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Luca Visinelli (INFN Laboratori Nazionali di Frascati)

The interplay of Primordial Black Holes 
and Particle Dark Matter

Based on: Carr, Kühnel, LV, 2008.08077, 2011.0193

          Vagnozzi, Bambi, LV, 2001.02986

          Vagnozzi, LV, 1905.12421


Bambi, Freese, LV, Vagnozzi, 1904.12983
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Three memories that relate me to Tokyo:

1) I visited IMPU at its dawn in 2009! (Indirect DM detection)

2) The talk today is on work done with Bernard Carr

3) I plan to collaborate with prof. Yanagida
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1. Prelude on PBH formation

2. BHs and WIMPs

3. BHs and light bosons

4. New physics and BH shadow 

OUTLINE
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Primordial black holes

First proposed in the late 60s by Novikov & Zel’dovic

Explored by Hawking & Carr in the 70s
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Primordial black holes

Carr&Kühnel 20
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BH formation and evaporation
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BH formation and evaporation

Various mechanisms to produce such a contrast: 

1) Cosmology phase transitions
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Borsanyi+16 Byrnes+19

Density contrast                          (Harada+13 1309.4201)�⇢/⇢ & 0.1

e.g. Jedamzik&Niemeyer 99
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BH formation and evaporation

Various mechanisms to produce such a contrast: 

1) Cosmology phase transitions 
2) Topological defects 

(collapse of loops, collision of strings)
Hawking 88; Polnarev&Zembowicz 91

Gµ . 2⇥ 10�6

Caldwell&Casper 96

Density contrast                          (Harada+13 1309.4201)�⇢/⇢ & 0.1
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BH formation and evaporation

Various mechanisms to produce such a contrast: 

1) Cosmology phase transitions 
2) Topological defects 
3) (P)reheating e.g. Suyama+04

Density contrast                          (Harada+13 1309.4201)�⇢/⇢ & 0.1

Back-reaction prevents 
PBH overproduction
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BH formation and evaporation

Density contrast                          (Harada+13 1309.4201)�⇢/⇢ & 0.1

Various mechanisms to produce such a contrast: 

1) Cosmology phase transitions 
2) Topological defects 
3) (P)reheating 
4)   Nucleation of false vacuum bubbles Kusenko+20
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Fundamental questions

Is the DM a new particle, or could (part of) it be PBHs? 
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Fundamental questions

Is the DM a new particle, or could (part of) it be PBHs? 

How can you find signatures of PBHs? 

Can you see coalescent PBH binaries in GWs? 

If PBHs are only a fraction of the DM (          ), how do they 
affect the main DM component? 

Excellent recent reviews:

Green&Kavanagh 2007.10722;   Carr&Kühnel 2006.02838

f ⌧ 1
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Black holes and WIMPs 
interplay
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BHs accrete a WIMP halo through secondary infall

Bertschinger 85; Mack+ 07
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We treat each BH as a decaying DM particle of 
mass         , decay rate    , abundance �MBH f

�point
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Extragalactic diffuse background to redshift z

see e.g. Bertone+19
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3D N-body simulation, Gosenca+17
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Taking Fermi analysis on decaying DM from Ando&Ishiwata 15

Carr, Kühnel, LV 20 a,b; see also Boucenna,LV+18; Adamek+19
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WIMP 
kinetic energy

(Eroshenko 16)

Carr, Kühnel, LV 20 a,b; see also Boucenna,LV+18; Adamek+19

Taking Fermi analysis on decaying DM from Ando&Ishiwata 15
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Black holes and bosons 
interplay
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Spinning BHs can host a boson condensate “cloud” 

This cloud can extract energy and       from the BH if:~J

Arvanitaki+11a,b

Figure from Pani+15
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PBHs are born with  
and acquire spin through accretion (keeping             )

~J = 0
a⇤ < 1

If a light boson of the right mass         exists, 
superradiance slows down maximally-spinning BHs

m�

This picture holds for adiabatic approximation GMm� . 1

dM

dt
= fEdd

dMEdd

dt
�m�

dN�

dt
dN�

dt
= �N� superradiance growth

+ equation for the evolution of ~J
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Supermassive black holes and boson clouds
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Carr, Kühnel, LV 20a
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Black hole shadows
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Event Horizon Telescope

VLBI observing M87* and Sagittarius A* at
Resolution at 

� = 1.3mm
<latexit sha1_base64="e6g1V4X4mjIxP0dQXHjmLmFwFoE=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCCxlm2oJuhKIblxXsAzpDyWQybWiSGZKMUIa68VfcuFDErX/hzr8xfSBWe+DC4ZxzSe4JU0aVdt0va2l5ZXVtvbBR3Nza3tm19/abKskkJg2csES2Q6QIo4I0NNWMtFNJEA8ZaYWD67HfuidS0UTc6WFKAo56gsYUI22krn3oMxOOELyEnlOBuS859M84H3Xtkue4E8Af4jrVeaUEZqh37U8/SnDGidCYIaU6npvqIEdSU8zIqOhniqQID1CPdAwViBMV5JMLRvDEKBGME2lGaDhRf2/kiCs15KFJcqT76q83Fhd5nUzHF0FORZppIvD0oThjUCdwXAeMqCRYs6EhCEtq/gpxH0mEtSmtuLCEf6RZdryKU76tlmpXszoK4Agcg1PggXNQAzegDhoAgwfwBF7Aq/VoPVtv1vs0umTNdg7AHKyPb+1clUY=</latexit>

