity. A family of solutions in the classical theory.

• With improved observational techniques, a future sign on their existence would have direct 
Implications on the nature of quantum gravity; in this case in favour of Quantum Quadratic 
Gravity.

• Unlike Black Holes (BHs): they do not posses horizon; they exhibit different thermodynamical 
behaviour than BHs; back-reaction of thermal matter leads to radiation in the classical level; 
entropically favoured over BHs in certain circumstances.

• Possess a lower bound for its mass! Therefore, natural remnants of primordial objects as DM 
candidate. In BH case, no sign from the classical GR on the existence of remnants. Generally 
assumed that QG might stop the evaporation, leading to relics. In the case of 2-2 holes on 
the other hand, definite signs from the classical physics that evaporation indeed stops; 
although the full mechanism for termination of evaporation still requires quantum treatment. 

• They resemble BHs from exterior down to a Planck length of would-be-horizon.  
Thus, they look similar to BHs astrophysically in the leading order of observations; consistent 
with the current GW and M87 implications. On the other hand, there exist predictions 
separating 2-2 holes (or HUCOs in general) from BHs.

What are 2-2 holes about? Differences from BHs?  
DM candidate as relics. Cues on quantum gravity?
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Beyond General Relativity

• GR is an outstandingly successful theory. Explains astrophysical phenomena well. 
Passed ubiquitous number of tests so far; Post-Newtonian tests, gravitational lensing, 
growth of galaxy clusters, and many more. GWs recently observed. Provides successful 
cosmology with FRW background.   

• But not free from problems. Non-renormalizable. Can be considered as an effective 
field theory. Higher order corrections occur as the energy increases.

• As an effective theory, it is expected to be replaced at the UV by a well-behaved 
theory. Hence the search for the theory of quantum gravity.

• Expected to provide a resolution to another apparent problem in GR: information 
loss paradox in black holes.
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Beyond General Relativity

•Event Horizon of a BH      Point of no return - information loss - how to recover?

•One possibility of resolution: No horizons at all; horizonless ultracompact objects (HUCO), 
active area of research for decades. 

• Theory of quantum gravity Does not allow BHs horizons at all and  
so deals with the problem from the get-go?

Or allowing both BH and HUCO solutions  
but perhaps physically favors the latter?

BHs (hence horizons) exist and information  
loss is dealt with?
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HUCOs are still in the picture, phenomenologically!
• Looks very similar to BHs astrophysically; the radiation is trapped in high-redshift region due  

to strong gravitational field. Would look dark in the electromagnetic window within the current 
resolution of the observations.

• GW echoes: Main GW signal of the post-merger ringdown phase virtually identical between BHs 
and 2-2 holes cases. But 2-2 holes have distinctive predictions for after the ringdown; echos of 
decreasing amplitudes because of the  reflection of the pulse off inner surface (or center).

M87 shadow

Conklin, Holdom, Ren (2017),

From Cardoso & Pani  (2019). For a generic HUCO.

See also Abramowicz, Kluzniak, Lasota (2002) 
for difficulties in confirming existence of a horizon 

from observations.

For the latest status report, see:  
Cardoso & Pani  (2019)
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Evidence for echoes from the LIGO signals!
Abedi et.al (2016)

Although the significance seems to be low: 
Westerweck et.al, (2017)

See Abedi et.al (2018), for the response to Westerweck et.al, (2017).  
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Quantum Quadratic Gravity: A novel horizonless object 

• An old idea for quantum gravity. Extending GR by including all the quadratic  
invariants in the action.

• Renormalizable (Stelle-1977), but comes with baggage; a ghost-like massive degree of 
freedom. On the other hand, It has been argued in literature that there might be 
solutions.

A recently proposed resolution: Non-perturbative effects due to possible strong coupling at the UV removes 
the ghost from the physical spectrum. GR emerges as the leading term in the low energy effective theory.  
Holdom & Ren, Phys.Rev. D93 (2016) no.12, 124030, arXiv:1512.05305

It was discussed in the literature that ghosts might be benign in a quantum theory — not causing any 
unitarity problems.
(Smilga, J.Phys. A47 (2014) no.5, 052001, arXiv: 1306.6066)
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Quadratic Gravity: 2-2 holes, information loss 
paradox, and dark matter 
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• The classical solutions provide an object similar to black hole but with no  
 horizon, a black hole mimicker: 2-2 hole

Sourced by dense, compact matter like black hole but possesses quite different features. 

• Different scaling relations, different thermodynamical behaviour.

Different law for Hawking radiation, entropy, energy. Anomalous features of BH thermodynamics emerge 
in the large-mass limit from the ordinary gas dynamics. In the small-mass limit, it looks just like a regular  
thermodynamical system. 

• Candidate for dark matter

Its relic constitutes a candidate for dark matter if it is formed in the early universe, just like primordial  
black holes (PBHs). Primordial 2-2 holes part ways with PBHs in terms of implications and observational 
consequences due to its different thermodynamical behaviour

Ufuk Aydemir (IHEP), Corfu-2019



2-2 holes:
• Classical solutions for dense matter sources for the fully non-linear theory.  

• Numerically solved for static, spherically symmetric, asymptotically flat spacetime.

Non-Schwarzschild-like solutions.

Holdom & Ren (2017)

Series expansion around origin. Solved for the spherical thin shell model.

For                (low compactness):

�8

When the shell is very thin, the deviation of (0,0) from GR-solution (star) is 
very small. When l is large, GR has no horizonless solution but Quadratic 
Gravity has (0,0).

l & rH
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(2-2) solutions take over..

We are interested in               case: (2-2) solutions.
Resembles Schd solution in the exterior down to a 
distance Planck length away from the would-be-horizon. 
Transition to high curvature interior solution. 

l . rH
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Ren’s talk (2019),  
Tsinghua U.



2-2 holes with relativistic thermal gas

�9

Ren (2019)

• In-falling relativistic particles in thermal equilibrium, p=3ρ. Thermal gas

Relativistic limit

• αC2 term is necessary, βR2 does not play an essential role.

m=0

β=0 gives us Einstein-Weyl gravity

No solution exits for 
rH
�2
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<latexit sha1_base64="OJuQBt4JBy52R2OEFgWqw9sMdJw=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmKoMuimy4r2Ac0IUwmk3bozCTMTIQSsnTjr7hxoYhbP8Gdf+O0zUJbDwwczrmHO/eEKaNKO863VVlb39jcqm7Xdnb39g/sw6OeSjKJSRcnLJGDECnCqCBdTTUjg1QSxENG+uHkdub3H4hUNBH3epoSn6ORoDHFSBspsE+9WCKcy6Bd5B4zuQgFzcJjRClFOXQDu+40nDngKnFLUgclOoH95UUJzjgRGjOk1NB1Uu3nSGqKGSlqXqZIivAEjcjQUIE4UX4+P6SA50aJYJxI84SGc/V3IkdcqSkPzSRHeqyWvZn4nzfMdHzt51SkmSYCLxbFGYM6gbNWYEQlwZpNDUFYUvNXiMfINKNNdzVTgrt88irpNRuu03DvLuutm7KOKjgBZ+ACuOAKtEAbdEAXYPAInsEreLOerBfr3fpYjFasMnMM/sD6/AHlYpnd</latexit><latexit sha1_base64="OJuQBt4JBy52R2OEFgWqw9sMdJw=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmKoMuimy4r2Ac0IUwmk3bozCTMTIQSsnTjr7hxoYhbP8Gdf+O0zUJbDwwczrmHO/eEKaNKO863VVlb39jcqm7Xdnb39g/sw6OeSjKJSRcnLJGDECnCqCBdTTUjg1QSxENG+uHkdub3H4hUNBH3epoSn6ORoDHFSBspsE+9WCKcy6Bd5B4zuQgFzcJjRClFOXQDu+40nDngKnFLUgclOoH95UUJzjgRGjOk1NB1Uu3nSGqKGSlqXqZIivAEjcjQUIE4UX4+P6SA50aJYJxI84SGc/V3IkdcqSkPzSRHeqyWvZn4nzfMdHzt51SkmSYCLxbFGYM6gbNWYEQlwZpNDUFYUvNXiMfINKNNdzVTgrt88irpNRuu03DvLuutm7KOKjgBZ+ACuOAKtEAbdEAXYPAInsEreLOerBfr3fpYjFasMnMM/sD6/AHlYpnd</latexit><latexit sha1_base64="OJuQBt4JBy52R2OEFgWqw9sMdJw=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmKoMuimy4r2Ac0IUwmk3bozCTMTIQSsnTjr7hxoYhbP8Gdf+O0zUJbDwwczrmHO/eEKaNKO863VVlb39jcqm7Xdnb39g/sw6OeSjKJSRcnLJGDECnCqCBdTTUjg1QSxENG+uHkdub3H4hUNBH3epoSn6ORoDHFSBspsE+9WCKcy6Bd5B4zuQgFzcJjRClFOXQDu+40nDngKnFLUgclOoH95UUJzjgRGjOk1NB1Uu3nSGqKGSlqXqZIivAEjcjQUIE4UX4+P6SA50aJYJxI84SGc/V3IkdcqSkPzSRHeqyWvZn4nzfMdHzt51SkmSYCLxbFGYM6gbNWYEQlwZpNDUFYUvNXiMfINKNNdzVTgrt88irpNRuu03DvLuutm7KOKjgBZ+ACuOAKtEAbdEAXYPAInsEreLOerBfr3fpYjFasMnMM/sD6/AHlYpnd</latexit><latexit sha1_base64="OJuQBt4JBy52R2OEFgWqw9sMdJw=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmKoMuimy4r2Ac0IUwmk3bozCTMTIQSsnTjr7hxoYhbP8Gdf+O0zUJbDwwczrmHO/eEKaNKO863VVlb39jcqm7Xdnb39g/sw6OeSjKJSRcnLJGDECnCqCBdTTUjg1QSxENG+uHkdub3H4hUNBH3epoSn6ORoDHFSBspsE+9WCKcy6Bd5B4zuQgFzcJjRClFOXQDu+40nDngKnFLUgclOoH95UUJzjgRGjOk1NB1Uu3nSGqKGSlqXqZIivAEjcjQUIE4UX4+P6SA50aJYJxI84SGc/V3IkdcqSkPzSRHeqyWvZn4nzfMdHzt51SkmSYCLxbFGYM6gbNWYEQlwZpNDUFYUvNXiMfINKNNdzVTgrt88irpNRuu03DvLuutm7KOKjgBZ+ACuOAKtEAbdEAXYPAInsEreLOerBfr3fpYjFasMnMM/sD6/AHlYpnd</latexit>

So; minimum allowed mass for  
2-2 holes!

Mmin ⇠ m2
Pl

m2
<latexit sha1_base64="cDsvVhaPkv+NdkiTCOgjkDqFCo8=">AAACCXicbZDLSgMxFIbP1Futt1GXboJFcFVmiqDLohs3QgV7gbYOmTTThiaZIckIZZitG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyacaeN5305hZXVtfaO4Wdra3tndc/cPmjpOFaENEvNYtUOsKWeSNgwznLYTRbEIOW2Fo6tJvfVAlWaxvDPjhPYEHkgWMYKNtQIX3QSZYDLvaiZQN1KYZCLI6jy/r+aWqnnglr2KNxVaBn8OZZirHrhf3X5MUkGlIRxr3fG9xPQyrAwjnOalbqppgskID2jHosSC6l42vSRHJ9bpoyhW9kmDpu7viQwLrccitJ0Cm6FerE3M/2qd1EQXvYzJJDVUktmiKOXIxGgSC+ozRYnhYwuYKGb/isgQ2ziMDa9kQ/AXT16GZrXiexX/9qxcu5zHUYQjOIZT8OEcanANdWgAgUd4hld4c56cF+fd+Zi1Fpz5zCH8kfP5AxKjmo4=</latexit><latexit sha1_base64="cDsvVhaPkv+NdkiTCOgjkDqFCo8=">AAACCXicbZDLSgMxFIbP1Futt1GXboJFcFVmiqDLohs3QgV7gbYOmTTThiaZIckIZZitG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyacaeN5305hZXVtfaO4Wdra3tndc/cPmjpOFaENEvNYtUOsKWeSNgwznLYTRbEIOW2Fo6tJvfVAlWaxvDPjhPYEHkgWMYKNtQIX3QSZYDLvaiZQN1KYZCLI6jy/r+aWqnnglr2KNxVaBn8OZZirHrhf3X5MUkGlIRxr3fG9xPQyrAwjnOalbqppgskID2jHosSC6l42vSRHJ9bpoyhW9kmDpu7viQwLrccitJ0Cm6FerE3M/2qd1EQXvYzJJDVUktmiKOXIxGgSC+ozRYnhYwuYKGb/isgQ2ziMDa9kQ/AXT16GZrXiexX/9qxcu5zHUYQjOIZT8OEcanANdWgAgUd4hld4c56cF+fd+Zi1Fpz5zCH8kfP5AxKjmo4=</latexit><latexit sha1_base64="cDsvVhaPkv+NdkiTCOgjkDqFCo8=">AAACCXicbZDLSgMxFIbP1Futt1GXboJFcFVmiqDLohs3QgV7gbYOmTTThiaZIckIZZitG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyacaeN5305hZXVtfaO4Wdra3tndc/cPmjpOFaENEvNYtUOsKWeSNgwznLYTRbEIOW2Fo6tJvfVAlWaxvDPjhPYEHkgWMYKNtQIX3QSZYDLvaiZQN1KYZCLI6jy/r+aWqnnglr2KNxVaBn8OZZirHrhf3X5MUkGlIRxr3fG9xPQyrAwjnOalbqppgskID2jHosSC6l42vSRHJ9bpoyhW9kmDpu7viQwLrccitJ0Cm6FerE3M/2qd1EQXvYzJJDVUktmiKOXIxGgSC+ozRYnhYwuYKGb/isgQ2ziMDa9kQ/AXT16GZrXiexX/9qxcu5zHUYQjOIZT8OEcanANdWgAgUd4hld4c56cF+fd+Zi1Fpz5zCH8kfP5AxKjmo4=</latexit><latexit sha1_base64="cDsvVhaPkv+NdkiTCOgjkDqFCo8=">AAACCXicbZDLSgMxFIbP1Futt1GXboJFcFVmiqDLohs3QgV7gbYOmTTThiaZIckIZZitG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyacaeN5305hZXVtfaO4Wdra3tndc/cPmjpOFaENEvNYtUOsKWeSNgwznLYTRbEIOW2Fo6tJvfVAlWaxvDPjhPYEHkgWMYKNtQIX3QSZYDLvaiZQN1KYZCLI6jy/r+aWqnnglr2KNxVaBn8OZZirHrhf3X5MUkGlIRxr3fG9xPQyrAwjnOalbqppgskID2jHosSC6l42vSRHJ9bpoyhW9kmDpu7viQwLrccitJ0Cm6FerE3M/2qd1EQXvYzJJDVUktmiKOXIxGgSC+ozRYnhYwuYKGb/isgQ2ziMDa9kQ/AXT16GZrXiexX/9qxcu5zHUYQjOIZT8OEcanANdWgAgUd4hld4c56cF+fd+Zi1Fpz5zCH8kfP5AxKjmo4=</latexit>

!

Hawking temperature Bekenstein-Hawking entropy 

In the large mass limit:

In the small mass limit:

BH thermodynamics reproduced 
up to some factor.

