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Penrose diagram of Kerr
<latexit sha1_base64="x4nxg+UuLi/Urlx77ScrETmErfY=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJUkLIrRT0WvXgRKrhtoV1KNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XZWVtfWNzYLW8Xtnd29/dLBYVPHqSLUJzGPVTvEmnImqW+Y4bSdKIpFyGkrHN1O/dYTVZrF8tGMExoIPJAsYgQbK/mV+3N81iuV3ao7A1omXk7KkKPRK311+zFJBZWGcKx1x3MTE2RYGUY4nRS7qaYJJiM8oB1LJRZUB9ns2Ak6tUofRbGyJQ2aqb8nMiy0HovQdgpshnrRm4r/eZ3URNdBxmSSGirJfFGUcmRiNP0c9ZmixPCxJZgoZm9FZIgVJsbmU7QheIsvL5PmRdW7rNYeauX6TR5HAY7hBCrgwRXU4Q4a4AMBBs/wCm+OdF6cd+dj3rri5DNH8AfO5w+ObY3g</latexit>
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Kerr Black Hole

sing.
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BHs are not in isolation but are ‘perturbed’ by fields (scalar, fermion, 
electromagnetic, gravitational…) due to neighbouring matter (eg, 
accretion disk, another compact object, etc)
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Q: Is Kerr spacetime stable 
under field perturbations?



Wave Equation

 We consider linear field perturbations of a fixed BH -> the fields 
propagate on a BH background gµ⌫

source of field

<latexit sha1_base64="DRKxIqCxRSKRseWBzCOGcxj6CTQ=">AAACC3icbVDLSsNAFJ34rPUVdelmaBEqSEmkqBuh6MadFfqCJpTJdNIOnUzCzEQsIXs3/oobF4q49Qfc+TdO2iy09cAwh3Pu5d57vIhRqSzr21haXlldWy9sFDe3tnd2zb39tgxjgUkLhywUXQ9JwignLUUVI91IEBR4jHS88XXmd+6JkDTkTTWJiBugIac+xUhpqW+WnBFSiRMgNcKIJbdp6pxAJ5K08nAML2FTf32zbFWtKeAisXNSBjkaffPLGYQ4DghXmCEpe7YVKTdBQlHMSFp0YkkihMdoSHqachQQ6SbTW1J4pJUB9EOhH1dwqv7uSFAg5STwdGW2tJz3MvE/rxcr/8JNKI9iRTieDfJjBlUIs2DggAqCFZtogrCgeleIR0ggrHR8RR2CPX/yImmfVu2zau2uVq5f5XEUwCEogQqwwTmogxvQAC2AwSN4Bq/gzXgyXox342NWumTkPQfgD4zPHxuGmck=</latexit>

Ô (x) = T (x)

Teukolsky’73: scalar combinations of components & derivatives of the 
various fields (spin |s|=0 scalar, =1/2 neutrino, =1 emag for Faraday 
tensor, =2 grav for Weyl tensor) obey a wave-like eq.:

field scalar



Green Function
A crucial object is the retarded Green function

with causal b.c.
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GF determines evolution in time of any initial field configuration
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GF can be calculated by decomposing into spheroidal harmonics and 
Fourier modes:
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X
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the Fourier modes satisfy a radial ODE



Mode solutions

Mode slns. correspond to  frequencies                        which are poles 
of the GF Fourier modes:
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G`m!|!=!`mn
= 1

<latexit sha1_base64="LmyUJ8IlN6NLxOBJLYEqHU+iHE8=">AAACB3icbVA9SwNBEN2LXzF+nVoKshgEq3AnQS2DaSwjmBjIhbC3mSRLdveO3T0hHOls/Cs2ForY+hfs/DfuJVdo4oOBx3szzMwLY8608bxvp7Cyura+UdwsbW3v7O65+wctHSWKQpNGPFLtkGjgTELTMMOhHSsgIuRwH47rmX//AEqzSN6ZSQxdQYaSDRglxko99ziIBAxJLw2AcyzkNGASB4KYURim9WnPLXsVbwa8TPyclFGORs/9CvoRTQRIQznRuuN7semmRBlGOUxLQaIhJnRMhtCxVBIBupvO/pjiU6v08SBStqTBM/X3REqE1hMR2s7sQr3oZeJ/Xicxg6tuymScGJB0vmiQcGwinIWC+0wBNXxiCaGK2VsxHRFFqLHRlWwI/uLLy6R1XvEvKtXbarl2ncdRREfoBJ0hH12iGrpBDdREFD2iZ/SK3pwn58V5dz7mrQUnnzlEf+B8/gAzIZmI</latexit>