10µarcsec
<latexit sha1_base64="D7QSan/1qqC/0Qwo2pKt9dJqvg8=">AAAB/nicbZBLS8NAFIVv6qvWV1RcuRksggsJSS3osujGZQX7gCaUyXTSDp1JwsxEKKHgX3HjQhG3/g53/hunD8RqDwwcvnMvczlhypnSrvtlFVZW19Y3ipulre2d3T17/6CpkkwS2iAJT2Q7xIpyFtOGZprTdiopFiGnrXB4M8lbD1QqlsT3epTSQOB+zCJGsDaoax95Lsp9KZB/7osMYUkUJeOuXfYcdyr0Y1ynukjKMFe9a3/6vYRkgsaacKxUx3NTHeRYakY4HZf8TNEUkyHu046xMRZUBfn0/DE6NaSHokSaF2s0pb83ciyUGonQTAqsB+pvNoHLsk6mo6sgZ3GaaRqT2UdRxpFO0KQL1GOSEs1HxmAimbkVkQGWmGjTWGlpCf9Ms+J4F07lrlquXc/rKMIxnMAZeHAJNbiFOjSAQA5P8AKv1qP1bL1Z77PRgjXfOYQFWR/ftJWUsg==</latexit>
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Event Horizon Telescope

Left:   simulation of M87* at 230GHz (or                 )
Right: Image reconstructed from simulated data using
       https://github.com/achael/eht-imaging

EHT resolution

� = 1.3mm
<latexit sha1_base64="e6g1V4X4mjIxP0dQXHjmLmFwFoE=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCCxlm2oJuhKIblxXsAzpDyWQybWiSGZKMUIa68VfcuFDErX/hzr8xfSBWe+DC4ZxzSe4JU0aVdt0va2l5ZXVtvbBR3Nza3tm19/abKskkJg2csES2Q6QIo4I0NNWMtFNJEA8ZaYWD67HfuidS0UTc6WFKAo56gsYUI22krn3oMxOOELyEnlOBuS859M84H3Xtkue4E8Af4jrVeaUEZqh37U8/SnDGidCYIaU6npvqIEdSU8zIqOhniqQID1CPdAwViBMV5JMLRvDEKBGME2lGaDhRf2/kiCs15KFJcqT76q83Fhd5nUzHF0FORZppIvD0oThjUCdwXAeMqCRYs6EhCEtq/gpxH0mEtSmtuLCEf6RZdryKU76tlmpXszoK4Agcg1PggXNQAzegDhoAgwfwBF7Aq/VoPVtv1vs0umTNdg7AHKyPb+1clUY=</latexit>
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The picture of the century

• Event Horizon Telescope (April 2019)
• 10 days acquisition + 2 years analysis

EHT Collaboration, Astrophys. J. 875 (2019)
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The picture of the century

• EHT has sufficient resolution
• The SMBH is a strong emitter of radio waves
• Little foreground radio pollution

EHT Collaboration, Astrophys. J. 875 (2019)
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• Relativistic beaming of the plasma

• Mass                                        from comparing 
the image with MHD simulations of rotating BH

• Agrees with stellar dynamics Gebhardt+11

MBH = (6.5± 0.7)⇥ 109M�
<latexit sha1_base64="wM/JcqTM5TH+ZvAyTflpGhqCoFA="></latexit>

• Angular diameter (42± 3)µas
<latexit sha1_base64="nDl+NXHwouMrlP9w3MeQc+7mmDQ=">AAAB/3icdVBNS8NAEN3Ur1q/ooIXL4tFqCAhaYraW9GLxwq2FppQNttNu3Q3CbsbocQe/CtePCji1b/hzX/jpq2gog8GHu/NMDMvSBiVyrY/jMLC4tLySnG1tLa+sbllbu+0ZZwKTFo4ZrHoBEgSRiPSUlQx0kkEQTxg5CYYXeT+zS0RksbRtRonxOdoENGQYqS01DP3KrWql3DoHmWe4N6xx1OI5KRnlm2rnuMEzohb18SuObbrQseypyiDOZo9893rxzjlJFKYISm7jp0oP0NCUczIpOSlkiQIj9CAdDWNECfSz6b3T+ChVvowjIWuSMGp+n0iQ1zKMQ90J0dqKH97ufiX101VeOZnNEpSRSI8WxSmDKoY5mHAPhUEKzbWBGFB9a0QD5FAWOnISjqEr0/h/6RdtRzXql7Vyo3zeRxFsA8OQAU44BQ0wCVoghbA4A48gCfwbNwbj8aL8TprLRjzmV3wA8bbJ30glSk=</latexit>

The picture of the century
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Shadow of a BH: dark area in the image of an 
optically thin region around the compact object. 