,
Interior radius

T1 = T (r)
p
�g00(r)

<latexit sha1_base64="HnwtjOp/zW4Wl2NMktmwpfysXtk=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4tQF5ZEBN0IRTcuK/QFbQmT6aQdOpnEmRshhOzd+CtuXCji1h9w5984fSy09cCFwzn3cu89XiS4Btv+tnIrq2vrG/nNwtb2zu5ecf+gpcNYUdakoQhVxyOaCS5ZEzgI1okUI4EnWNsb30z89gNTmoeyAUnE+gEZSu5zSsBIbrHUcNMelz4k2RVuVNQJ7ul7Benp0E1tOzNC5hbLdtWeAi8TZ07KaI66W/zqDUIaB0wCFUTrrmNH0E+JAk4Fywq9WLOI0DEZsq6hkgRM99PpLxk+NsoA+6EyJQFP1d8TKQm0TgLPdAYERnrRm4j/ed0Y/Mt+ymUUA5N0tsiPBYYQT4LBA64YBZEYQqji5lZMR0QRCia+ggnBWXx5mbTOqo5dde7Oy7XreRx5dIRKqIIcdIFq6BbVURNR9Iie0St6s56sF+vd+pi15qz5zCH6A+vzB1UQmfA=</latexit><latexit sha1_base64="HnwtjOp/zW4Wl2NMktmwpfysXtk=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4tQF5ZEBN0IRTcuK/QFbQmT6aQdOpnEmRshhOzd+CtuXCji1h9w5984fSy09cCFwzn3cu89XiS4Btv+tnIrq2vrG/nNwtb2zu5ecf+gpcNYUdakoQhVxyOaCS5ZEzgI1okUI4EnWNsb30z89gNTmoeyAUnE+gEZSu5zSsBIbrHUcNMelz4k2RVuVNQJ7ul7Benp0E1tOzNC5hbLdtWeAi8TZ07KaI66W/zqDUIaB0wCFUTrrmNH0E+JAk4Fywq9WLOI0DEZsq6hkgRM99PpLxk+NsoA+6EyJQFP1d8TKQm0TgLPdAYERnrRm4j/ed0Y/Mt+ymUUA5N0tsiPBYYQT4LBA64YBZEYQqji5lZMR0QRCia+ggnBWXx5mbTOqo5dde7Oy7XreRx5dIRKqIIcdIFq6BbVURNR9Iie0St6s56sF+vd+pi15qz5zCH6A+vzB1UQmfA=</latexit><latexit sha1_base64="HnwtjOp/zW4Wl2NMktmwpfysXtk=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4tQF5ZEBN0IRTcuK/QFbQmT6aQdOpnEmRshhOzd+CtuXCji1h9w5984fSy09cCFwzn3cu89XiS4Btv+tnIrq2vrG/nNwtb2zu5ecf+gpcNYUdakoQhVxyOaCS5ZEzgI1okUI4EnWNsb30z89gNTmoeyAUnE+gEZSu5zSsBIbrHUcNMelz4k2RVuVNQJ7ul7Benp0E1tOzNC5hbLdtWeAi8TZ07KaI66W/zqDUIaB0wCFUTrrmNH0E+JAk4Fywq9WLOI0DEZsq6hkgRM99PpLxk+NsoA+6EyJQFP1d8TKQm0TgLPdAYERnrRm4j/ed0Y/Mt+ymUUA5N0tsiPBYYQT4LBA64YBZEYQqji5lZMR0QRCia+ggnBWXx5mbTOqo5dde7Oy7XreRx5dIRKqIIcdIFq6BbVURNR9Iie0St6s56sF+vd+pi15qz5zCH6A+vzB1UQmfA=</latexit><latexit sha1_base64="HnwtjOp/zW4Wl2NMktmwpfysXtk=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4tQF5ZEBN0IRTcuK/QFbQmT6aQdOpnEmRshhOzd+CtuXCji1h9w5984fSy09cCFwzn3cu89XiS4Btv+tnIrq2vrG/nNwtb2zu5ecf+gpcNYUdakoQhVxyOaCS5ZEzgI1okUI4EnWNsb30z89gNTmoeyAUnE+gEZSu5zSsBIbrHUcNMelz4k2RVuVNQJ7ul7Benp0E1tOzNC5hbLdtWeAi8TZ07KaI66W/zqDUIaB0wCFUTrrmNH0E+JAk4Fywq9WLOI0DEZsq6hkgRM99PpLxk+NsoA+6EyJQFP1d8TKQm0TgLPdAYERnrRm4j/ed0Y/Mt+ymUUA5N0tsiPBYYQT4LBA64YBZEYQqji5lZMR0QRCia+ggnBWXx5mbTOqo5dde7Oy7XreRx5dIRKqIIcdIFq6BbVURNR9Iie0St6s56sF+vd+pi15qz5zCH6A+vzB1UQmfA=</latexit>

Tolman law for 
local temperature



Black Hole evaporation

�10

• The most important information comes from radiation of  
primordial (black or 2-2) holes and the formation mass.

dM

dt
⇡ � ⇡2

120
g⇤ 4⇡r2

h
T 4
BH

<latexit sha1_base64="pxnKP+4XTqLvQywAxF08nEwU9Ws="></latexit><latexit sha1_base64="pxnKP+4XTqLvQywAxF08nEwU9Ws="></latexit><latexit sha1_base64="pxnKP+4XTqLvQywAxF08nEwU9Ws="></latexit><latexit sha1_base64="pxnKP+4XTqLvQywAxF08nEwU9Ws="></latexit>

• Using the Stefan–Boltzmann law of black-body radiation

So, for M ⇠ 1015g, ⌧evap ⇠ 1017s ⇠ ⌧univ
<latexit sha1_base64="z54Ccv9OKckrmSw6XaxWkGIGXNQ="></latexit><latexit sha1_base64="z54Ccv9OKckrmSw6XaxWkGIGXNQ="></latexit><latexit sha1_base64="z54Ccv9OKckrmSw6XaxWkGIGXNQ="></latexit><latexit sha1_base64="z54Ccv9OKckrmSw6XaxWkGIGXNQ="></latexit>

Or, M > 10
9
g, ⌧evap > 1s ⇠ ⌧BBN

<latexit sha1_base64="tzZnZUGN48MQ+fZTQmGdW8iw7Xw="></latexit><latexit sha1_base64="tzZnZUGN48MQ+fZTQmGdW8iw7Xw="></latexit><latexit sha1_base64="tzZnZUGN48MQ+fZTQmGdW8iw7Xw="></latexit><latexit sha1_base64="tzZnZUGN48MQ+fZTQmGdW8iw7Xw="></latexit>

• What about 2-2 holes?

TBH =


2⇡
=

1

8⇡GM
⇠ 10�7

✓
M�
M

◆
K

<latexit sha1_base64="qma4bX+a9AVZKHtlk3xDGO6G6xU="></latexit><latexit sha1_base64="qma4bX+a9AVZKHtlk3xDGO6G6xU="></latexit><latexit sha1_base64="qma4bX+a9AVZKHtlk3xDGO6G6xU="></latexit><latexit sha1_base64="qma4bX+a9AVZKHtlk3xDGO6G6xU="></latexit>

Surface gravity

⌧evap ⇠ G2M3

g⇤
⇠ 1017

✓
M

1015g

◆3

s
<latexit sha1_base64="Gwe/WqcoYBrHnIA1BaUW4fN9+bs="></latexit><latexit sha1_base64="Gwe/WqcoYBrHnIA1BaUW4fN9+bs="></latexit><latexit sha1_base64="Gwe/WqcoYBrHnIA1BaUW4fN9+bs="></latexit><latexit sha1_base64="Gwe/WqcoYBrHnIA1BaUW4fN9+bs="></latexit>

Ufuk Aydemir (IHEP), Corfu-2019



Radiation Temperature, evaporation time for 2-2 holes

�11

T22 ⇡ 1.35 g�1/4
⇤

r
�2

lPl

TBH = 1.35 g�1/4
⇤

r
mPl

m2
TBH

<latexit sha1_base64="MC81KQflPUyjylMSuZ2Bog015qQ="></latexit><latexit sha1_base64="MC81KQflPUyjylMSuZ2Bog015qQ="></latexit><latexit sha1_base64="MC81KQflPUyjylMSuZ2Bog015qQ="></latexit><latexit sha1_base64="MC81KQflPUyjylMSuZ2Bog015qQ="></latexit>

Dependence on g⇤ and m2. m2 dependence is important.
<latexit sha1_base64="p8uKMXZ2NpVDVFCeNU9ITtGkmCw="></latexit><latexit sha1_base64="p8uKMXZ2NpVDVFCeNU9ITtGkmCw="></latexit><latexit sha1_base64="p8uKMXZ2NpVDVFCeNU9ITtGkmCw="></latexit><latexit sha1_base64="p8uKMXZ2NpVDVFCeNU9ITtGkmCw="></latexit>

Hawking temperature

In the large-mass limit

Extra dependence of g⇤
<latexit sha1_base64="qDQw7+1WTfykh8CVuTGPyW4Jd2I=">AAAB63icbVBNS8NAEJ3Urxq/qh69LBZBPJREBD0WvXisYD+gDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btIctPXBwOO9GWbmhQln2njet1NZW9/Y3Kpuuzu7e/sHtcOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh9C73u09UaRbLRzNLaCDwWLKIEWxyyR0PL4a1utfwCqBV4pekDiVaw9rXYBSTVFBpCMda930vMUGGlWGE07k7SDVNMJniMe1bKrGgOsiKW+fozCojFMXKljSoUH9PZFhoPROh7RTYTPSyl4v/ef3URDdBxmSSGirJYlGUcmRilD+ORkxRYvjMEkwUs7ciMsEKE2PjcW0I/vLLq6Rz2fC9hv9wVW/elnFU4QRO4Rx8uIYm3EML2kBgAs/wCm+OcF6cd+dj0Vpxyplj+APn8wcbXI2c</latexit><latexit sha1_base64="qDQw7+1WTfykh8CVuTGPyW4Jd2I=">AAAB63icbVBNS8NAEJ3Urxq/qh69LBZBPJREBD0WvXisYD+gDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btIctPXBwOO9GWbmhQln2njet1NZW9/Y3Kpuuzu7e/sHtcOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh9C73u09UaRbLRzNLaCDwWLKIEWxyyR0PL4a1utfwCqBV4pekDiVaw9rXYBSTVFBpCMda930vMUGGlWGE07k7SDVNMJniMe1bKrGgOsiKW+fozCojFMXKljSoUH9PZFhoPROh7RTYTPSyl4v/ef3URDdBxmSSGirJYlGUcmRilD+ORkxRYvjMEkwUs7ciMsEKE2PjcW0I/vLLq6Rz2fC9hv9wVW/elnFU4QRO4Rx8uIYm3EML2kBgAs/wCm+OcF6cd+dj0Vpxyplj+APn8wcbXI2c</latexit><latexit sha1_base64="qDQw7+1WTfykh8CVuTGPyW4Jd2I=">AAAB63icbVBNS8NAEJ3Urxq/qh69LBZBPJREBD0WvXisYD+gDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btIctPXBwOO9GWbmhQln2njet1NZW9/Y3Kpuuzu7e/sHtcOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh9C73u09UaRbLRzNLaCDwWLKIEWxyyR0PL4a1utfwCqBV4pekDiVaw9rXYBSTVFBpCMda930vMUGGlWGE07k7SDVNMJniMe1bKrGgOsiKW+fozCojFMXKljSoUH9PZFhoPROh7RTYTPSyl4v/ef3URDdBxmSSGirJYlGUcmRilD+ORkxRYvjMEkwUs7ciMsEKE2PjcW0I/vLLq6Rz2fC9hv9wVW/elnFU4QRO4Rx8uIYm3EML2kBgAs/wCm+OcF6cd+dj0Vpxyplj+APn8wcbXI2c</latexit><latexit sha1_base64="qDQw7+1WTfykh8CVuTGPyW4Jd2I=">AAAB63icbVBNS8NAEJ3Urxq/qh69LBZBPJREBD0WvXisYD+gDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btIctPXBwOO9GWbmhQln2njet1NZW9/Y3Kpuuzu7e/sHtcOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh9C73u09UaRbLRzNLaCDwWLKIEWxyyR0PL4a1utfwCqBV4pekDiVaw9rXYBSTVFBpCMda930vMUGGlWGE07k7SDVNMJniMe1bKrGgOsiKW+fozCojFMXKljSoUH9PZFhoPROh7RTYTPSyl4v/ef3URDdBxmSSGirJYlGUcmRilD+ORkxRYvjMEkwUs7ciMsEKE2PjcW0I/vLLq6Rz2fC9hv9wVW/elnFU4QRO4Rx8uIYm3EML2kBgAs/wCm+OcF6cd+dj0Vpxyplj+APn8wcbXI2c</latexit>

Canceling the initial g⇤
<latexit sha1_base64="qDQw7+1WTfykh8CVuTGPyW4Jd2I=">AAAB63icbVBNS8NAEJ3Urxq/qh69LBZBPJREBD0WvXisYD+gDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btIctPXBwOO9GWbmhQln2njet1NZW9/Y3Kpuuzu7e/sHtcOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh9C73u09UaRbLRzNLaCDwWLKIEWxyyR0PL4a1utfwCqBV4pekDiVaw9rXYBSTVFBpCMda930vMUGGlWGE07k7SDVNMJniMe1bKrGgOsiKW+fozCojFMXKljSoUH9PZFhoPROh7RTYTPSyl4v/ef3URDdBxmSSGirJYlGUcmRilD+ORkxRYvjMEkwUs7ciMsEKE2PjcW0I/vLLq6Rz2fC9hv9wVW/elnFU4QRO4Rx8uIYm3EML2kBgAs/wCm+OcF6cd+dj0Vpxyplj+APn8wcbXI2c</latexit><latexit sha1_base64="qDQw7+1WTfykh8CVuTGPyW4Jd2I=">AAAB63icbVBNS8NAEJ3Urxq/qh69LBZBPJREBD0WvXisYD+gDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btIctPXBwOO9GWbmhQln2njet1NZW9/Y3Kpuuzu7e/sHtcOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh9C73u09UaRbLRzNLaCDwWLKIEWxyyR0PL4a1utfwCqBV4pekDiVaw9rXYBSTVFBpCMda930vMUGGlWGE07k7SDVNMJniMe1bKrGgOsiKW+fozCojFMXKljSoUH9PZFhoPROh7RTYTPSyl4v/ef3URDdBxmSSGirJYlGUcmRilD+ORkxRYvjMEkwUs7ciMsEKE2PjcW0I/vLLq6Rz2fC9hv9wVW/elnFU4QRO4Rx8uIYm3EML2kBgAs/wCm+OcF6cd+dj0Vpxyplj+APn8wcbXI2c</latexit><latexit sha1_base64="qDQw7+1WTfykh8CVuTGPyW4Jd2I=">AAAB63icbVBNS8NAEJ3Urxq/qh69LBZBPJREBD0WvXisYD+gDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btIctPXBwOO9GWbmhQln2njet1NZW9/Y3Kpuuzu7e/sHtcOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh9C73u09UaRbLRzNLaCDwWLKIEWxyyR0PL4a1utfwCqBV4pekDiVaw9rXYBSTVFBpCMda930vMUGGlWGE07k7SDVNMJniMe1bKrGgOsiKW+fozCojFMXKljSoUH9PZFhoPROh7RTYTPSyl4v/ef3URDdBxmSSGirJYlGUcmRilD+ORkxRYvjMEkwUs7ciMsEKE2PjcW0I/vLLq6Rz2fC9hv9wVW/elnFU4QRO4Rx8uIYm3EML2kBgAs/wCm+OcF6cd+dj0Vpxyplj+APn8wcbXI2c</latexit><latexit sha1_base64="qDQw7+1WTfykh8CVuTGPyW4Jd2I=">AAAB63icbVBNS8NAEJ3Urxq/qh69LBZBPJREBD0WvXisYD+gDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btIctPXBwOO9GWbmhQln2njet1NZW9/Y3Kpuuzu7e/sHtcOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh9C73u09UaRbLRzNLaCDwWLKIEWxyyR0PL4a1utfwCqBV4pekDiVaw9rXYBSTVFBpCMda930vMUGGlWGE07k7SDVNMJniMe1bKrGgOsiKW+fozCojFMXKljSoUH9PZFhoPROh7RTYTPSyl4v/ef3URDdBxmSSGirJYlGUcmRilD+ORkxRYvjMEkwUs7ciMsEKE2PjcW0I/vLLq6Rz2fC9hv9wVW/elnFU4QRO4Rx8uIYm3EML2kBgAs/wCm+OcF6cd+dj0Vpxyplj+APn8wcbXI2c</latexit>

Strong coupling at the UV

Weak coupling at the UV

⌧22evap = g⇤
m2

2

m2
Pl

⌧BH

evap = m2
2 M3 G3

<latexit sha1_base64="OrcnVuA3q8JjfTcd48UiZIUSHG8="></latexit><latexit sha1_base64="OrcnVuA3q8JjfTcd48UiZIUSHG8="></latexit><latexit sha1_base64="OrcnVuA3q8JjfTcd48UiZIUSHG8="></latexit><latexit sha1_base64="OrcnVuA3q8JjfTcd48UiZIUSHG8="></latexit>

For m2 ⌧ mPl , ⌧22evap ⌧ ⌧BH

evap
<latexit sha1_base64="B264S7OuJTPYSMUh/ZwNBYlGpSs="></latexit><latexit sha1_base64="B264S7OuJTPYSMUh/ZwNBYlGpSs="></latexit><latexit sha1_base64="B264S7OuJTPYSMUh/ZwNBYlGpSs="></latexit><latexit sha1_base64="B264S7OuJTPYSMUh/ZwNBYlGpSs="></latexit>

For m2 ⇠ mPl , ⌧22evap ⇠ ⌧BH

evap
<latexit sha1_base64="XoW8a8g5i4/p8kUE6TAH8+PH4tU="></latexit><latexit sha1_base64="XoW8a8g5i4/p8kUE6TAH8+PH4tU="></latexit><latexit sha1_base64="XoW8a8g5i4/p8kUE6TAH8+PH4tU="></latexit><latexit sha1_base64="XoW8a8g5i4/p8kUE6TAH8+PH4tU="></latexit>
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Primordial (Black or 2-2) holes

�12

• It is formed when highly over-dense regions of inhomogeneities gravitationally collapse.