!`mn 2 C



Mode solutions

Mode slns. correspond to  frequencies                        which are poles 
of the GF Fourier modes:

<latexit sha1_base64="DQWGhhHpn+ixgdhKE4vfO2jUxBs=">AAACKHicbVDLSgMxFM34rPVVdekmWARXZUZE3YiiC11WsCp0Ssmkd9pgkhmSO0IZ53Pc+CtuRBRx65eYPgRfB0JOzj2Xm3uiVAqLvv/uTUxOTc/MlubK8wuLS8uVldVLm2SGQ4MnMjHXEbMghYYGCpRwnRpgKpJwFd2cDOpXt2CsSPQF9lNoKdbVIhacoZPalcNQQoy103YegpRUhYmCLitCI7o9vHPq8H0wur5MuigOQqFj7Jfblapf84egf0kwJlUyRr1deQ47Cc8UaOSSWdsM/BRbOTMouISiHGYWUsZvWBeajmqmwLby4aIF3XRKh8aJcUcjHarfO3KmrO2ryDkVw579XRuI/9WaGcb7rVzoNEPQfDQoziTFhA5Sox1hgKPsO8K4Ee6vlPeYYRxdtoMQgt8r/yWX27Vgt7ZzvlM9Oh7HUSLrZINskYDskSNyRuqkQTi5J4/khbx6D96T9+a9j6wT3rhnjfyA9/EJqJqnlA==</latexit>

G`m!|!=!`mn
= 1

<latexit sha1_base64="LmyUJ8IlN6NLxOBJLYEqHU+iHE8=">AAACB3icbVA9SwNBEN2LXzF+nVoKshgEq3AnQS2DaSwjmBjIhbC3mSRLdveO3T0hHOls/Cs2ForY+hfs/DfuJVdo4oOBx3szzMwLY8608bxvp7Cyura+UdwsbW3v7O65+wctHSWKQpNGPFLtkGjgTELTMMOhHSsgIuRwH47rmX//AEqzSN6ZSQxdQYaSDRglxko99ziIBAxJLw2AcyzkNGASB4KYURim9WnPLXsVbwa8TPyclFGORs/9CvoRTQRIQznRuuN7semmRBlGOUxLQaIhJnRMhtCxVBIBupvO/pjiU6v08SBStqTBM/X3REqE1hMR2s7sQr3oZeJ/Xicxg6tuymScGJB0vmiQcGwinIWC+0wBNXxiCaGK2VsxHRFFqLHRlWwI/uLLy6R1XvEvKtXbarl2ncdRREfoBJ0hH12iGrpBDdREFD2iZ/SK3pwn58V5dz7mrQUnnzlEf+B8/gAzIZmI</latexit>

!`mn 2 C

They’re waves that are purely ingoing into the horizon and purely 
ougoing at infinity:
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Mode solutions

Mode slns. correspond to  frequencies                        which are poles 
of the GF Fourier modes:

<latexit sha1_base64="DQWGhhHpn+ixgdhKE4vfO2jUxBs=">AAACKHicbVDLSgMxFM34rPVVdekmWARXZUZE3YiiC11WsCp0Ssmkd9pgkhmSO0IZ53Pc+CtuRBRx65eYPgRfB0JOzj2Xm3uiVAqLvv/uTUxOTc/MlubK8wuLS8uVldVLm2SGQ4MnMjHXEbMghYYGCpRwnRpgKpJwFd2cDOpXt2CsSPQF9lNoKdbVIhacoZPalcNQQoy103YegpRUhYmCLitCI7o9vHPq8H0wur5MuigOQqFj7Jfblapf84egf0kwJlUyRr1deQ47Cc8UaOSSWdsM/BRbOTMouISiHGYWUsZvWBeajmqmwLby4aIF3XRKh8aJcUcjHarfO3KmrO2ryDkVw579XRuI/9WaGcb7rVzoNEPQfDQoziTFhA5Sox1hgKPsO8K4Ee6vlPeYYRxdtoMQgt8r/yWX27Vgt7ZzvlM9Oh7HUSLrZINskYDskSNyRuqkQTi5J4/khbx6D96T9+a9j6wT3rhnjfyA9/EJqJqnlA==</latexit>