The picture of the century
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Shadow          photon capture radius

Non-rotating BH:

Rc =
p
27rg

<latexit sha1_base64="lHfPzsg/g4/wiFIVi3RJDRF2U8o=">AAAB+3icdVBNS8NAEN3Ur1q/Yj16WSyCp5A0xdqDUPTisYpthTaEzXbTLt1s4u5GLKF/xYsHRbz6R7z5b9y0FVT0wcDjvRlm5gUJo1LZ9odRWFpeWV0rrpc2Nre2d8zdckfGqcCkjWMWi5sAScIoJ21FFSM3iSAoChjpBuPz3O/eESFpzK/VJCFehIachhQjpSXfLF/5GJ7CvrwVKqvWp8If+mbFtho5juGcuA1N7Jpjuy50LHuGClig5Zvv/UGM04hwhRmSsufYifIyJBTFjExL/VSSBOExGpKephxFRHrZ7PYpPNTKAIax0MUVnKnfJzIUSTmJAt0ZITWSv71c/MvrpSo88TLKk1QRjueLwpRBFcM8CDiggmDFJpogLKi+FeIREggrHVdJh/D1KfyfdKqW41rVy1qlebaIowj2wQE4Ag6ogya4AC3QBhjcgwfwBJ6NqfFovBiv89aCsZjZAz9gvH0CgreUIQ==</latexit>

rg = GMBH/c
2

<latexit sha1_base64="JJezLvI52BRNcZHqvIU9Ar4J4jk=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVzFpitqFUOrCboQK9gFtDJPppB06eTAzEUoo+CtuXCji1u9w5984aSuo6IELh3Pu5d57vJhRIU3zQ8stLC4tr+RXC2vrG5tb+vZOS0QJx6SJIxbxjocEYTQkTUklI52YExR4jLS90UXmt+8IFzQKb+Q4Jk6ABiH1KUZSSa6+x90BPIeXV27a4wGs1SfH+Lbk6kXTqGQ4gTNiVxQxy5Zp29AyzCmKYI6Gq7/3+hFOAhJKzJAQXcuMpZMiLilmZFLoJYLECI/QgHQVDVFAhJNOz5/AQ6X0oR9xVaGEU/X7RIoCIcaBpzoDJIfit5eJf3ndRPpnTkrDOJEkxLNFfsKgjGCWBexTTrBkY0UQ5lTdCvEQcYSlSqygQvj6FP5PWiXDso3SdblYrc3jyIN9cACOgAVOQRXUQQM0AQYpeABP4Fm71x61F+111prT5jO74Ae0t0+G/JSW</latexit>

Rs = 2rg
<latexit sha1_base64="A1wPjCxd0yGff/XnhhHY5UQf3Cw=">AAAB8XicdVBNS8NAEJ3Ur1q/qh69LBbBU0iaovYgFL14rGI/sC1ls920SzebsLsRSui/8OJBEa/+G2/+GzdtBRV9MPB4b4aZeX7MmdKO82HllpZXVtfy64WNza3tneLuXlNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/vgy81v3VCoWiVs9iWkvxEPBAkawNtLdTV+hc1SW/WG/WHLsaoYTNCde1RCn4jqeh1zbmaEEC9T7xffuICJJSIUmHCvVcZ1Y91IsNSOcTgvdRNEYkzEe0o6hAodU9dLZxVN0ZJQBCiJpSmg0U79PpDhUahL6pjPEeqR+e5n4l9dJdHDWS5mIE00FmS8KEo50hLL30YBJSjSfGIKJZOZWREZYYqJNSAUTwten6H/SLNuuZ5evK6XaxSKOPBzAIRyDC6dQgyuoQwMICHiAJ3i2lPVovViv89actZjZhx+w3j4ByOiQWw==</latexit>
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<latexit sha1_base64="je0hbq4PbWbleJyPMOrTyCK1AFI="></latexit>

Rc
<latexit sha1_base64="ysZLjzIdjEqBgZ90KYAD7BYJAyI=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWN85AHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6xHHC/YgOlAgFo2ilh/se65XKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVindeqd5dlGvXeRwFOIYTOAMPLqEGt1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QMe4o2w</latexit>

Photon
sphere

BH Image angular diameter:

(Measured                  )(42± 3)µas
<latexit sha1_base64="nDl+NXHwouMrlP9w3MeQc+7mmDQ=">AAAB/3icdVBNS8NAEN3Ur1q/ooIXL4tFqCAhaYraW9GLxwq2FppQNttNu3Q3CbsbocQe/CtePCji1b/hzX/jpq2gog8GHu/NMDMvSBiVyrY/jMLC4tLySnG1tLa+sbllbu+0ZZwKTFo4ZrHoBEgSRiPSUlQx0kkEQTxg5CYYXeT+zS0RksbRtRonxOdoENGQYqS01DP3KrWql3DoHmWe4N6xx1OI5KRnlm2rnuMEzohb18SuObbrQseypyiDOZo9893rxzjlJFKYISm7jp0oP0NCUczIpOSlkiQIj9CAdDWNECfSz6b3T+ChVvowjIWuSMGp+n0iQ1zKMQ90J0dqKH97ufiX101VeOZnNEpSRSI8WxSmDKoY5mHAPhUEKzbWBGFB9a0QD5FAWOnISjqEr0/h/6RdtRzXql7Vyo3zeRxFsA8OQAU44BQ0wCVoghbA4A48gCfwbNwbj8aL8TprLRjzmV3wA8bbJ30glSk=</latexit>
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Shadow          photon capture radius

Rotating BH:

Kerr bound:

Rc
<latexit sha1_base64="ysZLjzIdjEqBgZ90KYAD7BYJAyI=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWN85AHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6xHHC/YgOlAgFo2ilh/se65XKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVindeqd5dlGvXeRwFOIYTOAMPLqEGt1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QMe4o2w</latexit>