• Possible mass spans a wide mass range from the Planck mass to 1015  solar masses.

• Could be formed with a variety of masses or the production could peak at some scale 
depending on the scenario. 

• Main reason that it draws this much attention is its possible role as dark matter.  

• Black hole formation in early universe the corresponding implications are heavily studied 
    in the literature. Initiated by Carr (1975).   

• Constraints and implications are directly related to the mass and the evaporation time.

Ufuk Aydemir (IHEP), Corfu-2019



2-2 hole relics as dark matter

�13

• Even though black holes with masses smaller than ⇠ 1015 gr
<latexit sha1_base64="R0ZtqpvWDSpzFCveq2duHJ4f6CU=">AAACAXicbVDLSsNAFJ3UV42vqBvBzWARXJWMKApuim5cVrAPaGKZTCft0JkkzEzEEuLGX3HjQhG3/oU7/8Zpm4W2HrhwOOde7r0nSDhT2nW/rdLC4tLySnnVXlvf2NxytneaKk4loQ0S81i2A6woZxFtaKY5bSeSYhFw2gqGV2O/dU+lYnF0q0cJ9QXuRyxkBGsjdZ0921NMQOTeZeg09y48EcQPWV/mXafiVt0J4DxBBamAAvWu8+X1YpIKGmnCsVId5Cbaz7DUjHCa216qaILJEPdpx9AIC6r8bPJBDg+N0oNhLE1FGk7U3xMZFkqNRGA6BdYDNeuNxf+8TqrDcz9jUZJqGpHpojDlUMdwHAfsMUmJ5iNDMJHM3ArJAEtMtAnNNiGg2ZfnSfO4itwqujmp1C6LOMpgHxyAI4DAGaiBa1AHDUDAI3gGr+DNerJerHfrY9pasoqZXfAH1ucPDV2WAQ==</latexit><latexit sha1_base64="R0ZtqpvWDSpzFCveq2duHJ4f6CU=">AAACAXicbVDLSsNAFJ3UV42vqBvBzWARXJWMKApuim5cVrAPaGKZTCft0JkkzEzEEuLGX3HjQhG3/oU7/8Zpm4W2HrhwOOde7r0nSDhT2nW/rdLC4tLySnnVXlvf2NxytneaKk4loQ0S81i2A6woZxFtaKY5bSeSYhFw2gqGV2O/dU+lYnF0q0cJ9QXuRyxkBGsjdZ0921NMQOTeZeg09y48EcQPWV/mXafiVt0J4DxBBamAAvWu8+X1YpIKGmnCsVId5Cbaz7DUjHCa216qaILJEPdpx9AIC6r8bPJBDg+N0oNhLE1FGk7U3xMZFkqNRGA6BdYDNeuNxf+8TqrDcz9jUZJqGpHpojDlUMdwHAfsMUmJ5iNDMJHM3ArJAEtMtAnNNiGg2ZfnSfO4itwqujmp1C6LOMpgHxyAI4DAGaiBa1AHDUDAI3gGr+DNerJerHfrY9pasoqZXfAH1ucPDV2WAQ==</latexit><latexit sha1_base64="R0ZtqpvWDSpzFCveq2duHJ4f6CU=">AAACAXicbVDLSsNAFJ3UV42vqBvBzWARXJWMKApuim5cVrAPaGKZTCft0JkkzEzEEuLGX3HjQhG3/oU7/8Zpm4W2HrhwOOde7r0nSDhT2nW/rdLC4tLySnnVXlvf2NxytneaKk4loQ0S81i2A6woZxFtaKY5bSeSYhFw2gqGV2O/dU+lYnF0q0cJ9QXuRyxkBGsjdZ0921NMQOTeZeg09y48EcQPWV/mXafiVt0J4DxBBamAAvWu8+X1YpIKGmnCsVId5Cbaz7DUjHCa216qaILJEPdpx9AIC6r8bPJBDg+N0oNhLE1FGk7U3xMZFkqNRGA6BdYDNeuNxf+8TqrDcz9jUZJqGpHpojDlUMdwHAfsMUmJ5iNDMJHM3ArJAEtMtAnNNiGg2ZfnSfO4itwqujmp1C6LOMpgHxyAI4DAGaiBa1AHDUDAI3gGr+DNerJerHfrY9pasoqZXfAH1ucPDV2WAQ==</latexit><latexit sha1_base64="R0ZtqpvWDSpzFCveq2duHJ4f6CU=">AAACAXicbVDLSsNAFJ3UV42vqBvBzWARXJWMKApuim5cVrAPaGKZTCft0JkkzEzEEuLGX3HjQhG3/oU7/8Zpm4W2HrhwOOde7r0nSDhT2nW/rdLC4tLySnnVXlvf2NxytneaKk4loQ0S81i2A6woZxFtaKY5bSeSYhFw2gqGV2O/dU+lYnF0q0cJ9QXuRyxkBGsjdZ0921NMQOTeZeg09y48EcQPWV/mXafiVt0J4DxBBamAAvWu8+X1YpIKGmnCsVId5Cbaz7DUjHCa216qaILJEPdpx9AIC6r8bPJBDg+N0oNhLE1FGk7U3xMZFkqNRGA6BdYDNeuNxf+8TqrDcz9jUZJqGpHpojDlUMdwHAfsMUmJ5iNDMJHM3ArJAEtMtAnNNiGg2ZfnSfO4itwqujmp1C6LOMpgHxyAI4DAGaiBa1AHDUDAI3gGr+DNerJerHfrY9pasoqZXfAH1ucPDV2WAQ==</latexit>

are expected to have evaporated
by now and hence thought not to be able account for the missing mass, there is another possibility
which has also heavily studied in the literature.

• Even though in GR there seems not to exists corresponding suitable mechanism, it is possible that 
black holes do not evaporate into nothing, but leave some remnants behind. Then, these relics  
may contribute significantly to DM abundance under some conditions.

• In the case of a 2-2 hole, this is actually a natural scenario since they possess a minimum possible
 mass, signalling that there might indeed be a mechanism at small scales stopping the evaporation  
 at some stage.

Dark matter?Mrem ⇠ Mmin ⇠ m2
Pl

m2
<latexit sha1_base64="Y6D05TBZOn+9Tsc7txJ4RoMqcP4=">AAACFnicbZDLSsNAFIYnXmu8RV26GSyCG0tSBF0W3bgRKtgLNDFMppN26MwkzEyEEvIUbnwVNy4UcSvufBunbRba+sPAx3/O4cz5o5RRpV3321paXlldW69s2Jtb2zu7zt5+WyWZxKSFE5bIboQUYVSQlqaakW4qCeIRI51odDWpdx6IVDQRd3qckoCjgaAxxUgbK3RO7Zswl4QXvqIcGuZUzNiPJcI5D/MmK+7rhaF6ETpVt+ZOBRfBK6EKSjVD58vvJzjjRGjMkFI9z011kCOpKWaksP1MkRThERqQnkGBOFFBPj2rgMfG6cM4keYJDafu74kccaXGPDKdHOmhmq9NzP9qvUzHF0FORZppIvBsUZwxqBM4yQj2qSRYs7EBhCU1f4V4iEwc2iRpmxC8+ZMXoV2veW7Nuz2rNi7LOCrgEByBE+CBc9AA16AJWgCDR/AMXsGb9WS9WO/Wx6x1ySpnDsAfWZ8/z3mfxw==</latexit><latexit sha1_base64="Y6D05TBZOn+9Tsc7txJ4RoMqcP4=">AAACFnicbZDLSsNAFIYnXmu8RV26GSyCG0tSBF0W3bgRKtgLNDFMppN26MwkzEyEEvIUbnwVNy4UcSvufBunbRba+sPAx3/O4cz5o5RRpV3321paXlldW69s2Jtb2zu7zt5+WyWZxKSFE5bIboQUYVSQlqaakW4qCeIRI51odDWpdx6IVDQRd3qckoCjgaAxxUgbK3RO7Zswl4QXvqIcGuZUzNiPJcI5D/MmK+7rhaF6ETpVt+ZOBRfBK6EKSjVD58vvJzjjRGjMkFI9z011kCOpKWaksP1MkRThERqQnkGBOFFBPj2rgMfG6cM4keYJDafu74kccaXGPDKdHOmhmq9NzP9qvUzHF0FORZppIvBsUZwxqBM4yQj2qSRYs7EBhCU1f4V4iEwc2iRpmxC8+ZMXoV2veW7Nuz2rNi7LOCrgEByBE+CBc9AA16AJWgCDR/AMXsGb9WS9WO/Wx6x1ySpnDsAfWZ8/z3mfxw==</latexit><latexit sha1_base64="Y6D05TBZOn+9Tsc7txJ4RoMqcP4=">AAACFnicbZDLSsNAFIYnXmu8RV26GSyCG0tSBF0W3bgRKtgLNDFMppN26MwkzEyEEvIUbnwVNy4UcSvufBunbRba+sPAx3/O4cz5o5RRpV3321paXlldW69s2Jtb2zu7zt5+WyWZxKSFE5bIboQUYVSQlqaakW4qCeIRI51odDWpdx6IVDQRd3qckoCjgaAxxUgbK3RO7Zswl4QXvqIcGuZUzNiPJcI5D/MmK+7rhaF6ETpVt+ZOBRfBK6EKSjVD58vvJzjjRGjMkFI9z011kCOpKWaksP1MkRThERqQnkGBOFFBPj2rgMfG6cM4keYJDafu74kccaXGPDKdHOmhmq9NzP9qvUzHF0FORZppIvBsUZwxqBM4yQj2qSRYs7EBhCU1f4V4iEwc2iRpmxC8+ZMXoV2veW7Nuz2rNi7LOCrgEByBE+CBc9AA16AJWgCDR/AMXsGb9WS9WO/Wx6x1ySpnDsAfWZ8/z3mfxw==</latexit><latexit sha1_base64="Y6D05TBZOn+9Tsc7txJ4RoMqcP4=">AAACFnicbZDLSsNAFIYnXmu8RV26GSyCG0tSBF0W3bgRKtgLNDFMppN26MwkzEyEEvIUbnwVNy4UcSvufBunbRba+sPAx3/O4cz5o5RRpV3321paXlldW69s2Jtb2zu7zt5+WyWZxKSFE5bIboQUYVSQlqaakW4qCeIRI51odDWpdx6IVDQRd3qckoCjgaAxxUgbK3RO7Zswl4QXvqIcGuZUzNiPJcI5D/MmK+7rhaF6ETpVt+ZOBRfBK6EKSjVD58vvJzjjRGjMkFI9z011kCOpKWaksP1MkRThERqQnkGBOFFBPj2rgMfG6cM4keYJDafu74kccaXGPDKdHOmhmq9NzP9qvUzHF0FORZppIvBsUZwxqBM4yQj2qSRYs7EBhCU1f4V4iEwc2iRpmxC8+ZMXoV2veW7Nuz2rNi7LOCrgEByBE+CBc9AA16AJWgCDR/AMXsGb9WS9WO/Wx6x1ySpnDsAfWZ8/z3mfxw==</latexit>
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Formation mass:

M(tf ) ⇠ MH(tf ) =
m

2
Pl

2H
= m

2
Pl
tf

<latexit sha1_base64="1bJXRPqsnsBN7d6VplQqN7fIxwE=">AAACIXicbVDLSgMxFM34rPVVdekmWIS6KTNFsJtC0U03hQq2Fto6ZNJMG5rMDMkdoQzzK278FTcuFOlO/BnTh6CtBwLnnnMvN/d4keAabPvTWlvf2Nzazuxkd/f2Dw5zR8ctHcaKsiYNRajaHtFM8IA1gYNg7UgxIj3B7r3RzdS/f2RK8zC4g3HEepIMAu5zSsBIbq6crRfA9S9wV3OJ624Nz8pK11eEJvKh5CYNkaZJqZZWfipwEz91c3m7aM+AV4mzIHm0QMPNTbr9kMaSBUAF0brj2BH0EqKAU8HSbDfWLCJ0RAasY2hAJNO9ZHZhis+N0sd+qMwLAM/U3xMJkVqPpWc6JYGhXvam4n9eJwa/3Et4EMXAAjpf5McCQ4inceE+V4yCGBtCqOLmr5gOickGTKhZE4KzfPIqaZWKjl10bi/z1etFHBl0is5QATnoClVRDTVQE1H0hF7QG3q3nq1X68OazFvXrMXMCfoD6+sbPleibA==</latexit><latexit sha1_base64="1bJXRPqsnsBN7d6VplQqN7fIxwE=">AAACIXicbVDLSgMxFM34rPVVdekmWIS6KTNFsJtC0U03hQq2Fto6ZNJMG5rMDMkdoQzzK278FTcuFOlO/BnTh6CtBwLnnnMvN/d4keAabPvTWlvf2Nzazuxkd/f2Dw5zR8ctHcaKsiYNRajaHtFM8IA1gYNg7UgxIj3B7r3RzdS/f2RK8zC4g3HEepIMAu5zSsBIbq6crRfA9S9wV3OJ624Nz8pK11eEJvKh5CYNkaZJqZZWfipwEz91c3m7aM+AV4mzIHm0QMPNTbr9kMaSBUAF0brj2BH0EqKAU8HSbDfWLCJ0RAasY2hAJNO9ZHZhis+N0sd+qMwLAM/U3xMJkVqPpWc6JYGhXvam4n9eJwa/3Et4EMXAAjpf5McCQ4inceE+V4yCGBtCqOLmr5gOickGTKhZE4KzfPIqaZWKjl10bi/z1etFHBl0is5QATnoClVRDTVQE1H0hF7QG3q3nq1X68OazFvXrMXMCfoD6+sbPleibA==</latexit><latexit sha1_base64="1bJXRPqsnsBN7d6VplQqN7fIxwE=">AAACIXicbVDLSgMxFM34rPVVdekmWIS6KTNFsJtC0U03hQq2Fto6ZNJMG5rMDMkdoQzzK278FTcuFOlO/BnTh6CtBwLnnnMvN/d4keAabPvTWlvf2Nzazuxkd/f2Dw5zR8ctHcaKsiYNRajaHtFM8IA1gYNg7UgxIj3B7r3RzdS/f2RK8zC4g3HEepIMAu5zSsBIbq6crRfA9S9wV3OJ624Nz8pK11eEJvKh5CYNkaZJqZZWfipwEz91c3m7aM+AV4mzIHm0QMPNTbr9kMaSBUAF0brj2BH0EqKAU8HSbDfWLCJ0RAasY2hAJNO9ZHZhis+N0sd+qMwLAM/U3xMJkVqPpWc6JYGhXvam4n9eJwa/3Et4EMXAAjpf5McCQ4inceE+V4yCGBtCqOLmr5gOickGTKhZE4KzfPIqaZWKjl10bi/z1etFHBl0is5QATnoClVRDTVQE1H0hF7QG3q3nq1X68OazFvXrMXMCfoD6+sbPleibA==</latexit><latexit sha1_base64="1bJXRPqsnsBN7d6VplQqN7fIxwE=">AAACIXicbVDLSgMxFM34rPVVdekmWIS6KTNFsJtC0U03hQq2Fto6ZNJMG5rMDMkdoQzzK278FTcuFOlO/BnTh6CtBwLnnnMvN/d4keAabPvTWlvf2Nzazuxkd/f2Dw5zR8ctHcaKsiYNRajaHtFM8IA1gYNg7UgxIj3B7r3RzdS/f2RK8zC4g3HEepIMAu5zSsBIbq6crRfA9S9wV3OJ624Nz8pK11eEJvKh5CYNkaZJqZZWfipwEz91c3m7aM+AV4mzIHm0QMPNTbr9kMaSBUAF0brj2BH0EqKAU8HSbDfWLCJ0RAasY2hAJNO9ZHZhis+N0sd+qMwLAM/U3xMJkVqPpWc6JYGhXvam4n9eJwa/3Et4EMXAAjpf5McCQ4inceE+V4yCGBtCqOLmr5gOickGTKhZE4KzfPIqaZWKjl10bi/z1etFHBl0is5QATnoClVRDTVQE1H0hF7QG3q3nq1X68OazFvXrMXMCfoD6+sbPleibA==</latexit>