Photon
sphere

BH

|a|  M
<latexit sha1_base64="x1ewHVlezqpB2KK1n8nByNqVX6s=">AAAB8XicdVBNS8NAEN3Ur1q/qh69LBbBU0jaovZW8OJFqGBrsQ1ls520SzebuLsRStp/4cWDIl79N978N27aCir6YODx3gwz8/yYM6Ud58PKLS2vrK7l1wsbm1vbO8XdvZaKEkmhSSMeybZPFHAmoKmZ5tCOJZDQ53Djj84z/+YepGKRuNbjGLyQDAQLGCXaSLcTMsFdDnf4slcsOXYtwwmek0rNEKfqOpUKdm1nhhJaoNErvnf7EU1CEJpyolTHdWLtpURqRjlMC91EQUzoiAygY6ggISgvnV08xUdG6eMgkqaExjP1+0RKQqXGoW86Q6KH6reXiX95nUQHZ17KRJxoEHS+KEg41hHO3sd9JoFqPjaEUMnMrZgOiSRUm5AKJoSvT/H/pFW23YpdvqqW6vVFHHl0gA7RMXLRKaqjC9RATUSRQA/oCT1bynq0XqzXeWvOWszsox+w3j4Bg62Q0g==</latexit>

a⇤  1(or               )
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The roots of               define bound orbits (if exist)

Shadow          photon capture radius

Rotating BH:

Photon geodesicRc
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Photon
sphere

BH

(r2 + a2 cos2 ✓obs)

✓
dr

d�

◆
=

p
R

<latexit sha1_base64="dWPwAWzMxLF4TpT4Pe+DkMry6FU="></latexit>

Depends only on:

• BH spin 

• Obs angle

a
<latexit sha1_base64="Nh6gA7WSTbXn/o9yYaqM0vsRyKo=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0iaovZW9OKxBfsBbSib7aZd3WzC7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbmBQlnSjvOh1VYWV1b3yhulra2d3b3yvsHHRWnktA2iXksewFWlDNB25ppTnuJpDgKOO0Gd1e5372nUrFY3OhpQv0IjwULGcHaSC08LFccu57jDC2IVzfEqbmO5yHXduaowBLNYfl9MIpJGlGhCcdK9V0n0X6GpWaE01lpkCqaYHKHx7RvqMARVX42P3SGTowyQmEsTQmN5ur3iQxHSk2jwHRGWE/Uby8X//L6qQ4v/IyJJNVUkMWiMOVIxyj/Go2YpETzqSGYSGZuRWSCJSbaZFMyIXx9iv4nnartena1Vas0LpdxFOEIjuEUXDiHBlxDE9pAgMIDPMGzdWs9Wi/W66K1YC1nDuEHrLdPZWCNVw==</latexit>

✓obs
<latexit sha1_base64="Gzg1V/dqIUxvOX9TC/z3EnANXKM=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZK2qN0V3bisYB/QhDCZTtqhkwczN4US+iduXCji1j9x5984aSuo6IELh3Pu5d57glRwBbb9YZTW1jc2t8rblZ3dvf0D8/Coq5JMUtahiUhkPyCKCR6zDnAQrJ9KRqJAsF4wuSn83pRJxZP4HmYp8yIyinnIKQEt+abpwpgB8XNXRjgJ1Nw3q7bVLHCBl6Te1MRuOHa9jh3LXqCKVmj75rs7TGgWsRioIEoNHDsFLycSOBVsXnEzxVJCJ2TEBprGJGLKyxeXz/GZVoY4TKSuGPBC/T6Rk0ipWRTozojAWP32CvEvb5BBeOXlPE4zYDFdLgozgSHBRQx4yCWjIGaaECq5vhXTMZGEgg6rokP4+hT/T7o1y6lbtbtGtXW9iqOMTtApOkcOukQtdIvaqIMomqIH9ISejdx4NF6M12VryVjNHKMfMN4+AVq8lCU=</latexit>

R(r) � 0
<latexit sha1_base64="GXxoQyFFbwWJaXLUdJdgOUD7P7g=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBItQN0OmU9Tuim5cVrEP6Awlk2ba0MzDJCOUoeCvuHGhiFu/w51/Y6atoKIHAodz7uWeHD/hTCqEPoyFxaXlldXCWnF9Y3Nr29zZbck4FYQ2Scxj0fGxpJxFtKmY4rSTCIpDn9O2P7rI/fYdFZLF0Y0aJ9QL8SBiASNYaaln7rshVkOCeXY9KYtj6A7oLUQ9s4SsWo4TOCNOTRNUtZHjQNtCU5TAHI2e+e72Y5KGNFKEYym7NkqUl2GhGOF0UnRTSRNMRnhAu5pGOKTSy6bxJ/BIK30YxEK/SMGp+n0jw6GU49DXk3lY+dvLxb+8bqqCMy9jUZIqGpHZoSDlUMUw7wL2maBE8bEmmAims0IyxAITpRsr6hK+fgr/J62KZTtW5apaqp/P6yiAA3AIysAGp6AOLkEDNAEBGXgAT+DZuDcejRfjdTa6YMx39sAPGG+fjZmVOw==</latexit>
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Photon trajectories around a BH + shadow image

Non-rotating Rotating

✓obs = 90�

<latexit sha1_base64="abFdfNZPYZesPRYJB4EQN36jSns=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUQK2oVQdOOygn1AE8NkOmmHTh7M3AglZOXGX3HjQhG3foM7/8Zpm4W2HrhwOOde7r3HTwRXYFnfxtLyyuraemmjvLm1vbNr7u23VZxKylo0FrHs+kQxwSPWAg6CdRPJSOgL1vFH1xO/88Ck4nF0B+OEuSEZRDzglICWPPPIgSED4mWODHHsqxxf4rp1nzmUS5p7ZsWqWlPgRWIXpIIKND3zy+nHNA1ZBFQQpXq2lYCbEQmcCpaXnVSxhNARGbCephEJmXKz6Rs5PtFKHwex1BUBnqq/JzISKjUOfd0ZEhiqeW8i/uf1Uggu3IxHSQosorNFQSowxHiSCe5zySiIsSaESq5vxXRIJKGgkyvrEOz5lxdJ+6xq16r121qlcVXEUUKH6BidIhudowa6QU3UQhQ9omf0it6MJ+PFeDc+Zq1LRjFzgP7A+PwBbkOYeg==</latexit>
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BH Shadow for rotating BH

Spin-orbit is repulsive for photons with orbital 
angular momentum aligned to the BH spin 

�s = Dcs/Rs
<latexit sha1_base64="QVyL4J2OUv7PDgM8LsR11srdQgQ=">AAACAnicdVDLSsNAFJ3UV62vqCtxM1gEVzFpitqFUNSFyyr2AU0Ik8m0HTp5MDMRSihu/BU3LhRx61e482+ctBVU9MCFwzn3cu89fsKokKb5oRXm5hcWl4rLpZXVtfUNfXOrJeKUY9LEMYt5x0eCMBqRpqSSkU7CCQp9Rtr+8Dz327eECxpHN3KUEDdE/Yj2KEZSSZ6+4wSESeQJeAovvMzhIcRifHjtCU8vm0YtxxGcErumiFm1TNuGlmFOUAYzNDz93QlinIYkkpghIbqWmUg3Q1xSzMi45KSCJAgPUZ90FY1QSISbTV4Yw32lBLAXc1WRhBP1+0SGQiFGoa86QyQH4reXi3953VT2TtyMRkkqSYSni3opgzKGeR4woJxgyUaKIMypuhXiAeIIS5VaSYXw9Sn8n7QqhmUblatquX42i6MIdsEeOAAWOAZ1cAkaoAkwuAMP4Ak8a/fao/aivU5bC9psZhv8gPb2CY9Tlus=</latexit>

Define the distortion: 
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Inclination matters

For given inclination, distortion is related to the BH spin

✓obs = 90�
<latexit sha1_base64="Tj9ZT5icguct7f1lOM8v9q9LgN4=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclaQK6kIounFZwT6giWEynbRDJw9mboQSsnLjr7hxoYhbv8Gdf+O0zUJbD1w4nHMv997jJ4IrsKxvY2FxaXlltbRWXt/Y3No2d3ZbKk4lZU0ai1h2fKKY4BFrAgfBOolkJPQFa/vD67HffmBS8Ti6g1HC3JD0Ix5wSkBLnnngwIAB8TJHhjj2VY4v8YV1nzmUS5p7ZsWqWhPgeWIXpIIKNDzzy+nFNA1ZBFQQpbq2lYCbEQmcCpaXnVSxhNAh6bOuphEJmXKzyRs5PtJKDwex1BUBnqi/JzISKjUKfd0ZEhioWW8s/ud1UwjO3YxHSQosotNFQSowxHicCe5xySiIkSaESq5vxXRAJKGgkyvrEOzZl+dJq1a1T6q129NK/aqIo4T20SE6RjY6Q3V0gxqoiSh6RM/oFb0ZT8aL8W58TFsXjGJmD/2B8fkDa7GYcg==</latexit>

✓obs = 60�
<latexit sha1_base64="Nr30Ig3fe+RAKsPCq5S1nzbnzPI=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclaSKuhGKblxWsA9oYphMJ+3QyYOZG6GErNz4K25cKOLWb3Dn3zhts9DWAxcO59zLvff4ieAKLOvbWFhcWl5ZLa2V1zc2t7bNnd2WilNJWZPGIpYdnygmeMSawEGwTiIZCX3B2v7weuy3H5hUPI7uYJQwNyT9iAecEtCSZx44MGBAvMyRIY59leNLfGbdZw7lkuaeWbGq1gR4ntgFqaACDc/8cnoxTUMWARVEqa5tJeBmRAKnguVlJ1UsIXRI+qyraURCptxs8kaOj7TSw0EsdUWAJ+rviYyESo1CX3eGBAZq1huL/3ndFIILN+NRkgKL6HRRkAoMMR5ngntcMgpipAmhkutbMR0QSSjo5Mo6BHv25XnSqlXtk2rt9rRSvyriKKF9dIiOkY3OUR3doAZqIooe0TN6RW/Gk/FivBsf09YFo5jZQ39gfP4AZwqYbw==</latexit>

✓obs = 30�
<latexit sha1_base64="YOmjhYOxayGiYqY5ZPJcPjis/eQ=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclaQVdCMU3bisYB/QxDCZTtqhkwczN0IJWbnxV9y4UMSt3+DOv3HaZqGtBy4czrmXe+/xE8EVWNa3sbS8srq2Xtoob25t7+yae/ttFaeSshaNRSy7PlFM8Ii1gINg3UQyEvqCdfzR9cTvPDCpeBzdwThhbkgGEQ84JaAlzzxyYMiAeJkjQxz7KseXuG7dZw7lkuaeWbGq1hR4kdgFqaACTc/8cvoxTUMWARVEqZ5tJeBmRAKnguVlJ1UsIXREBqynaURCptxs+kaOT7TSx0EsdUWAp+rviYyESo1DX3eGBIZq3puI/3m9FIILN+NRkgKL6GxRkAoMMZ5kgvtcMgpirAmhkutbMR0SSSjo5Mo6BHv+5UXSrlXterV2e1ZpXBVxlNAhOkanyEbnqIFuUBO1EEWP6Bm9ojfjyXgx3o2PWeuSUcwcoD8wPn8AYmOYbA==</latexit>