• In the inflationary scenario H . Hend . 10�5
mPl

<latexit sha1_base64="j3Ujqo0iAWJ7yiwA42gm5mT2ciY=">AAACEnicbVDLSgMxFM3UV62vUZdugkXQhWVGFF0W3XRZwdZCW4dMetuGJpkhyQhlmG9w46+4caGIW1fu/BvTB6KtBy6cnHMvufeEMWfaeN6Xk1tYXFpeya8W1tY3Nrfc7Z26jhJFoUYjHqlGSDRwJqFmmOHQiBUQEXK4DQdXI//2HpRmkbwxwxjagvQk6zJKjJUC96hQaXHQWjOBK0EKspP9vH3vLj0+y7AI0irPArfolbwx8Dzxp6SIpqgG7merE9FEgDSUE62bvhebdkqUYZRDVmglGmJCB6QHTUslEaDb6fikDB9YpYO7kbIlDR6rvydSIrQeitB2CmL6etYbif95zcR0L9opk3FiQNLJR92EYxPhUT64wxRQw4eWEKqY3RXTPlGEGptiwYbgz548T+onJd8r+denxfLlNI482kP76BD56ByVUQVVUQ1R9ICe0At6dR6dZ+fNeZ+05pzpzC76A+fjGx9LnR4=</latexit><latexit sha1_base64="j3Ujqo0iAWJ7yiwA42gm5mT2ciY=">AAACEnicbVDLSgMxFM3UV62vUZdugkXQhWVGFF0W3XRZwdZCW4dMetuGJpkhyQhlmG9w46+4caGIW1fu/BvTB6KtBy6cnHMvufeEMWfaeN6Xk1tYXFpeya8W1tY3Nrfc7Z26jhJFoUYjHqlGSDRwJqFmmOHQiBUQEXK4DQdXI//2HpRmkbwxwxjagvQk6zJKjJUC96hQaXHQWjOBK0EKspP9vH3vLj0+y7AI0irPArfolbwx8Dzxp6SIpqgG7merE9FEgDSUE62bvhebdkqUYZRDVmglGmJCB6QHTUslEaDb6fikDB9YpYO7kbIlDR6rvydSIrQeitB2CmL6etYbif95zcR0L9opk3FiQNLJR92EYxPhUT64wxRQw4eWEKqY3RXTPlGEGptiwYbgz548T+onJd8r+denxfLlNI482kP76BD56ByVUQVVUQ1R9ICe0At6dR6dZ+fNeZ+05pzpzC76A+fjGx9LnR4=</latexit><latexit sha1_base64="j3Ujqo0iAWJ7yiwA42gm5mT2ciY=">AAACEnicbVDLSgMxFM3UV62vUZdugkXQhWVGFF0W3XRZwdZCW4dMetuGJpkhyQhlmG9w46+4caGIW1fu/BvTB6KtBy6cnHMvufeEMWfaeN6Xk1tYXFpeya8W1tY3Nrfc7Z26jhJFoUYjHqlGSDRwJqFmmOHQiBUQEXK4DQdXI//2HpRmkbwxwxjagvQk6zJKjJUC96hQaXHQWjOBK0EKspP9vH3vLj0+y7AI0irPArfolbwx8Dzxp6SIpqgG7merE9FEgDSUE62bvhebdkqUYZRDVmglGmJCB6QHTUslEaDb6fikDB9YpYO7kbIlDR6rvydSIrQeitB2CmL6etYbif95zcR0L9opk3FiQNLJR92EYxPhUT64wxRQw4eWEKqY3RXTPlGEGptiwYbgz548T+onJd8r+denxfLlNI482kP76BD56ByVUQVVUQ1R9ICe0At6dR6dZ+fNeZ+05pzpzC76A+fjGx9LnR4=</latexit><latexit sha1_base64="j3Ujqo0iAWJ7yiwA42gm5mT2ciY=">AAACEnicbVDLSgMxFM3UV62vUZdugkXQhWVGFF0W3XRZwdZCW4dMetuGJpkhyQhlmG9w46+4caGIW1fu/BvTB6KtBy6cnHMvufeEMWfaeN6Xk1tYXFpeya8W1tY3Nrfc7Z26jhJFoUYjHqlGSDRwJqFmmOHQiBUQEXK4DQdXI//2HpRmkbwxwxjagvQk6zJKjJUC96hQaXHQWjOBK0EKspP9vH3vLj0+y7AI0irPArfolbwx8Dzxp6SIpqgG7merE9FEgDSUE62bvhebdkqUYZRDVmglGmJCB6QHTUslEaDb6fikDB9YpYO7kbIlDR6rvydSIrQeitB2CmL6etYbif95zcR0L9opk3FiQNLJR92EYxPhUT64wxRQw4eWEKqY3RXTPlGEGptiwYbgz548T+onJd8r+denxfLlNI482kP76BD56ByVUQVVUQ1R9ICe0At6dR6dZ+fNeZ+05pzpzC76A+fjGx9LnR4=</latexit>

• So formation mass is bounded from below: M & 1g
<latexit sha1_base64="Jr3PUbdytKi14LCx+P3NigiiLsw=">AAAB/XicbVDLSsNAFJ3UV42v+Ni5GSyCq5KIoMuiGzdCBfuAJpTJdJIOnUeYmYg1FH/FjQtF3Pof7vwbp4+Fth64cDjnXu69J84Y1cb3v53S0vLK6lp53d3Y3Nre8Xb3mlrmCpMGlkyqdow0YVSQhqGGkXamCOIxI614cDX2W/dEaSrFnRlmJOIoFTShGBkrdb0D9yZMjfU5DGDIY/lQpKOuV/Gr/gRwkQQzUgEz1LveV9iTOOdEGMyQ1p3Az0xUIGUoZmTkhrkmGcIDlJKOpQJxoqNicv0IHlulBxOpbAkDJ+rviQJxrYc8tp0cmb6e98bif14nN8lFVFCR5YYIPF2U5AwaCcdRwB5VBBs2tARhRe2tEPeRQtjYwFwbQjD/8iJpnlYDvxrcnlVql7M4yuAQHIETEIBzUAPXoA4aAINH8AxewZvz5Lw4787HtLXkzGb2wR84nz+DjZSe</latexit><latexit sha1_base64="Jr3PUbdytKi14LCx+P3NigiiLsw=">AAAB/XicbVDLSsNAFJ3UV42v+Ni5GSyCq5KIoMuiGzdCBfuAJpTJdJIOnUeYmYg1FH/FjQtF3Pof7vwbp4+Fth64cDjnXu69J84Y1cb3v53S0vLK6lp53d3Y3Nre8Xb3mlrmCpMGlkyqdow0YVSQhqGGkXamCOIxI614cDX2W/dEaSrFnRlmJOIoFTShGBkrdb0D9yZMjfU5DGDIY/lQpKOuV/Gr/gRwkQQzUgEz1LveV9iTOOdEGMyQ1p3Az0xUIGUoZmTkhrkmGcIDlJKOpQJxoqNicv0IHlulBxOpbAkDJ+rviQJxrYc8tp0cmb6e98bif14nN8lFVFCR5YYIPF2U5AwaCcdRwB5VBBs2tARhRe2tEPeRQtjYwFwbQjD/8iJpnlYDvxrcnlVql7M4yuAQHIETEIBzUAPXoA4aAINH8AxewZvz5Lw4787HtLXkzGb2wR84nz+DjZSe</latexit><latexit sha1_base64="Jr3PUbdytKi14LCx+P3NigiiLsw=">AAAB/XicbVDLSsNAFJ3UV42v+Ni5GSyCq5KIoMuiGzdCBfuAJpTJdJIOnUeYmYg1FH/FjQtF3Pof7vwbp4+Fth64cDjnXu69J84Y1cb3v53S0vLK6lp53d3Y3Nre8Xb3mlrmCpMGlkyqdow0YVSQhqGGkXamCOIxI614cDX2W/dEaSrFnRlmJOIoFTShGBkrdb0D9yZMjfU5DGDIY/lQpKOuV/Gr/gRwkQQzUgEz1LveV9iTOOdEGMyQ1p3Az0xUIGUoZmTkhrkmGcIDlJKOpQJxoqNicv0IHlulBxOpbAkDJ+rviQJxrYc8tp0cmb6e98bif14nN8lFVFCR5YYIPF2U5AwaCcdRwB5VBBs2tARhRe2tEPeRQtjYwFwbQjD/8iJpnlYDvxrcnlVql7M4yuAQHIETEIBzUAPXoA4aAINH8AxewZvz5Lw4787HtLXkzGb2wR84nz+DjZSe</latexit><latexit sha1_base64="Jr3PUbdytKi14LCx+P3NigiiLsw=">AAAB/XicbVDLSsNAFJ3UV42v+Ni5GSyCq5KIoMuiGzdCBfuAJpTJdJIOnUeYmYg1FH/FjQtF3Pof7vwbp4+Fth64cDjnXu69J84Y1cb3v53S0vLK6lp53d3Y3Nre8Xb3mlrmCpMGlkyqdow0YVSQhqGGkXamCOIxI614cDX2W/dEaSrFnRlmJOIoFTShGBkrdb0D9yZMjfU5DGDIY/lQpKOuV/Gr/gRwkQQzUgEz1LveV9iTOOdEGMyQ1p3Az0xUIGUoZmTkhrkmGcIDlJKOpQJxoqNicv0IHlulBxOpbAkDJ+rviQJxrYc8tp0cmb6e98bif14nN8lFVFCR5YYIPF2U5AwaCcdRwB5VBBs2tARhRe2tEPeRQtjYwFwbQjD/8iJpnlYDvxrcnlVql7M4yuAQHIETEIBzUAPXoA4aAINH8AxewZvz5Lw4787HtLXkzGb2wR84nz+DjZSe</latexit>

• Same bound applies for the 2-2 hole.

• Note that this does not give us information on       since the mass can go lower  
 than 1 g by evaporation, down to the Planck mass.

Mmin
<latexit sha1_base64="hYE0wWOCJA07eM9YcLTFabh2OU8=">AAAB73icbVDLSgNBEOyNr7i+oh69DAbBU9gVQY9BL16ECCYGkiXMTmaTIfNYZ2aFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq74pQzY4Pg2yutrK6tb5Q3/a3tnd29yv5By6hME9okiivdjrGhnEnatMxy2k41xSLm9CEeXU/9hyeqDVPy3o5TGgk8kCxhBFsntf3bXi6YnPQq1aAWzICWSViQKhRo9Cpf3b4imaDSEo6N6YRBaqMca8sIpxO/mxmaYjLCA9pxVGJBTZTP7p2gE6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmMcibTzFJJ5ouSjCOr0PR51GeaEsvHjmCimbsVkSHWmFgXke9CCBdfXiats1oY1MK782r9qoijDEdwDKcQwgXU4QYa0AQCHJ7hFd68R+/Fe/c+5q0lr5g5hD/wPn8AsjSPvA==</latexit><latexit sha1_base64="hYE0wWOCJA07eM9YcLTFabh2OU8=">AAAB73icbVDLSgNBEOyNr7i+oh69DAbBU9gVQY9BL16ECCYGkiXMTmaTIfNYZ2aFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq74pQzY4Pg2yutrK6tb5Q3/a3tnd29yv5By6hME9okiivdjrGhnEnatMxy2k41xSLm9CEeXU/9hyeqDVPy3o5TGgk8kCxhBFsntf3bXi6YnPQq1aAWzICWSViQKhRo9Cpf3b4imaDSEo6N6YRBaqMca8sIpxO/mxmaYjLCA9pxVGJBTZTP7p2gE6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmMcibTzFJJ5ouSjCOr0PR51GeaEsvHjmCimbsVkSHWmFgXke9CCBdfXiats1oY1MK782r9qoijDEdwDKcQwgXU4QYa0AQCHJ7hFd68R+/Fe/c+5q0lr5g5hD/wPn8AsjSPvA==</latexit><latexit sha1_base64="hYE0wWOCJA07eM9YcLTFabh2OU8=">AAAB73icbVDLSgNBEOyNr7i+oh69DAbBU9gVQY9BL16ECCYGkiXMTmaTIfNYZ2aFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq74pQzY4Pg2yutrK6tb5Q3/a3tnd29yv5By6hME9okiivdjrGhnEnatMxy2k41xSLm9CEeXU/9hyeqDVPy3o5TGgk8kCxhBFsntf3bXi6YnPQq1aAWzICWSViQKhRo9Cpf3b4imaDSEo6N6YRBaqMca8sIpxO/mxmaYjLCA9pxVGJBTZTP7p2gE6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmMcibTzFJJ5ouSjCOr0PR51GeaEsvHjmCimbsVkSHWmFgXke9CCBdfXiats1oY1MK782r9qoijDEdwDKcQwgXU4QYa0AQCHJ7hFd68R+/Fe/c+5q0lr5g5hD/wPn8AsjSPvA==</latexit><latexit sha1_base64="hYE0wWOCJA07eM9YcLTFabh2OU8=">AAAB73icbVDLSgNBEOyNr7i+oh69DAbBU9gVQY9BL16ECCYGkiXMTmaTIfNYZ2aFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq74pQzY4Pg2yutrK6tb5Q3/a3tnd29yv5By6hME9okiivdjrGhnEnatMxy2k41xSLm9CEeXU/9hyeqDVPy3o5TGgk8kCxhBFsntf3bXi6YnPQq1aAWzICWSViQKhRo9Cpf3b4imaDSEo6N6YRBaqMca8sIpxO/mxmaYjLCA9pxVGJBTZTP7p2gE6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmMcibTzFJJ5ouSjCOr0PR51GeaEsvHjmCimbsVkSHWmFgXke9CCBdfXiats1oY1MK782r9qoijDEdwDKcQwgXU4QYa0AQCHJ7hFd68R+/Fe/c+5q0lr5g5hD/wPn8AsjSPvA==</latexit>
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Fractional abundance
• Fractional abundance of the remnants are given as

See Dalianis & Tringas (2019),  
for the recent progress in PBH relics physics.

M is the formation (initial) mass of the hole.
<latexit sha1_base64="4HfnjlegL5FLtF4T+YXS+t0t2tk=">AAACIXicbVDLSgMxFM3Ud31VXboJFkE3w4wIdim6cSNUsFpoh5JJ77SheQxJRixDf8WNv+LGhSLdiT9jZuzC14HA4Zx7b+49ccqZsUHw7lXm5hcWl5ZXqqtr6xubta3tG6MyTaFFFVe6HRMDnEloWWY5tFMNRMQcbuPReeHf3oE2TMlrO04hEmQgWcIosU7q1RqXuCtidZ9jZrAdAk6UFqWHD5hklhF+iAUxBquk9IeKgz/B1V6tHvhBCfyXhDNSRzM0e7Vpt69oJkBayt3AThikNsqJtoxymFS7mYGU0BEZQMdRSQSYKC8vnOB9p/SL3dyTFpfq946cCGPGInaVbvuh+e0V4n9eJ7NJI8qZTDMLkn59lGQcW4WLuHCfaaCWjx0hVLs8KKZDogm1LtQihPD3yX/JzZEfBn54dVw/PZvFsYx20R46QCE6QafoAjVRC1H0gJ7QC3r1Hr1n782bfpVWvFnPDvoB7+MTNnuiQw==</latexit><latexit sha1_base64="4HfnjlegL5FLtF4T+YXS+t0t2tk=">AAACIXicbVDLSgMxFM3Ud31VXboJFkE3w4wIdim6cSNUsFpoh5JJ77SheQxJRixDf8WNv+LGhSLdiT9jZuzC14HA4Zx7b+49ccqZsUHw7lXm5hcWl5ZXqqtr6xubta3tG6MyTaFFFVe6HRMDnEloWWY5tFMNRMQcbuPReeHf3oE2TMlrO04hEmQgWcIosU7q1RqXuCtidZ9jZrAdAk6UFqWHD5hklhF+iAUxBquk9IeKgz/B1V6tHvhBCfyXhDNSRzM0e7Vpt69oJkBayt3AThikNsqJtoxymFS7mYGU0BEZQMdRSQSYKC8vnOB9p/SL3dyTFpfq946cCGPGInaVbvuh+e0V4n9eJ7NJI8qZTDMLkn59lGQcW4WLuHCfaaCWjx0hVLs8KKZDogm1LtQihPD3yX/JzZEfBn54dVw/PZvFsYx20R46QCE6QafoAjVRC1H0gJ7QC3r1Hr1n782bfpVWvFnPDvoB7+MTNnuiQw==</latexit><latexit sha1_base64="4HfnjlegL5FLtF4T+YXS+t0t2tk=">AAACIXicbVDLSgMxFM3Ud31VXboJFkE3w4wIdim6cSNUsFpoh5JJ77SheQxJRixDf8WNv+LGhSLdiT9jZuzC14HA4Zx7b+49ccqZsUHw7lXm5hcWl5ZXqqtr6xubta3tG6MyTaFFFVe6HRMDnEloWWY5tFMNRMQcbuPReeHf3oE2TMlrO04hEmQgWcIosU7q1RqXuCtidZ9jZrAdAk6UFqWHD5hklhF+iAUxBquk9IeKgz/B1V6tHvhBCfyXhDNSRzM0e7Vpt69oJkBayt3AThikNsqJtoxymFS7mYGU0BEZQMdRSQSYKC8vnOB9p/SL3dyTFpfq946cCGPGInaVbvuh+e0V4n9eJ7NJI8qZTDMLkn59lGQcW4WLuHCfaaCWjx0hVLs8KKZDogm1LtQihPD3yX/JzZEfBn54dVw/PZvFsYx20R46QCE6QafoAjVRC1H0gJ7QC3r1Hr1n782bfpVWvFnPDvoB7+MTNnuiQw==</latexit><latexit sha1_base64="4HfnjlegL5FLtF4T+YXS+t0t2tk=">AAACIXicbVDLSgMxFM3Ud31VXboJFkE3w4wIdim6cSNUsFpoh5JJ77SheQxJRixDf8WNv+LGhSLdiT9jZuzC14HA4Zx7b+49ccqZsUHw7lXm5hcWl5ZXqqtr6xubta3tG6MyTaFFFVe6HRMDnEloWWY5tFMNRMQcbuPReeHf3oE2TMlrO04hEmQgWcIosU7q1RqXuCtidZ9jZrAdAk6UFqWHD5hklhF+iAUxBquk9IeKgz/B1V6tHvhBCfyXhDNSRzM0e7Vpt69oJkBayt3AThikNsqJtoxymFS7mYGU0BEZQMdRSQSYKC8vnOB9p/SL3dyTFpfq946cCGPGInaVbvuh+e0V4n9eJ7NJI8qZTDMLkn59lGQcW4WLuHCfaaCWjx0hVLs8KKZDogm1LtQihPD3yX/JzZEfBn54dVw/PZvFsYx20R46QCE6QafoAjVRC1H0gJ7QC3r1Hr1n782bfpVWvFnPDvoB7+MTNnuiQw==</latexit>