�s = Dcs/Rs
<latexit sha1_base64="O712NnOHsA6Q0npPGXjHx0TKF2U=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVzWpgm6Eoi5cVrEPaEKYTCbt0JlJmJkIJRQ3/oobF4q49Svc+TdOHwttPXDhcM693HtPmDKqtON8W4WFxaXlleJqaW19Y3PL3t5pqiSTmDRwwhLZDpEijArS0FQz0k4lQTxkpBX2r0Z+64FIRRNxrwcp8TnqChpTjLSRAnvPiwjTKFDwAl4HuSc5xGp4fBeowC47FWcMOE/cKSmDKeqB/eVFCc44ERozpFTHdVLt50hqihkZlrxMkRThPuqSjqECcaL8fPzCEB4aJYJxIk0JDcfq74kccaUGPDSdHOmemvVG4n9eJ9PxuZ9TkWaaCDxZFGcM6gSO8oARlQRrNjAEYUnNrRD3kERYm9RKJgR39uV50qxW3JNK9fa0XLucxlEE++AAHAEXnIEauAF10AAYPIJn8ArerCfrxXq3PiatBWs6swv+wPr8Ae6eln0=</latexit>
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M87* inclination and spin

Accretion density radial profile

⇢(r) / r��
<latexit sha1_base64="vwiHQOAyaIcMgQdlMwbVbiFbzxc=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBahLixJU9Tuim5cVrAPaGKZTCft0EkmzEyEEgpu/BU3LhRx60+482+ctBVU9MDA4Zx7uXOOHzMqlWV9GLmFxaXllfxqYW19Y3PL3N5pSZ4ITJqYMy46PpKE0Yg0FVWMdGJBUOgz0vZHF5nfviVCUh5dq3FMvBANIhpQjJSWeuaeK4a8JI6gGwseKw7FTXrs+kShSc8sWuVahhM4I05NE6tqW44D7bI1RRHM0eiZ726f4yQkkcIMSdm1rVh5KRKKYkYmBTeRJEZ4hAakq2mEQiK9dJphAg+10ocBF/pFCk7V7xspCqUch76eDJEayt9eJv7ldRMVnHkpjeJEkQjPDgUJgzprVgjsU0GwYmNNEBZU/xXiIRIIK11bQZfwlRT+T1qVsu2UK1fVYv18Xkce7IMDUAI2OAV1cAkaoAkwuAMP4Ak8G/fGo/FivM5Gc8Z8Zxf8gPH2CeMXl7Y=</latexit>

|a⇤| & 0.4
<latexit sha1_base64="qT0wt9OWhD+7SkEvqb0RW36U9wo=">AAAB+nicdVDLSgMxFM34rPU11aWbYBHExTDTKWp3RTcuK9gHtGPJpGkbmmSGJKOUaT/FjQtF3Pol7vwbM20FFT0QOJxzLvfmhDGjSrvuh7W0vLK6tp7byG9ube/s2oW9hooSiUkdRyySrRApwqggdU01I61YEsRDRprh6DLzm3dEKhqJGz2OScDRQNA+xUgbqWsXJuj2ZAI7A20yHLpOuWsXXaeS4RTOiV8xxC17ru9Dz3FnKIIFal37vdOLcMKJ0JghpdqeG+sgRVJTzMg030kUiREeoQFpGyoQJypIZ6dP4ZFRerAfSfOEhjP1+0SKuFJjHpokR3qofnuZ+JfXTnT/PEipiBNNBJ4v6icM6ghmPcAelQRrNjYEYUnNrRAPkURYm7bypoSvn8L/SaPkeL5Tui4XqxeLOnLgAByCY+CBM1AFV6AG6gCDe/AAnsCzNbEerRfrdR5dshYz++AHrLdPWXOTbA==</latexit>

|a⇤| & 0.5
<latexit sha1_base64="4w3zfYy2WGs/ZZWhGsTeEuYGglo=">AAAB+nicdVDLSsNAFJ3UV62vVJduBosgLkLS1Ed3RTcuK9gHtLFMppN26GQSZiZKSfspblwo4tYvceffOGkrqOiBgcM553LvHD9mVCrb/jByS8srq2v59cLG5tb2jlncbcooEZg0cMQi0faRJIxy0lBUMdKOBUGhz0jLH11mfuuOCEkjfqPGMfFCNOA0oBgpLfXM4gTdHk9gd6B0JoS2ddIzS7ZVzXAK58StamJXHNt1oWPZM5TAAvWe+d7tRzgJCVeYISk7jh0rL0VCUczItNBNJIkRHqEB6WjKUUikl85On8JDrfRhEAn9uIIz9ftEikIpx6GvkyFSQ/nby8S/vE6ignMvpTxOFOF4vihIGFQRzHqAfSoIVmysCcKC6lshHiKBsNJtFXQJXz+F/5Nm2XJcq3xdKdUuFnXkwT44AEfAAWegBq5AHTQABvfgATyBZ2NiPBovxus8mjMWM3vgB4y3T1r3k20=</latexit>

(Prograde)
(Retrograde)

Nemmen 19Mertens+16

: Jet to counter-jet intensity

: Apparent speed

✓obs = (17.2± 3.3)�
<latexit sha1_base64="bVSeGtVtoUJiPOh0nX1uq/CKEqE="></latexit>
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Excerpt from EHT paper

EHT Collaboration, Astrophys. J. 875 1 (2019)
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Using the circularity to constrain the parameter space

Bambi, Freese, Vagnozzi, LV Phys.Rev. D100 044057 (2019) 1904.12983

Cosimo Bambi (Fudan U.) Katherine Freese

(UT Austin&Stockholm U.)
Sunny Vagnozzi

(KICC Cambridge)
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Using the circularity to constrain the parameter space
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Can we test physics beyond GR?
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Superspinars

• The Kerr BH requires

• Solutions with           show a naked singularity!

• No-hair theorem: BH solutions of GR are 

characterized only by

a < M
<latexit sha1_base64="LNmgPGxIvwjSrjg797XPqipc/cg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0iaohY8FL14ESrYWmhD2Ww37dLNJuxuhBL6G7x4UMSrP8ib/8ZNW0FFHww83pthZl6QcKa043xYhaXlldW14nppY3Nre6e8u9dWcSoJbZGYx7ITYEU5E7Slmea0k0iKo4DTu2B8mft391QqFotbPUmoH+GhYCEjWBuphdE5uu6XK45dz3GC5sSrG+LUXMfzkGs7M1RggWa//N4bxCSNqNCEY6W6rpNoP8NSM8LptNRLFU0wGeMh7RoqcESVn82OnaIjowxQGEtTQqOZ+n0iw5FSkygwnRHWI/Xby8W/vG6qwzM/YyJJNRVkvihMOdIxyj9HAyYp0XxiCCaSmVsRGWGJiTb5lEwIX5+i/0m7arueXb2pVRoXiziKcACHcAwunEIDrqAJLSDA4AGe4NkS1qP1Yr3OWwvWYmYffsB6+wQsOo5I</latexit>

M, a, Q
<latexit sha1_base64="g2K+IXeDzkFGTfVSx2GwsGc+D7o=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFclGGmU9Tuim7cCC3YB7RDyaSZNjTzMMkUSul3uHGhiFs/xp1/Y2ZaQUUP3MvhnHvJzfFizqSyrA9jZXVtfWMzt5Xf3tnd2y8cHLZklAhCmyTikeh4WFLOQtpUTHHaiQXFgcdp2xtfp357QoVkUXinpjF1AzwMmc8IVlpyb0uoV0I4641+oWiZ1RTnaEGcqiZWxbYcB9mmlaEIS9T7hffeICJJQENFOJaya1uxcmdYKEY4ned7iaQxJmM8pF1NQxxQ6c6yo+foVCsD5EdCV6hQpn7fmOFAymng6ckAq5H87aXiX143Uf6lO2NhnCgaksVDfsKRilCaABowQYniU00wEUzfisgIC0yUzimvQ/j6KfqftMqm7ZjlRqVYu1rGkYNjOIEzsOECanADdWgCgXt4gCd4NibGo/FivC5GV4zlzhH8gPH2CQVwkFU=</latexit>

a � M
<latexit sha1_base64="Du++019FFyt6wIs/fqTLXHEP/Xc=">AAAB73icdVDLSsNAFJ3UV62vqks3g0VwFZKmqN0V3bgRKtgHtKFMpjft0MkknZkIJfQn3LhQxK2/486/cfoQVPTAhcM593LvPUHCmdKO82HlVlbX1jfym4Wt7Z3dveL+QVPFqaTQoDGPZTsgCjgT0NBMc2gnEkgUcGgFo6uZ37oHqVgs7vQkAT8iA8FCRok2Upvg7gDG+KZXLDl2dYYzvCBe1RCn4jqeh13bmaOElqj3iu/dfkzTCISmnCjVcZ1E+xmRmlEO00I3VZAQOiID6BgqSATKz+b3TvGJUfo4jKUpofFc/T6RkUipSRSYzojoofrtzcS/vE6qwws/YyJJNQi6WBSmHOsYz57HfSaBaj4xhFDJzK2YDokkVJuICiaEr0/x/6RZtl3PLt9WSrXLZRx5dISO0Sly0TmqoWtURw1EEUcP6Ak9W2Pr0XqxXhetOWs5c4h+wHr7BLKaj8M=</latexit>

Idea: maybe quantum gravity cures the GR 
effects and hides the singularity even for 

a � M
<latexit sha1_base64="Du++019FFyt6wIs/fqTLXHEP/Xc=">AAAB73icdVDLSsNAFJ3UV62vqks3g0VwFZKmqN0V3bgRKtgHtKFMpjft0MkknZkIJfQn3LhQxK2/486/cfoQVPTAhcM593LvPUHCmdKO82HlVlbX1jfym4Wt7Z3dveL+QVPFqaTQoDGPZTsgCjgT0NBMc2gnEkgUcGgFo6uZ37oHqVgs7vQkAT8iA8FCRok2Upvg7gDG+KZXLDl2dYYzvCBe1RCn4jqeh13bmaOElqj3iu/dfkzTCISmnCjVcZ1E+xmRmlEO00I3VZAQOiID6BgqSATKz+b3TvGJUfo4jKUpofFc/T6RkUipSRSYzojoofrtzcS/vE6qwws/YyJJNQi6WBSmHOsYz57HfSaBaj4xhFDJzK2YDokkVJuICiaEr0/x/6RZtl3PLt9WSrXLZRx5dISO0Sly0TmqoWtURw1EEUcP6Ak9W2Pr0XqxXhetOWs5c4h+wHr7BLKaj8M=</latexit>