� is the formation rate.
<latexit sha1_base64="3KqGJOiFHCPnIf6om5P0fxDASdg=">AAACD3icbVC7SgNBFJ31GeNr1dJmMChWYVcELYM2lhHMA5IlzE5ukiGzD2buimHJH9j4KzYWitja2vk3zm620MQDA4dz7mXOPX4shUbH+baWlldW19ZLG+XNre2dXXtvv6mjRHFo8EhGqu0zDVKE0ECBEtqxAhb4Elr++DrzW/egtIjCO5zE4AVsGIqB4AyN1LNPuj4go93Ajx5SKjTFEdBBpILcp4ohVKe03LMrTtXJQReJW5AKKVDv2V/dfsSTAELkkmndcZ0YvZQpFFzCtNxNNMSMj9kQOoaGLADtpfk9U3pslH6WwrwQaa7+3khZoPUk8M2kyTnS814m/ud1EhxceqkI4wQh5LOPBomkGNGsHNoXCjjKiSGMK2GyUj5iinE0FWYluPMnL5LmWdV1qu7teaV2VdRRIofkiJwSl1yQGrkhddIgnDySZ/JK3qwn68V6tz5mo0tWsXNA/sD6/AGbtJu5</latexit><latexit sha1_base64="3KqGJOiFHCPnIf6om5P0fxDASdg=">AAACD3icbVC7SgNBFJ31GeNr1dJmMChWYVcELYM2lhHMA5IlzE5ukiGzD2buimHJH9j4KzYWitja2vk3zm620MQDA4dz7mXOPX4shUbH+baWlldW19ZLG+XNre2dXXtvv6mjRHFo8EhGqu0zDVKE0ECBEtqxAhb4Elr++DrzW/egtIjCO5zE4AVsGIqB4AyN1LNPuj4go93Ajx5SKjTFEdBBpILcp4ohVKe03LMrTtXJQReJW5AKKVDv2V/dfsSTAELkkmndcZ0YvZQpFFzCtNxNNMSMj9kQOoaGLADtpfk9U3pslH6WwrwQaa7+3khZoPUk8M2kyTnS814m/ud1EhxceqkI4wQh5LOPBomkGNGsHNoXCjjKiSGMK2GyUj5iinE0FWYluPMnL5LmWdV1qu7teaV2VdRRIofkiJwSl1yQGrkhddIgnDySZ/JK3qwn68V6tz5mo0tWsXNA/sD6/AGbtJu5</latexit><latexit sha1_base64="3KqGJOiFHCPnIf6om5P0fxDASdg=">AAACD3icbVC7SgNBFJ31GeNr1dJmMChWYVcELYM2lhHMA5IlzE5ukiGzD2buimHJH9j4KzYWitja2vk3zm620MQDA4dz7mXOPX4shUbH+baWlldW19ZLG+XNre2dXXtvv6mjRHFo8EhGqu0zDVKE0ECBEtqxAhb4Elr++DrzW/egtIjCO5zE4AVsGIqB4AyN1LNPuj4go93Ajx5SKjTFEdBBpILcp4ohVKe03LMrTtXJQReJW5AKKVDv2V/dfsSTAELkkmndcZ0YvZQpFFzCtNxNNMSMj9kQOoaGLADtpfk9U3pslH6WwrwQaa7+3khZoPUk8M2kyTnS814m/ud1EhxceqkI4wQh5LOPBomkGNGsHNoXCjjKiSGMK2GyUj5iinE0FWYluPMnL5LmWdV1qu7teaV2VdRRIofkiJwSl1yQGrkhddIgnDySZ/JK3qwn68V6tz5mo0tWsXNA/sD6/AGbtJu5</latexit><latexit sha1_base64="3KqGJOiFHCPnIf6om5P0fxDASdg=">AAACD3icbVC7SgNBFJ31GeNr1dJmMChWYVcELYM2lhHMA5IlzE5ukiGzD2buimHJH9j4KzYWitja2vk3zm620MQDA4dz7mXOPX4shUbH+baWlldW19ZLG+XNre2dXXtvv6mjRHFo8EhGqu0zDVKE0ECBEtqxAhb4Elr++DrzW/egtIjCO5zE4AVsGIqB4AyN1LNPuj4go93Ajx5SKjTFEdBBpILcp4ohVKe03LMrTtXJQReJW5AKKVDv2V/dfsSTAELkkmndcZ0YvZQpFFzCtNxNNMSMj9kQOoaGLADtpfk9U3pslH6WwrwQaa7+3khZoPUk8M2kyTnS814m/ud1EhxceqkI4wQh5LOPBomkGNGsHNoXCjjKiSGMK2GyUj5iinE0FWYluPMnL5LmWdV1qu7teaV2VdRRIofkiJwSl1yQGrkhddIgnDySZ/JK3qwn68V6tz5mo0tWsXNA/sD6/AGbtJu5</latexit>

Meq ⇠ 1050g is the horizon mass at the radiation-matter equality.
<latexit sha1_base64="fImEal+Mt8kebToEHui2lmcFUnk="></latexit><latexit sha1_base64="fImEal+Mt8kebToEHui2lmcFUnk="></latexit><latexit sha1_base64="fImEal+Mt8kebToEHui2lmcFUnk="></latexit><latexit sha1_base64="fImEal+Mt8kebToEHui2lmcFUnk="></latexit>

frem ⇠ Mrem

M
�

✓
Meq

M

◆1/2

<latexit sha1_base64="WFdLP7nfY0uOdY3adImLNjlkykE="></latexit><latexit sha1_base64="WFdLP7nfY0uOdY3adImLNjlkykE="></latexit><latexit sha1_base64="WFdLP7nfY0uOdY3adImLNjlkykE="></latexit><latexit sha1_base64="WFdLP7nfY0uOdY3adImLNjlkykE="></latexit>

For frem ⇠ 1, a lower limit can be obtained for Mrem, by assuming minimum M ⇠ 1g ,
<latexit sha1_base64="WH4UhJk7Ef3cdVhtSJG2I/AiTi4="></latexit><latexit sha1_base64="WH4UhJk7Ef3cdVhtSJG2I/AiTi4="></latexit><latexit sha1_base64="WH4UhJk7Ef3cdVhtSJG2I/AiTi4="></latexit><latexit sha1_base64="WH4UhJk7Ef3cdVhtSJG2I/AiTi4="></latexit>

and maximum � ⇠ 1.
<latexit sha1_base64="3WKVzHlzJO7YmlhnNKJGGCpmd0M=">AAACC3icbVBNS8NAEN3Ur1q/oh69LC2Cp5KIoMeiF48V7Ac0pUw2m3bp7ibsbqQl9O7Fv+LFgyJe/QPe/DcmbQ7a+mDg8d4MM/P8mDNtHOfbKq2tb2xulbcrO7t7+wf24VFbR4kitEUiHqmuD5pyJmnLMMNpN1YUhM9pxx/f5H7ngSrNInlvpjHtCxhKFjICJpMGdtUTfjRJQQZYwISJROAZ9nxqwNNMYLeOKwO75tSdOfAqcQtSQwWaA/vLCyKSCCoN4aB1z3Vi009BGUY4nVW8RNMYyBiGtJdRCYLqfjr/ZYZPMyXAYaSykgbP1d8TKQitp8LPOgWYkV72cvE/r5eY8KqfMhknhkqyWBQmHJsI58HggClKDJ9mBIhi2a2YjEABMVl8eQju8surpH1ed526e3dRa1wXcZTRCaqiM+SiS9RAt6iJWoigR/SMXtGb9WS9WO/Wx6K1ZBUzx+gPrM8fSmOZ4A==</latexit><latexit sha1_base64="3WKVzHlzJO7YmlhnNKJGGCpmd0M=">AAACC3icbVBNS8NAEN3Ur1q/oh69LC2Cp5KIoMeiF48V7Ac0pUw2m3bp7ibsbqQl9O7Fv+LFgyJe/QPe/DcmbQ7a+mDg8d4MM/P8mDNtHOfbKq2tb2xulbcrO7t7+wf24VFbR4kitEUiHqmuD5pyJmnLMMNpN1YUhM9pxx/f5H7ngSrNInlvpjHtCxhKFjICJpMGdtUTfjRJQQZYwISJROAZ9nxqwNNMYLeOKwO75tSdOfAqcQtSQwWaA/vLCyKSCCoN4aB1z3Vi009BGUY4nVW8RNMYyBiGtJdRCYLqfjr/ZYZPMyXAYaSykgbP1d8TKQitp8LPOgWYkV72cvE/r5eY8KqfMhknhkqyWBQmHJsI58HggClKDJ9mBIhi2a2YjEABMVl8eQju8surpH1ed526e3dRa1wXcZTRCaqiM+SiS9RAt6iJWoigR/SMXtGb9WS9WO/Wx6K1ZBUzx+gPrM8fSmOZ4A==</latexit><latexit sha1_base64="3WKVzHlzJO7YmlhnNKJGGCpmd0M=">AAACC3icbVBNS8NAEN3Ur1q/oh69LC2Cp5KIoMeiF48V7Ac0pUw2m3bp7ibsbqQl9O7Fv+LFgyJe/QPe/DcmbQ7a+mDg8d4MM/P8mDNtHOfbKq2tb2xulbcrO7t7+wf24VFbR4kitEUiHqmuD5pyJmnLMMNpN1YUhM9pxx/f5H7ngSrNInlvpjHtCxhKFjICJpMGdtUTfjRJQQZYwISJROAZ9nxqwNNMYLeOKwO75tSdOfAqcQtSQwWaA/vLCyKSCCoN4aB1z3Vi009BGUY4nVW8RNMYyBiGtJdRCYLqfjr/ZYZPMyXAYaSykgbP1d8TKQitp8LPOgWYkV72cvE/r5eY8KqfMhknhkqyWBQmHJsI58HggClKDJ9mBIhi2a2YjEABMVl8eQju8surpH1ed526e3dRa1wXcZTRCaqiM+SiS9RAt6iJWoigR/SMXtGb9WS9WO/Wx6K1ZBUzx+gPrM8fSmOZ4A==</latexit><latexit sha1_base64="3WKVzHlzJO7YmlhnNKJGGCpmd0M=">AAACC3icbVBNS8NAEN3Ur1q/oh69LC2Cp5KIoMeiF48V7Ac0pUw2m3bp7ibsbqQl9O7Fv+LFgyJe/QPe/DcmbQ7a+mDg8d4MM/P8mDNtHOfbKq2tb2xulbcrO7t7+wf24VFbR4kitEUiHqmuD5pyJmnLMMNpN1YUhM9pxx/f5H7ngSrNInlvpjHtCxhKFjICJpMGdtUTfjRJQQZYwISJROAZ9nxqwNNMYLeOKwO75tSdOfAqcQtSQwWaA/vLCyKSCCoN4aB1z3Vi009BGUY4nVW8RNMYyBiGtJdRCYLqfjr/ZYZPMyXAYaSykgbP1d8TKQitp8LPOgWYkV72cvE/r5eY8KqfMhknhkqyWBQmHJsI58HggClKDJ9mBIhi2a2YjEABMVl8eQju8surpH1ed526e3dRa1wXcZTRCaqiM+SiS9RAt6iJWoigR/SMXtGb9WS9WO/Wx6K1ZBUzx+gPrM8fSmOZ4A==</latexit>

Mrem > 10�24g
<latexit sha1_base64="mZqR2RLCe1OWaw91spdft3wGp8M=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJJS0JUU3bgRKtgHtDFMptN26MwkzEzEErJw46+4caGIWz/CnX/jpM1CWw9cOJxzL/feE0SMKu0439bS8srq2npho7i5tb2za+/tt1QYS0yaOGSh7ARIEUYFaWqqGelEkiAeMNIOxpeZ374nUtFQ3OpJRDyOhoIOKEbaSL5duvYTSXh6Dl3nLjmp1tIeD8KHZJjCom+XnYozBVwkbk7KIEfDt796/RDHnAiNGVKq6zqR9hIkNcWMpMVerEiE8BgNSddQgThRXjJ9IoVHRunDQShNCQ2n6u+JBHGlJjwwnRzpkZr3MvE/rxvrwZmXUBHFmgg8WzSIGdQhzBKBfSoJ1mxiCMKSmlshHiGJsDa5ZSG48y8vkla14joV96ZWrl/kcRRACRyCY+CCU1AHV6ABmgCDR/AMXsGb9WS9WO/Wx6x1ycpnDsAfWJ8/y0WW5A==</latexit><latexit sha1_base64="mZqR2RLCe1OWaw91spdft3wGp8M=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJJS0JUU3bgRKtgHtDFMptN26MwkzEzEErJw46+4caGIWz/CnX/jpM1CWw9cOJxzL/feE0SMKu0439bS8srq2npho7i5tb2za+/tt1QYS0yaOGSh7ARIEUYFaWqqGelEkiAeMNIOxpeZ374nUtFQ3OpJRDyOhoIOKEbaSL5duvYTSXh6Dl3nLjmp1tIeD8KHZJjCom+XnYozBVwkbk7KIEfDt796/RDHnAiNGVKq6zqR9hIkNcWMpMVerEiE8BgNSddQgThRXjJ9IoVHRunDQShNCQ2n6u+JBHGlJjwwnRzpkZr3MvE/rxvrwZmXUBHFmgg8WzSIGdQhzBKBfSoJ1mxiCMKSmlshHiGJsDa5ZSG48y8vkla14joV96ZWrl/kcRRACRyCY+CCU1AHV6ABmgCDR/AMXsGb9WS9WO/Wx6x1ycpnDsAfWJ8/y0WW5A==</latexit><latexit sha1_base64="mZqR2RLCe1OWaw91spdft3wGp8M=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJJS0JUU3bgRKtgHtDFMptN26MwkzEzEErJw46+4caGIWz/CnX/jpM1CWw9cOJxzL/feE0SMKu0439bS8srq2npho7i5tb2za+/tt1QYS0yaOGSh7ARIEUYFaWqqGelEkiAeMNIOxpeZ374nUtFQ3OpJRDyOhoIOKEbaSL5duvYTSXh6Dl3nLjmp1tIeD8KHZJjCom+XnYozBVwkbk7KIEfDt796/RDHnAiNGVKq6zqR9hIkNcWMpMVerEiE8BgNSddQgThRXjJ9IoVHRunDQShNCQ2n6u+JBHGlJjwwnRzpkZr3MvE/rxvrwZmXUBHFmgg8WzSIGdQhzBKBfSoJ1mxiCMKSmlshHiGJsDa5ZSG48y8vkla14joV96ZWrl/kcRRACRyCY+CCU1AHV6ABmgCDR/AMXsGb9WS9WO/Wx6x1ycpnDsAfWJ8/y0WW5A==</latexit><latexit sha1_base64="mZqR2RLCe1OWaw91spdft3wGp8M=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJJS0JUU3bgRKtgHtDFMptN26MwkzEzEErJw46+4caGIWz/CnX/jpM1CWw9cOJxzL/feE0SMKu0439bS8srq2npho7i5tb2za+/tt1QYS0yaOGSh7ARIEUYFaWqqGelEkiAeMNIOxpeZ374nUtFQ3OpJRDyOhoIOKEbaSL5duvYTSXh6Dl3nLjmp1tIeD8KHZJjCom+XnYozBVwkbk7KIEfDt796/RDHnAiNGVKq6zqR9hIkNcWMpMVerEiE8BgNSddQgThRXjJ9IoVHRunDQShNCQ2n6u+JBHGlJjwwnRzpkZr3MvE/rxvrwZmXUBHFmgg8WzSIGdQhzBKBfSoJ1mxiCMKSmlshHiGJsDa5ZSG48y8vkla14joV96ZWrl/kcRRACRyCY+CCU1AHV6ABmgCDR/AMXsGb9WS9WO/Wx6x1ycpnDsAfWJ8/y0WW5A==</latexit>

• An upper limit can also be obtained since it is difficult to satisfy BBN constraint

• So we want evaporation stops before BBN time scale, ~1 s. 