Gimon&Horava 09
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Superspinars

We introduce a new parameter Rss
<latexit sha1_base64="1/P+C2LefMZRV8JLgibmCmJzEIQ=">AAAB8XicdVBNS8NAEJ3Ur1q/qh69LBbBU0iaovZW9OKxim3FNpTNdtMu3WzC7kYoof/CiwdFvPpvvPlv3LQVVPTBwOO9GWbmBQlnSjvOh1VYWl5ZXSuulzY2t7Z3yrt7bRWnktAWiXksbwOsKGeCtjTTnN4mkuIo4LQTjC9yv3NPpWKxuNGThPoRHgoWMoK1ke6u+1lPRkipab9ccex6jhM0J17dEKfmOp6HXNuZoQILNPvl994gJmlEhSYcK9V1nUT7GZaaEU6npV6qaILJGA9p11CBI6r8bHbxFB0ZZYDCWJoSGs3U7xMZjpSaRIHpjLAeqd9eLv7ldVMdnvkZE0mqqSDzRWHKkY5R/j4aMEmJ5hNDMJHM3IrICEtMtAmpZEL4+hT9T9pV2/Xs6lWt0jhfxFGEAziEY3DhFBpwCU1oAQEBD/AEz5ayHq0X63XeWrAWM/vwA9bbJx6/kTo=</latexit>

GR works for r > Rss
<latexit sha1_base64="baWEWvWgNsImLvfG5IPo2/Bs+KM=">AAAB9XicdVBNS8NAEJ3Ur1q/qh69LBbBU0iaovYiRS8eq9hWaGPZbDft0s0m7G6UEvo/vHhQxKv/xZv/xu2HoKIPBh7vzTAzL0g4U9pxPqzcwuLS8kp+tbC2vrG5Vdzeaao4lYQ2SMxjeRNgRTkTtKGZ5vQmkRRHAaetYHg+8Vt3VCoWi2s9Sqgf4b5gISNYG+lWolN01c06MkJKjbvFkmNXJzhCM+JVDXEqruN5yLWdKUowR71bfO/0YpJGVGjCsVJt10m0n2GpGeF0XOikiiaYDHGftg0VOKLKz6ZXj9GBUXoojKUpodFU/T6R4UipURSYzgjrgfrtTcS/vHaqwxM/YyJJNRVktihMOdIxmkSAekxSovnIEEwkM7ciMsASE22CKpgQvj5F/5Nm2XY9u3xZKdXO5nHkYQ/24RBcOIYaXEAdGkBAwgM8wbN1bz1aL9brrDVnzWd24Qest08ptZJS</latexit>

The singularity at           is replaced by an object 
of finite size       that covers the singularity Rss

<latexit sha1_base64="1/P+C2LefMZRV8JLgibmCmJzEIQ=">AAAB8XicdVBNS8NAEJ3Ur1q/qh69LBbBU0iaovZW9OKxim3FNpTNdtMu3WzC7kYoof/CiwdFvPpvvPlv3LQVVPTBwOO9GWbmBQlnSjvOh1VYWl5ZXSuulzY2t7Z3yrt7bRWnktAWiXksbwOsKGeCtjTTnN4mkuIo4LQTjC9yv3NPpWKxuNGThPoRHgoWMoK1ke6u+1lPRkipab9ccex6jhM0J17dEKfmOp6HXNuZoQILNPvl994gJmlEhSYcK9V1nUT7GZaaEU6npV6qaILJGA9p11CBI6r8bHbxFB0ZZYDCWJoSGs3U7xMZjpSaRIHpjLAeqd9eLv7ldVMdnvkZE0mqqSDzRWHKkY5R/j4aMEmJ5hNDMJHM3IrICEtMtAmpZEL4+hT9T9pV2/Xs6lWt0jhfxFGEAziEY3DhFBpwCU1oAQEBD/AEz5ayHq0X63XeWrAWM/vwA9bbJx6/kTo=</latexit>

r = 0
<latexit sha1_base64="jLjZrVXYX/uAYnfyVxNYmdABeZ4=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0jaovYgFL14rGDaQhvKZrtpl242YXcjlNDf4MWDIl79Qd78N27aCir6YODx3gwz84KEM6Ud58MqrKyurW8UN0tb2zu7e+X9g7aKU0moR2Iey26AFeVMUE8zzWk3kRRHAaedYHKd+517KhWLxZ2eJtSP8EiwkBGsjeRJdImcQbni2I0cZ2hBag1DnLrr1GrItZ05KrBEa1B+7w9jkkZUaMKxUj3XSbSfYakZ4XRW6qeKJphM8Ij2DBU4osrP5sfO0IlRhiiMpSmh0Vz9PpHhSKlpFJjOCOux+u3l4l9eL9XhhZ8xkaSaCrJYFKYc6Rjln6Mhk5RoPjUEE8nMrYiMscREm3xKJoSvT9H/pF213Zpdva1XmlfLOIpwBMdwCi6cQxNuoAUeEGDwAE/wbAnr0XqxXhetBWs5cwg/YL19AhvUjj0=</latexit>

Superspinars might be remnants from a phase of 
the Universe when string theory was relevant
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Conclusions

Black holes are a gateway to new physics:

• Probe new particles and sectors

• Probe the very early Universe

• Testing physics beyond GR

• New physics (superspinars, extra dimensions…) 

hiding in the shadow??