� < 10�22 for Mrem ⌧ M.
<latexit sha1_base64="QNfQA52ie/0DTm93s9j0BGOylUM=">AAACFHicbVC7SgNBFJ31GeNr1dJmMAiCGHaDoIVF0MYmEME8IBvD7ORuMmRmZ5mZFcOyH2Hjr9hYKGJrYeffuHkUmniqwzn3cs89fsSZNo7zbS0sLi2vrObW8usbm1vb9s5uXctYUahRyaVq+kQDZyHUDDMcmpECInwODX9wNfIb96A0k+GtGUbQFqQXsoBRYjKpYx97PhiCL7Dr3CUnpVLqCV8+JDiQCqe40kkUiNTjHFeKuGMXnKIzBp4n7pQU0BTVjv3ldSWNBYSGcqJ1y3Ui006IMoxySPNerCEidEB60MpoSATodjJ+KsWHmdId5whkaPBY/b2REKH1UPjZpCCmr2e9kfif14pNcN5OWBjFBkI6ORTEHBuJRw3hLlNADR9mhFDFsqyY9oki1GQ95rMS3NmX50m9VHSdontzWihfTuvIoX10gI6Qi85QGV2jKqohih7RM3pFb9aT9WK9Wx+T0QVrurOH/sD6/AGJAZyd</latexit><latexit sha1_base64="QNfQA52ie/0DTm93s9j0BGOylUM=">AAACFHicbVC7SgNBFJ31GeNr1dJmMAiCGHaDoIVF0MYmEME8IBvD7ORuMmRmZ5mZFcOyH2Hjr9hYKGJrYeffuHkUmniqwzn3cs89fsSZNo7zbS0sLi2vrObW8usbm1vb9s5uXctYUahRyaVq+kQDZyHUDDMcmpECInwODX9wNfIb96A0k+GtGUbQFqQXsoBRYjKpYx97PhiCL7Dr3CUnpVLqCV8+JDiQCqe40kkUiNTjHFeKuGMXnKIzBp4n7pQU0BTVjv3ldSWNBYSGcqJ1y3Ui006IMoxySPNerCEidEB60MpoSATodjJ+KsWHmdId5whkaPBY/b2REKH1UPjZpCCmr2e9kfif14pNcN5OWBjFBkI6ORTEHBuJRw3hLlNADR9mhFDFsqyY9oki1GQ95rMS3NmX50m9VHSdontzWihfTuvIoX10gI6Qi85QGV2jKqohih7RM3pFb9aT9WK9Wx+T0QVrurOH/sD6/AGJAZyd</latexit><latexit sha1_base64="QNfQA52ie/0DTm93s9j0BGOylUM=">AAACFHicbVC7SgNBFJ31GeNr1dJmMAiCGHaDoIVF0MYmEME8IBvD7ORuMmRmZ5mZFcOyH2Hjr9hYKGJrYeffuHkUmniqwzn3cs89fsSZNo7zbS0sLi2vrObW8usbm1vb9s5uXctYUahRyaVq+kQDZyHUDDMcmpECInwODX9wNfIb96A0k+GtGUbQFqQXsoBRYjKpYx97PhiCL7Dr3CUnpVLqCV8+JDiQCqe40kkUiNTjHFeKuGMXnKIzBp4n7pQU0BTVjv3ldSWNBYSGcqJ1y3Ui006IMoxySPNerCEidEB60MpoSATodjJ+KsWHmdId5whkaPBY/b2REKH1UPjZpCCmr2e9kfif14pNcN5OWBjFBkI6ORTEHBuJRw3hLlNADR9mhFDFsqyY9oki1GQ95rMS3NmX50m9VHSdontzWihfTuvIoX10gI6Qi85QGV2jKqohih7RM3pFb9aT9WK9Wx+T0QVrurOH/sD6/AGJAZyd</latexit><latexit sha1_base64="QNfQA52ie/0DTm93s9j0BGOylUM=">AAACFHicbVC7SgNBFJ31GeNr1dJmMAiCGHaDoIVF0MYmEME8IBvD7ORuMmRmZ5mZFcOyH2Hjr9hYKGJrYeffuHkUmniqwzn3cs89fsSZNo7zbS0sLi2vrObW8usbm1vb9s5uXctYUahRyaVq+kQDZyHUDDMcmpECInwODX9wNfIb96A0k+GtGUbQFqQXsoBRYjKpYx97PhiCL7Dr3CUnpVLqCV8+JDiQCqe40kkUiNTjHFeKuGMXnKIzBp4n7pQU0BTVjv3ldSWNBYSGcqJ1y3Ui006IMoxySPNerCEidEB60MpoSATodjJ+KsWHmdId5whkaPBY/b2REKH1UPjZpCCmr2e9kfif14pNcN5OWBjFBkI6ORTEHBuJRw3hLlNADR9mhFDFsqyY9oki1GQ95rMS3NmX50m9VHSdontzWihfTuvIoX10gI6Qi85QGV2jKqohih7RM3pFb9aT9WK9Wx+T0QVrurOH/sD6/AGJAZyd</latexit>

For PBHs

⌧BH . 1s
<latexit sha1_base64="EH1pSW/pGvIltAElQyzhZRXZT/s=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclUQEXZa66bKCfUBTwmQ6aYfOI8xMxBKycOOvuHGhiFs/wp1/47TNQlsPXDiccy/33hMljGrjed/O2vrG5tZ2aae8u7d/cOgeHXe0TBUmbSyZVL0IacKoIG1DDSO9RBHEI0a60eRm5nfvidJUijszTciAo5GgMcXIWCl0K4FBaZg1mnnAiNaacugHPJIPmc5Dt+rVvDngKvELUgUFWqH7FQwlTjkRBjOkdd/3EjPIkDIUM5KXg1STBOEJGpG+pQJxogfZ/IkcnlllCGOpbAkD5+rviQxxrac8sp0cmbFe9mbif14/NfH1IKMiSQ0ReLEoThk0Es4SgUOqCDZsagnCitpbIR4jhbCxuZVtCP7yy6ukc1HzvZp/e1mtN4o4SqACTsE58MEVqIMmaIE2wOARPINX8OY8OS/Ou/OxaF1zipkT8AfO5w8px5hq</latexit><latexit sha1_base64="EH1pSW/pGvIltAElQyzhZRXZT/s=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclUQEXZa66bKCfUBTwmQ6aYfOI8xMxBKycOOvuHGhiFs/wp1/47TNQlsPXDiccy/33hMljGrjed/O2vrG5tZ2aae8u7d/cOgeHXe0TBUmbSyZVL0IacKoIG1DDSO9RBHEI0a60eRm5nfvidJUijszTciAo5GgMcXIWCl0K4FBaZg1mnnAiNaacugHPJIPmc5Dt+rVvDngKvELUgUFWqH7FQwlTjkRBjOkdd/3EjPIkDIUM5KXg1STBOEJGpG+pQJxogfZ/IkcnlllCGOpbAkD5+rviQxxrac8sp0cmbFe9mbif14/NfH1IKMiSQ0ReLEoThk0Es4SgUOqCDZsagnCitpbIR4jhbCxuZVtCP7yy6ukc1HzvZp/e1mtN4o4SqACTsE58MEVqIMmaIE2wOARPINX8OY8OS/Ou/OxaF1zipkT8AfO5w8px5hq</latexit><latexit sha1_base64="EH1pSW/pGvIltAElQyzhZRXZT/s=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclUQEXZa66bKCfUBTwmQ6aYfOI8xMxBKycOOvuHGhiFs/wp1/47TNQlsPXDiccy/33hMljGrjed/O2vrG5tZ2aae8u7d/cOgeHXe0TBUmbSyZVL0IacKoIG1DDSO9RBHEI0a60eRm5nfvidJUijszTciAo5GgMcXIWCl0K4FBaZg1mnnAiNaacugHPJIPmc5Dt+rVvDngKvELUgUFWqH7FQwlTjkRBjOkdd/3EjPIkDIUM5KXg1STBOEJGpG+pQJxogfZ/IkcnlllCGOpbAkD5+rviQxxrac8sp0cmbFe9mbif14/NfH1IKMiSQ0ReLEoThk0Es4SgUOqCDZsagnCitpbIR4jhbCxuZVtCP7yy6ukc1HzvZp/e1mtN4o4SqACTsE58MEVqIMmaIE2wOARPINX8OY8OS/Ou/OxaF1zipkT8AfO5w8px5hq</latexit><latexit sha1_base64="EH1pSW/pGvIltAElQyzhZRXZT/s=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclUQEXZa66bKCfUBTwmQ6aYfOI8xMxBKycOOvuHGhiFs/wp1/47TNQlsPXDiccy/33hMljGrjed/O2vrG5tZ2aae8u7d/cOgeHXe0TBUmbSyZVL0IacKoIG1DDSO9RBHEI0a60eRm5nfvidJUijszTciAo5GgMcXIWCl0K4FBaZg1mnnAiNaacugHPJIPmc5Dt+rVvDngKvELUgUFWqH7FQwlTjkRBjOkdd/3EjPIkDIUM5KXg1STBOEJGpG+pQJxogfZ/IkcnlllCGOpbAkD5+rviQxxrac8sp0cmbFe9mbif14/NfH1IKMiSQ0ReLEoThk0Es4SgUOqCDZsagnCitpbIR4jhbCxuZVtCP7yy6ukc1HzvZp/e1mtN4o4SqACTsE58MEVqIMmaIE2wOARPINX8OY8OS/Ou/OxaF1zipkT8AfO5w8px5hq</latexit>

M . 109g, so Mrem ⌧ 109g
<latexit sha1_base64="mjd7LL/uAqal80W0/oaflK0f8r4=">AAACH3icbVBNSwMxEM3Wr1q/qh69BIvgQcquiNpb0YuXQgWrQrct2XTahiabJcmKZdl/4sW/4sWDIuKt/8a07kFbHww83pthZl4QcaaN646d3MLi0vJKfrWwtr6xuVXc3rnVMlYUGlRyqe4DooGzEBqGGQ73kQIiAg53wfBy4t89gNJMhjdmFEFLkH7IeowSY6VO8bTmc9BaM4E9t13xRSAfk/4R1hKnuNZJFIjU59yauJ1U0sxPO8WSW3anwPPEy0gJZah3il9+V9JYQGgoJ1o3PTcyrYQowyiHtODHGiJCh6QPTUtDIkC3kul/KT6wShf3pLIVGjxVf08kRGg9EoHtFMQM9Kw3Ef/zmrHpnbcSFkaxgZD+LOrFHBuJJ2HhLlNADR9ZQqhi9lZMB0QRamykBRuCN/vyPLk9Lntu2bs+KVUvsjjyaA/to0PkoTNURVeojhqIoif0gt7Qu/PsvDofzudPa87JZnbRHzjjb632oiQ=</latexit><latexit sha1_base64="mjd7LL/uAqal80W0/oaflK0f8r4=">AAACH3icbVBNSwMxEM3Wr1q/qh69BIvgQcquiNpb0YuXQgWrQrct2XTahiabJcmKZdl/4sW/4sWDIuKt/8a07kFbHww83pthZl4QcaaN646d3MLi0vJKfrWwtr6xuVXc3rnVMlYUGlRyqe4DooGzEBqGGQ73kQIiAg53wfBy4t89gNJMhjdmFEFLkH7IeowSY6VO8bTmc9BaM4E9t13xRSAfk/4R1hKnuNZJFIjU59yauJ1U0sxPO8WSW3anwPPEy0gJZah3il9+V9JYQGgoJ1o3PTcyrYQowyiHtODHGiJCh6QPTUtDIkC3kul/KT6wShf3pLIVGjxVf08kRGg9EoHtFMQM9Kw3Ef/zmrHpnbcSFkaxgZD+LOrFHBuJJ2HhLlNADR9ZQqhi9lZMB0QRamykBRuCN/vyPLk9Lntu2bs+KVUvsjjyaA/to0PkoTNURVeojhqIoif0gt7Qu/PsvDofzudPa87JZnbRHzjjb632oiQ=</latexit><latexit sha1_base64="mjd7LL/uAqal80W0/oaflK0f8r4=">AAACH3icbVBNSwMxEM3Wr1q/qh69BIvgQcquiNpb0YuXQgWrQrct2XTahiabJcmKZdl/4sW/4sWDIuKt/8a07kFbHww83pthZl4QcaaN646d3MLi0vJKfrWwtr6xuVXc3rnVMlYUGlRyqe4DooGzEBqGGQ73kQIiAg53wfBy4t89gNJMhjdmFEFLkH7IeowSY6VO8bTmc9BaM4E9t13xRSAfk/4R1hKnuNZJFIjU59yauJ1U0sxPO8WSW3anwPPEy0gJZah3il9+V9JYQGgoJ1o3PTcyrYQowyiHtODHGiJCh6QPTUtDIkC3kul/KT6wShf3pLIVGjxVf08kRGg9EoHtFMQM9Kw3Ef/zmrHpnbcSFkaxgZD+LOrFHBuJJ2HhLlNADR9ZQqhi9lZMB0QRamykBRuCN/vyPLk9Lntu2bs+KVUvsjjyaA/to0PkoTNURVeojhqIoif0gt7Qu/PsvDofzudPa87JZnbRHzjjb632oiQ=</latexit><latexit sha1_base64="mjd7LL/uAqal80W0/oaflK0f8r4=">AAACH3icbVBNSwMxEM3Wr1q/qh69BIvgQcquiNpb0YuXQgWrQrct2XTahiabJcmKZdl/4sW/4sWDIuKt/8a07kFbHww83pthZl4QcaaN646d3MLi0vJKfrWwtr6xuVXc3rnVMlYUGlRyqe4DooGzEBqGGQ73kQIiAg53wfBy4t89gNJMhjdmFEFLkH7IeowSY6VO8bTmc9BaM4E9t13xRSAfk/4R1hKnuNZJFIjU59yauJ1U0sxPO8WSW3anwPPEy0gJZah3il9+V9JYQGgoJ1o3PTcyrYQowyiHtODHGiJCh6QPTUtDIkC3kul/KT6wShf3pLIVGjxVf08kRGg9EoHtFMQM9Kw3Ef/zmrHpnbcSFkaxgZD+LOrFHBuJJ2HhLlNADR9ZQqhi9lZMB0QRamykBRuCN/vyPLk9Lntu2bs+KVUvsjjyaA/to0PkoTNURVeojhqIoif0gt7Qu/PsvDofzudPa87JZnbRHzjjb632oiQ=</latexit>

• But for 2-2 holes the situation is slightly different. We have factor of g�1/3
⇤
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◆2/3

<latexit sha1_base64="Unjpy2Zzi8uRDV/5v3mv3J9gvTE=">AAACGHicbVDLSsNAFJ3UV62vqEs3wSJUwTapgi6LblxWsA9o0jCZTtqhkwczN0IJ+Qw3/oobF4q47c6/cdpmodUDwxzOOZeZe7yYMwmm+aUVVlbX1jeKm6Wt7Z3dPX3/oC2jRBDaIhGPRNfDknIW0hYw4LQbC4oDj9OON76d+Z1HKiSLwgeYxNQJ8DBkPiMYlOTqtaF71k/PrdpFZnPqQ8X2BSZp4KZNnmXqrme2YMMRnPbTugq5etmsmnMYf4mVkzLK0XT1qT2ISBLQEAjHUvYsMwYnxQIY4TQr2YmkMSZjPKQ9RUMcUOmk88Uy40QpA8OPhDohGHP150SKAykngaeSAYaRXPZm4n9eLwH/2klZGCdAQ7J4yE+4AZExa8kYMEEJ8IkimAim/mqQEVbNgOqypEqwllf+S9r1qmVWrfvLcuMmr6OIjtAxqiALXaEGukNN1EIEPaEX9IbetWftVfvQPhfRgpbPHKJf0Kbf252fqQ==</latexit><latexit sha1_base64="Unjpy2Zzi8uRDV/5v3mv3J9gvTE=">AAACGHicbVDLSsNAFJ3UV62vqEs3wSJUwTapgi6LblxWsA9o0jCZTtqhkwczN0IJ+Qw3/oobF4q47c6/cdpmodUDwxzOOZeZe7yYMwmm+aUVVlbX1jeKm6Wt7Z3dPX3/oC2jRBDaIhGPRNfDknIW0hYw4LQbC4oDj9OON76d+Z1HKiSLwgeYxNQJ8DBkPiMYlOTqtaF71k/PrdpFZnPqQ8X2BSZp4KZNnmXqrme2YMMRnPbTugq5etmsmnMYf4mVkzLK0XT1qT2ISBLQEAjHUvYsMwYnxQIY4TQr2YmkMSZjPKQ9RUMcUOmk88Uy40QpA8OPhDohGHP150SKAykngaeSAYaRXPZm4n9eLwH/2klZGCdAQ7J4yE+4AZExa8kYMEEJ8IkimAim/mqQEVbNgOqypEqwllf+S9r1qmVWrfvLcuMmr6OIjtAxqiALXaEGukNN1EIEPaEX9IbetWftVfvQPhfRgpbPHKJf0Kbf252fqQ==</latexit><latexit sha1_base64="Unjpy2Zzi8uRDV/5v3mv3J9gvTE=">AAACGHicbVDLSsNAFJ3UV62vqEs3wSJUwTapgi6LblxWsA9o0jCZTtqhkwczN0IJ+Qw3/oobF4q47c6/cdpmodUDwxzOOZeZe7yYMwmm+aUVVlbX1jeKm6Wt7Z3dPX3/oC2jRBDaIhGPRNfDknIW0hYw4LQbC4oDj9OON76d+Z1HKiSLwgeYxNQJ8DBkPiMYlOTqtaF71k/PrdpFZnPqQ8X2BSZp4KZNnmXqrme2YMMRnPbTugq5etmsmnMYf4mVkzLK0XT1qT2ISBLQEAjHUvYsMwYnxQIY4TQr2YmkMSZjPKQ9RUMcUOmk88Uy40QpA8OPhDohGHP150SKAykngaeSAYaRXPZm4n9eLwH/2klZGCdAQ7J4yE+4AZExa8kYMEEJ8IkimAim/mqQEVbNgOqypEqwllf+S9r1qmVWrfvLcuMmr6OIjtAxqiALXaEGukNN1EIEPaEX9IbetWftVfvQPhfRgpbPHKJf0Kbf252fqQ==</latexit><latexit sha1_base64="Unjpy2Zzi8uRDV/5v3mv3J9gvTE=">AAACGHicbVDLSsNAFJ3UV62vqEs3wSJUwTapgi6LblxWsA9o0jCZTtqhkwczN0IJ+Qw3/oobF4q47c6/cdpmodUDwxzOOZeZe7yYMwmm+aUVVlbX1jeKm6Wt7Z3dPX3/oC2jRBDaIhGPRNfDknIW0hYw4LQbC4oDj9OON76d+Z1HKiSLwgeYxNQJ8DBkPiMYlOTqtaF71k/PrdpFZnPqQ8X2BSZp4KZNnmXqrme2YMMRnPbTugq5etmsmnMYf4mVkzLK0XT1qT2ISBLQEAjHUvYsMwYnxQIY4TQr2YmkMSZjPKQ9RUMcUOmk88Uy40QpA8OPhDohGHP150SKAykngaeSAYaRXPZm4n9eLwH/2klZGCdAQ7J4yE+4AZExa8kYMEEJ8IkimAim/mqQEVbNgOqypEqwllf+S9r1qmVWrfvLcuMmr6OIjtAxqiALXaEGukNN1EIEPaEX9IbetWftVfvQPhfRgpbPHKJf0Kbf252fqQ==</latexit>

on the RHS.

Weakens the upper bound but the dependence is not that strong.

�15 Ufuk Aydemir (IHEP), Corfu-2019



Constraints from diffuse photon flux  
and minimum mass of 2-2 hole

See Bai & Orlofsky (2019) 
for PeBH case 

Generic for each galaxy Emission rate for photon. 
Depends on temperature

�� ⇡ MDM

M22
J dN�

dE�dt
<latexit sha1_base64="TlEfc8PubGFaLYnUP83remnsf6Q="></latexit><latexit sha1_base64="TlEfc8PubGFaLYnUP83remnsf6Q="></latexit><latexit sha1_base64="TlEfc8PubGFaLYnUP83remnsf6Q="></latexit><latexit sha1_base64="TlEfc8PubGFaLYnUP83remnsf6Q="></latexit>

hE�i ⇠ T22
<latexit sha1_base64="cFiLtAEyafREKrd3aykCPDZ1mwQ=">AAACDnicbVDLSgNBEJyNr7i+oh69DIaAp7AbBD0GRfAYIQ8huyy9k0kyZGZ2mZkVwpIv8OKvePGgiFfP3vwbJ4+DJhY0FFXddHfFKWfaeN63U1hb39jcKm67O7t7+welw6O2TjJFaIskPFH3MWjKmaQtwwyn96miIGJOO/Hoeup3HqjSLJFNM05pKGAgWZ8RMFaKShU34CAHnOKbKA8GIARMAjVTAs0EbkZ5rTaJSmWv6s2AV4m/IGW0QCMqfQW9hGSCSkM4aN31vdSEOSjDCKcTN8g0TYGMYEC7lkoQVIf57J0Jrlilh/uJsiUNnqm/J3IQWo9FbDsFmKFe9qbif143M/3LMGcyzQyVZL6on3FsEjzNBveYosTwsSVAFLO3YjIEBcTYBF0bgr/88ipp16q+V/Xvzsv1q0UcRXSCTtEZ8tEFqqNb1EAtRNAjekav6M15cl6cd+dj3lpwFjPH6A+czx9125u6</latexit><latexit sha1_base64="cFiLtAEyafREKrd3aykCPDZ1mwQ=">AAACDnicbVDLSgNBEJyNr7i+oh69DIaAp7AbBD0GRfAYIQ8huyy9k0kyZGZ2mZkVwpIv8OKvePGgiFfP3vwbJ4+DJhY0FFXddHfFKWfaeN63U1hb39jcKm67O7t7+welw6O2TjJFaIskPFH3MWjKmaQtwwyn96miIGJOO/Hoeup3HqjSLJFNM05pKGAgWZ8RMFaKShU34CAHnOKbKA8GIARMAjVTAs0EbkZ5rTaJSmWv6s2AV4m/IGW0QCMqfQW9hGSCSkM4aN31vdSEOSjDCKcTN8g0TYGMYEC7lkoQVIf57J0Jrlilh/uJsiUNnqm/J3IQWo9FbDsFmKFe9qbif143M/3LMGcyzQyVZL6on3FsEjzNBveYosTwsSVAFLO3YjIEBcTYBF0bgr/88ipp16q+V/Xvzsv1q0UcRXSCTtEZ8tEFqqNb1EAtRNAjekav6M15cl6cd+dj3lpwFjPH6A+czx9125u6</latexit><latexit sha1_base64="cFiLtAEyafREKrd3aykCPDZ1mwQ=">AAACDnicbVDLSgNBEJyNr7i+oh69DIaAp7AbBD0GRfAYIQ8huyy9k0kyZGZ2mZkVwpIv8OKvePGgiFfP3vwbJ4+DJhY0FFXddHfFKWfaeN63U1hb39jcKm67O7t7+welw6O2TjJFaIskPFH3MWjKmaQtwwyn96miIGJOO/Hoeup3HqjSLJFNM05pKGAgWZ8RMFaKShU34CAHnOKbKA8GIARMAjVTAs0EbkZ5rTaJSmWv6s2AV4m/IGW0QCMqfQW9hGSCSkM4aN31vdSEOSjDCKcTN8g0TYGMYEC7lkoQVIf57J0Jrlilh/uJsiUNnqm/J3IQWo9FbDsFmKFe9qbif143M/3LMGcyzQyVZL6on3FsEjzNBveYosTwsSVAFLO3YjIEBcTYBF0bgr/88ipp16q+V/Xvzsv1q0UcRXSCTtEZ8tEFqqNb1EAtRNAjekav6M15cl6cd+dj3lpwFjPH6A+czx9125u6</latexit><latexit sha1_base64="cFiLtAEyafREKrd3aykCPDZ1mwQ=">AAACDnicbVDLSgNBEJyNr7i+oh69DIaAp7AbBD0GRfAYIQ8huyy9k0kyZGZ2mZkVwpIv8OKvePGgiFfP3vwbJ4+DJhY0FFXddHfFKWfaeN63U1hb39jcKm67O7t7+welw6O2TjJFaIskPFH3MWjKmaQtwwyn96miIGJOO/Hoeup3HqjSLJFNM05pKGAgWZ8RMFaKShU34CAHnOKbKA8GIARMAjVTAs0EbkZ5rTaJSmWv6s2AV4m/IGW0QCMqfQW9hGSCSkM4aN31vdSEOSjDCKcTN8g0TYGMYEC7lkoQVIf57J0Jrlilh/uJsiUNnqm/J3IQWo9FbDsFmKFe9qbif143M/3LMGcyzQyVZL6on3FsEjzNBveYosTwsSVAFLO3YjIEBcTYBF0bgr/88ipp16q+V/Xvzsv1q0UcRXSCTtEZ8tEFqqNb1EAtRNAjekav6M15cl6cd+dj3lpwFjPH6A+czx9125u6</latexit>

Temperature of 2-2 hole in the small mass limit:

T22 =
8⇥ 10�11

g1/4⇤

✓
Mmin

g

◆�1/6 ✓
1� 0.007 ln


7⇥ 104

Mmin

g

�◆�7/12 MeV

kB
<latexit sha1_base64="kslTk6zhsDiXgcUEwEoTgj9JYpQ="></latexit><latexit sha1_base64="kslTk6zhsDiXgcUEwEoTgj9JYpQ="></latexit><latexit sha1_base64="kslTk6zhsDiXgcUEwEoTgj9JYpQ="></latexit><latexit sha1_base64="kslTk6zhsDiXgcUEwEoTgj9JYpQ="></latexit>

=11

�� . 10�4 cm�2sr�1s�1MeV�1
<latexit sha1_base64="U1WvYFkiq+7elaTQ1SPFx1XkwxU="></latexit><latexit sha1_base64="U1WvYFkiq+7elaTQ1SPFx1XkwxU="></latexit><latexit sha1_base64="U1WvYFkiq+7elaTQ1SPFx1XkwxU="></latexit><latexit sha1_base64="U1WvYFkiq+7elaTQ1SPFx1XkwxU="></latexit>

For Milky way

Mmin . 7⇥ 1014g
<latexit sha1_base64="sEAD1GA2DAbqw2kk6nz/bEuubSU=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiQi1GXRjRuhgn1AE8NkOmmHzkzCzEQsIb/gxl9x40IRt+7c+TdO2yy09cCFwzn3cu89YcKo0o7zbZVWVtfWN8qbla3tnd09e/+go+JUYtLGMYtlL0SKMCpIW1PNSC+RBPGQkW44vpz63XsiFY3FrZ4kxOdoKGhEMdJGCuxa5TrIOBW5x4hSinLY8DTlREHXucvcs9zjYfyQDfPArjp1Zwa4TNyCVEGBVmB/eYMYp5wIjRlSqu86ifYzJDXFjOQVL1UkQXiMhqRvqEBmqZ/NPsrhiVEGMIqlKaHhTP09kSGu1ISHppMjPVKL3lT8z+unOjr3MyqSVBOB54uilEEdw2k8cEAlwZpNDEFYUnMrxCMkEdYmxIoJwV18eZl0TuuuU3dvzqrNiyKOMjgCx6AGXNAATXAFWqANMHgEz+AVvFlP1ov1bn3MW0tWMXMI/sD6/AHgq50L</latexit><latexit sha1_base64="sEAD1GA2DAbqw2kk6nz/bEuubSU=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiQi1GXRjRuhgn1AE8NkOmmHzkzCzEQsIb/gxl9x40IRt+7c+TdO2yy09cCFwzn3cu89YcKo0o7zbZVWVtfWN8qbla3tnd09e/+go+JUYtLGMYtlL0SKMCpIW1PNSC+RBPGQkW44vpz63XsiFY3FrZ4kxOdoKGhEMdJGCuxa5TrIOBW5x4hSinLY8DTlREHXucvcs9zjYfyQDfPArjp1Zwa4TNyCVEGBVmB/eYMYp5wIjRlSqu86ifYzJDXFjOQVL1UkQXiMhqRvqEBmqZ/NPsrhiVEGMIqlKaHhTP09kSGu1ISHppMjPVKL3lT8z+unOjr3MyqSVBOB54uilEEdw2k8cEAlwZpNDEFYUnMrxCMkEdYmxIoJwV18eZl0TuuuU3dvzqrNiyKOMjgCx6AGXNAATXAFWqANMHgEz+AVvFlP1ov1bn3MW0tWMXMI/sD6/AHgq50L</latexit><latexit sha1_base64="sEAD1GA2DAbqw2kk6nz/bEuubSU=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiQi1GXRjRuhgn1AE8NkOmmHzkzCzEQsIb/gxl9x40IRt+7c+TdO2yy09cCFwzn3cu89YcKo0o7zbZVWVtfWN8qbla3tnd09e/+go+JUYtLGMYtlL0SKMCpIW1PNSC+RBPGQkW44vpz63XsiFY3FrZ4kxOdoKGhEMdJGCuxa5TrIOBW5x4hSinLY8DTlREHXucvcs9zjYfyQDfPArjp1Zwa4TNyCVEGBVmB/eYMYp5wIjRlSqu86ifYzJDXFjOQVL1UkQXiMhqRvqEBmqZ/NPsrhiVEGMIqlKaHhTP09kSGu1ISHppMjPVKL3lT8z+unOjr3MyqSVBOB54uilEEdw2k8cEAlwZpNDEFYUnMrxCMkEdYmxIoJwV18eZl0TuuuU3dvzqrNiyKOMjgCx6AGXNAATXAFWqANMHgEz+AVvFlP1ov1bn3MW0tWMXMI/sD6/AHgq50L</latexit><latexit sha1_base64="sEAD1GA2DAbqw2kk6nz/bEuubSU=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiQi1GXRjRuhgn1AE8NkOmmHzkzCzEQsIb/gxl9x40IRt+7c+TdO2yy09cCFwzn3cu89YcKo0o7zbZVWVtfWN8qbla3tnd09e/+go+JUYtLGMYtlL0SKMCpIW1PNSC+RBPGQkW44vpz63XsiFY3FrZ4kxOdoKGhEMdJGCuxa5TrIOBW5x4hSinLY8DTlREHXucvcs9zjYfyQDfPArjp1Zwa4TNyCVEGBVmB/eYMYp5wIjRlSqu86ifYzJDXFjOQVL1UkQXiMhqRvqEBmqZ/NPsrhiVEGMIqlKaHhTP09kSGu1ISHppMjPVKL3lT8z+unOjr3MyqSVBOB54uilEEdw2k8cEAlwZpNDEFYUnMrxCMkEdYmxIoJwV18eZl0TuuuU3dvzqrNiyKOMjgCx6AGXNAATXAFWqANMHgEz+AVvFlP1ov1bn3MW0tWMXMI/sD6/AHgq50L</latexit>

Similar calculation for a regular BH with Hawking temperature  
gives us

Mrem . 7⇥ 1012g
<latexit sha1_base64="E8xv32Iy68TBKEFDyq35dStuK7Y=">AAACEXicbVBNS8NAEN34WetX1KOXxSL0VJIi1GPRixehgv2ApobNdtou3U3C7kYsIX/Bi3/FiwdFvHrz5r9x2+agrQ8GHu/NMDMviDlT2nG+rZXVtfWNzcJWcXtnd2/fPjhsqSiRFJo04pHsBEQBZyE0NdMcOrEEIgIO7WB8OfXb9yAVi8JbPYmhJ8gwZANGiTaSb5eL134qQWQeB6UUE7jmaSZAYde5S91q5okgekiHmW+XnIozA14mbk5KKEfDt7+8fkQTAaGmnCjVdZ1Y91IiNaMcsqKXKIgJHZMhdA0NiVnaS2cfZfjUKH08iKSpUOOZ+nsiJUKpiQhMpyB6pBa9qfif10304LyXsjBONIR0vmiQcKwjPI0H95kEqvnEEEIlM7diOiKSUG1CLJoQ3MWXl0mrWnGdintzVqpf5HEU0DE6QWXkohqqoyvUQE1E0SN6Rq/ozXqyXqx362PeumLlM0foD6zPH92XnQk=</latexit><latexit sha1_base64="E8xv32Iy68TBKEFDyq35dStuK7Y=">AAACEXicbVBNS8NAEN34WetX1KOXxSL0VJIi1GPRixehgv2ApobNdtou3U3C7kYsIX/Bi3/FiwdFvHrz5r9x2+agrQ8GHu/NMDMviDlT2nG+rZXVtfWNzcJWcXtnd2/fPjhsqSiRFJo04pHsBEQBZyE0NdMcOrEEIgIO7WB8OfXb9yAVi8JbPYmhJ8gwZANGiTaSb5eL134qQWQeB6UUE7jmaSZAYde5S91q5okgekiHmW+XnIozA14mbk5KKEfDt7+8fkQTAaGmnCjVdZ1Y91IiNaMcsqKXKIgJHZMhdA0NiVnaS2cfZfjUKH08iKSpUOOZ+nsiJUKpiQhMpyB6pBa9qfif10304LyXsjBONIR0vmiQcKwjPI0H95kEqvnEEEIlM7diOiKSUG1CLJoQ3MWXl0mrWnGdintzVqpf5HEU0DE6QWXkohqqoyvUQE1E0SN6Rq/ozXqyXqx362PeumLlM0foD6zPH92XnQk=</latexit><latexit sha1_base64="E8xv32Iy68TBKEFDyq35dStuK7Y=">AAACEXicbVBNS8NAEN34WetX1KOXxSL0VJIi1GPRixehgv2ApobNdtou3U3C7kYsIX/Bi3/FiwdFvHrz5r9x2+agrQ8GHu/NMDMviDlT2nG+rZXVtfWNzcJWcXtnd2/fPjhsqSiRFJo04pHsBEQBZyE0NdMcOrEEIgIO7WB8OfXb9yAVi8JbPYmhJ8gwZANGiTaSb5eL134qQWQeB6UUE7jmaSZAYde5S91q5okgekiHmW+XnIozA14mbk5KKEfDt7+8fkQTAaGmnCjVdZ1Y91IiNaMcsqKXKIgJHZMhdA0NiVnaS2cfZfjUKH08iKSpUOOZ+nsiJUKpiQhMpyB6pBa9qfif10304LyXsjBONIR0vmiQcKwjPI0H95kEqvnEEEIlM7diOiKSUG1CLJoQ3MWXl0mrWnGdintzVqpf5HEU0DE6QWXkohqqoyvUQE1E0SN6Rq/ozXqyXqx362PeumLlM0foD6zPH92XnQk=</latexit><latexit sha1_base64="E8xv32Iy68TBKEFDyq35dStuK7Y=">AAACEXicbVBNS8NAEN34WetX1KOXxSL0VJIi1GPRixehgv2ApobNdtou3U3C7kYsIX/Bi3/FiwdFvHrz5r9x2+agrQ8GHu/NMDMviDlT2nG+rZXVtfWNzcJWcXtnd2/fPjhsqSiRFJo04pHsBEQBZyE0NdMcOrEEIgIO7WB8OfXb9yAVi8JbPYmhJ8gwZANGiTaSb5eL134qQWQeB6UUE7jmaSZAYde5S91q5okgekiHmW+XnIozA14mbk5KKEfDt7+8fkQTAaGmnCjVdZ1Y91IiNaMcsqKXKIgJHZMhdA0NiVnaS2cfZfjUKH08iKSpUOOZ+nsiJUKpiQhMpyB6pBa9qfif10304LyXsjBONIR0vmiQcKwjPI0H95kEqvnEEEIlM7diOiKSUG1CLJoQ3MWXl0mrWnGdintzVqpf5HEU0DE6QWXkohqqoyvUQE1E0SN6Rq/ozXqyXqx362PeumLlM0foD6zPH92XnQk=</latexit>

Mmin ⇠ m2
Pl

m2
<latexit sha1_base64="cDsvVhaPkv+NdkiTCOgjkDqFCo8=">AAACCXicbZDLSgMxFIbP1Futt1GXboJFcFVmiqDLohs3QgV7gbYOmTTThiaZIckIZZitG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyacaeN5305hZXVtfaO4Wdra3tndc/cPmjpOFaENEvNYtUOsKWeSNgwznLYTRbEIOW2Fo6tJvfVAlWaxvDPjhPYEHkgWMYKNtQIX3QSZYDLvaiZQN1KYZCLI6jy/r+aWqnnglr2KNxVaBn8OZZirHrhf3X5MUkGlIRxr3fG9xPQyrAwjnOalbqppgskID2jHosSC6l42vSRHJ9bpoyhW9kmDpu7viQwLrccitJ0Cm6FerE3M/2qd1EQXvYzJJDVUktmiKOXIxGgSC+ozRYnhYwuYKGb/isgQ2ziMDa9kQ/AXT16GZrXiexX/9qxcu5zHUYQjOIZT8OEcanANdWgAgUd4hld4c56cF+fd+Zi1Fpz5zCH8kfP5AxKjmo4=</latexit><latexit sha1_base64="cDsvVhaPkv+NdkiTCOgjkDqFCo8=">AAACCXicbZDLSgMxFIbP1Futt1GXboJFcFVmiqDLohs3QgV7gbYOmTTThiaZIckIZZitG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyacaeN5305hZXVtfaO4Wdra3tndc/cPmjpOFaENEvNYtUOsKWeSNgwznLYTRbEIOW2Fo6tJvfVAlWaxvDPjhPYEHkgWMYKNtQIX3QSZYDLvaiZQN1KYZCLI6jy/r+aWqnnglr2KNxVaBn8OZZirHrhf3X5MUkGlIRxr3fG9xPQyrAwjnOalbqppgskID2jHosSC6l42vSRHJ9bpoyhW9kmDpu7viQwLrccitJ0Cm6FerE3M/2qd1EQXvYzJJDVUktmiKOXIxGgSC+ozRYnhYwuYKGb/isgQ2ziMDa9kQ/AXT16GZrXiexX/9qxcu5zHUYQjOIZT8OEcanANdWgAgUd4hld4c56cF+fd+Zi1Fpz5zCH8kfP5AxKjmo4=</latexit><latexit sha1_base64="cDsvVhaPkv+NdkiTCOgjkDqFCo8=">AAACCXicbZDLSgMxFIbP1Futt1GXboJFcFVmiqDLohs3QgV7gbYOmTTThiaZIckIZZitG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyacaeN5305hZXVtfaO4Wdra3tndc/cPmjpOFaENEvNYtUOsKWeSNgwznLYTRbEIOW2Fo6tJvfVAlWaxvDPjhPYEHkgWMYKNtQIX3QSZYDLvaiZQN1KYZCLI6jy/r+aWqnnglr2KNxVaBn8OZZirHrhf3X5MUkGlIRxr3fG9xPQyrAwjnOalbqppgskID2jHosSC6l42vSRHJ9bpoyhW9kmDpu7viQwLrccitJ0Cm6FerE3M/2qd1EQXvYzJJDVUktmiKOXIxGgSC+ozRYnhYwuYKGb/isgQ2ziMDa9kQ/AXT16GZrXiexX/9qxcu5zHUYQjOIZT8OEcanANdWgAgUd4hld4c56cF+fd+Zi1Fpz5zCH8kfP5AxKjmo4=</latexit><latexit sha1_base64="cDsvVhaPkv+NdkiTCOgjkDqFCo8=">AAACCXicbZDLSgMxFIbP1Futt1GXboJFcFVmiqDLohs3QgV7gbYOmTTThiaZIckIZZitG1/FjQtF3PoG7nwb08tCW38IfPznHE7OHyacaeN5305hZXVtfaO4Wdra3tndc/cPmjpOFaENEvNYtUOsKWeSNgwznLYTRbEIOW2Fo6tJvfVAlWaxvDPjhPYEHkgWMYKNtQIX3QSZYDLvaiZQN1KYZCLI6jy/r+aWqnnglr2KNxVaBn8OZZirHrhf3X5MUkGlIRxr3fG9xPQyrAwjnOalbqppgskID2jHosSC6l42vSRHJ9bpoyhW9kmDpu7viQwLrccitJ0Cm6FerE3M/2qd1EQXvYzJJDVUktmiKOXIxGgSC+ozRYnhYwuYKGb/isgQ2ziMDa9kQ/AXT16GZrXiexX/9qxcu5zHUYQjOIZT8OEcanANdWgAgUd4hld4c56cF+fd+Zi1Fpz5zCH8kfP5AxKjmo4=</latexit>

Recall : m2 & 10�20mPl
<latexit sha1_base64="M2YxhmIzvso8l+QiByWIJb/KIlM=">AAACBXicbVDLSgMxFM34rONr1KUugkVwY8kUQZdFNy4r2Ae045BJM21okhmSjFCG2bjxV9y4UMSt/+DOvzF9LLT1QOBwzrnc3BOlnGmD0LeztLyyurZe2nA3t7Z3dr29/aZOMkVogyQ8Ue0Ia8qZpA3DDKftVFEsIk5b0fB67LceqNIskXdmlNJA4L5kMSPYWCn0jlwRVmG3b2xEQB/d52dVVEAR5nVehF4ZVdAEcJH4M1IGM9RD76vbS0gmqDSEY607PkpNkGNlGOG0cLuZpikmQ9ynHUslFlQH+eSKAp5YpQfjRNknDZyovydyLLQeicgmBTYDPe+Nxf+8TmbiyyBnMs0MlWS6KM44NAkcVwJ7TFFi+MgSTBSzf4VkgBUmxhbn2hL8+ZMXSbNa8VHFvz0v165mdZTAITgGp8AHF6AGbkAdNAABj+AZvII358l5cd6dj2l0yZnNHIA/cD5/ANqoluM=</latexit><latexit sha1_base64="M2YxhmIzvso8l+QiByWIJb/KIlM=">AAACBXicbVDLSgMxFM34rONr1KUugkVwY8kUQZdFNy4r2Ae045BJM21okhmSjFCG2bjxV9y4UMSt/+DOvzF9LLT1QOBwzrnc3BOlnGmD0LeztLyyurZe2nA3t7Z3dr29/aZOMkVogyQ8Ue0Ia8qZpA3DDKftVFEsIk5b0fB67LceqNIskXdmlNJA4L5kMSPYWCn0jlwRVmG3b2xEQB/d52dVVEAR5nVehF4ZVdAEcJH4M1IGM9RD76vbS0gmqDSEY607PkpNkGNlGOG0cLuZpikmQ9ynHUslFlQH+eSKAp5YpQfjRNknDZyovydyLLQeicgmBTYDPe+Nxf+8TmbiyyBnMs0MlWS6KM44NAkcVwJ7TFFi+MgSTBSzf4VkgBUmxhbn2hL8+ZMXSbNa8VHFvz0v165mdZTAITgGp8AHF6AGbkAdNAABj+AZvII358l5cd6dj2l0yZnNHIA/cD5/ANqoluM=</latexit><latexit sha1_base64="M2YxhmIzvso8l+QiByWIJb/KIlM=">AAACBXicbVDLSgMxFM34rONr1KUugkVwY8kUQZdFNy4r2Ae045BJM21okhmSjFCG2bjxV9y4UMSt/+DOvzF9LLT1QOBwzrnc3BOlnGmD0LeztLyyurZe2nA3t7Z3dr29/aZOMkVogyQ8Ue0Ia8qZpA3DDKftVFEsIk5b0fB67LceqNIskXdmlNJA4L5kMSPYWCn0jlwRVmG3b2xEQB/d52dVVEAR5nVehF4ZVdAEcJH4M1IGM9RD76vbS0gmqDSEY607PkpNkGNlGOG0cLuZpikmQ9ynHUslFlQH+eSKAp5YpQfjRNknDZyovydyLLQeicgmBTYDPe+Nxf+8TmbiyyBnMs0MlWS6KM44NAkcVwJ7TFFi+MgSTBSzf4VkgBUmxhbn2hL8+ZMXSbNa8VHFvz0v165mdZTAITgGp8AHF6AGbkAdNAABj+AZvII358l5cd6dj2l0yZnNHIA/cD5/ANqoluM=</latexit><latexit sha1_base64="M2YxhmIzvso8l+QiByWIJb/KIlM=">AAACBXicbVDLSgMxFM34rONr1KUugkVwY8kUQZdFNy4r2Ae045BJM21okhmSjFCG2bjxV9y4UMSt/+DOvzF9LLT1QOBwzrnc3BOlnGmD0LeztLyyurZe2nA3t7Z3dr29/aZOMkVogyQ8Ue0Ia8qZpA3DDKftVFEsIk5b0fB67LceqNIskXdmlNJA4L5kMSPYWCn0jlwRVmG3b2xEQB/d52dVVEAR5nVehF4ZVdAEcJH4M1IGM9RD76vbS0gmqDSEY607PkpNkGNlGOG0cLuZpikmQ9ynHUslFlQH+eSKAp5YpQfjRNknDZyovydyLLQeicgmBTYDPe+Nxf+8TmbiyyBnMs0MlWS6KM44NAkcVwJ7TFFi+MgSTBSzf4VkgBUmxhbn2hL8+ZMXSbNa8VHFvz0v165mdZTAITgGp8AHF6AGbkAdNAABj+AZvII358l5cd6dj2l0yZnNHIA/cD5/ANqoluM=</latexit>
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What is next?

• Differences that new scaling relations of 2-2 holes bring in compared to PBHs.

• Detailed study of primordial 2-2 hole relics as dark matter. What kind of information can we 
infer more?

• Formation of 2-2 holes and its initial mass. Inflation? Phase transitions?

• Effects on the evolution of the universe. Formation in the radiation era or dust era? 

• More radical questions? Can observations of ultracompact objects give clues  
on quantum gravity? Astrophysics( large scales) — Quantum gravity (small scales)

 17 Ufuk Aydemir (IHEP), Corfu-2019



Summary:

 18 Ufuk Aydemir (IHEP), Corfu-2019

• Horizonless nature of these objects in the framework of quantum gravity suggests a resolution  
to information loss paradox. 

• Remnants of the primordial 2-2 holes constitute candidate for dark matter in similarity to  
primordial black holes.

• It has been argued that in LIGO GW data there are traces of post-merger echoes, which would  
 be a smoking gun signal for horizonless ultra compact objects, if confirmed. Could shed light 
on the nature of quantum gravity.

• Quadratic gravity, a candidate quantum gravity theory, provides novel classical horizonless 
configurations for ultracompact sources, namely 2-2 holes.

• These objects exhibits different thermodynamical behaviour than black holes.



 19

References:



Thank you…
 20



 21

Extra slides 
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Thin-shell models Holdom&Ren (2017) 

and from
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Taken from arXiv: :1905.01741  
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Schwarzschild Black Holes

t ! v = t+ r⇤
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Eddington–Finkelstein coordinates 
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Entropy, total energy, (negligible) back-reaction on the 
metric in the case of 2-2 hole

Local (Tolman) temperatureEntropy exhibit Bekenstein-Hawking type  
area law for the large mass limit for 2-2 holes

Can backreaction on the metric be ignored and is the fixed background geometry justified? This scenario by 
all means is similar to ’t Hooft’s brick-wall model of the black hole entropy, ’t Hooft (1985), proposed to 
explain Bekenstein-Hawking entropy as contribution from a reflective wall around the black hole to the 
thermal energy of the corresponding quantum fields.  

Holdom & Ren (2017)

 Mukohyama & Israel (1998) argues that the structure in the brick wall model represents exterior of a 
horizonless configuration instead of a black hole. Therefore, the ground state of corresponding quantum fields 
should be chosen as Boulware state (T∞ =0), not Hawking-Hartle state (T∞ =TH). This leads to negative 
vacuum energy. Cancellations occur once the Boulware state and the corresponding thermal excitations. This 
is generally referred to as “topped-up” Boulware state and causes minor backreaction by construction. 
Similar arrangements can be made for the 2-2 hole case.  

So far quantum corrections are not taken into account for the 2-2 hole case. The above discussion suggests 
that the total thermal energy, entropy, and temperature will be larger once the quantum corrections are taken 
into account but they are expected to be a factor of O(1).  Recall, for instance, that classical T∞ in the large 
mass limit for 2-2 hole is proportional to TH.

Holdom (2019)