G`m!|!=!`mn
= 1

<latexit sha1_base64="LmyUJ8IlN6NLxOBJLYEqHU+iHE8=">AAACB3icbVA9SwNBEN2LXzF+nVoKshgEq3AnQS2DaSwjmBjIhbC3mSRLdveO3T0hHOls/Cs2ForY+hfs/DfuJVdo4oOBx3szzMwLY8608bxvp7Cyura+UdwsbW3v7O65+wctHSWKQpNGPFLtkGjgTELTMMOhHSsgIuRwH47rmX//AEqzSN6ZSQxdQYaSDRglxko99ziIBAxJLw2AcyzkNGASB4KYURim9WnPLXsVbwa8TPyclFGORs/9CvoRTQRIQznRuuN7semmRBlGOUxLQaIhJnRMhtCxVBIBupvO/pjiU6v08SBStqTBM/X3REqE1hMR2s7sQr3oZeJ/Xicxg6tuymScGJB0vmiQcGwinIWC+0wBNXxiCaGK2VsxHRFFqLHRlWwI/uLLy6R1XvEvKtXbarl2ncdRREfoBJ0hH12iGrpBDdREFD2iZ/SK3pwn58V5dz7mrQUnnzlEf+B8/gAzIZmI</latexit>

!`mn 2 C

Calculate them by solving a continued fraction eq. on <latexit sha1_base64="AjCFgwJUU5jhczcagjkYLBTom7M=">AAACAHicbVC7SgNBFJ2NrxhfUQsLm8EgWIVdCWojBG0sI5gHJMsyO7lJhsxjmZkVwpLGX7GxUMTWz7Dzb5w8Ck08cLmHc+5l5p444cxY3//2ciura+sb+c3C1vbO7l5x/6BhVKop1KniSrdiYoAzCXXLLIdWooGImEMzHt5O/OYjaMOUfLCjBEJB+pL1GCXWSVHxqKME9Mn1rEVZBzjHQo6jYskv+1PgZRLMSQnNUYuKX52uoqkAaSknxrQDP7FhRrRllMO40EkNJIQOSR/ajkoiwITZ9IAxPnVKF/eUdiUtnqq/NzIijBmJ2E0KYgdm0ZuI/3nt1PauwozJJLUg6eyhXsqxVXiSBu4yDdTykSOEaub+iumAaEKty6zgQggWT14mjfNycFGu3FdK1Zt5HHl0jE7QGQrQJaqiO1RDdUTRGD2jV/TmPXkv3rv3MRvNefOdQ/QH3ucPyx2WjA==</latexit>! = !`mn

depend
<latexit sha1_base64="guYcrtzVYJ3mYubCU4bmRMoAyLI=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF6UkUtRl0Y0boYJ9QBvKZHrTDp1JwsxEKKHgr7hxoYhbv8Odf+OkzUJbD1zu4Zx7mTvHjzlT2nG+rcLK6tr6RnGztLW9s7tn7x+0VJRICk0a8Uh2fKKAsxCammkOnVgCET6Htj++yfz2I0jFovBBT2LwBBmGLGCUaCP17aO7CiYV3IsEDLMOnFew6Ntlp+rMgJeJm5MyytHo21+9QUQTAaGmnCjVdZ1YeymRmlEO01IvURATOiZD6BoaEgHKS2fnT/GpUQY4iKSpUOOZ+nsjJUKpifDNpCB6pBa9TPzP6yY6uPJSFsaJhpDOHwoSjnWEsyzwgEmgmk8MIVQycyumIyIJ1SaxkgnBXfzyMmmdV92Lau2+Vq5f53EU0TE6QWfIRZeojm5RAzURRSl6Rq/ozXqyXqx362M+WrDynUP0B9bnD1Jck88=</latexit>

M,a,!, `,m

<latexit sha1_base64="zL5xaWjh3rJpzyOrCD3dsFznYPY=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCBSmJFHVZdOOygn1AE8NkOmmHTibDzESoofgrblwo4tb/cOffOG2z0NYDFw7n3Mu994SCUaUd59sqLC2vrK4V10sbm1vbO/buXkslqcSkiROWyE6IFGGUk6ammpGOkATFISPtcHg98dsPRCqa8Ds9EsSPUZ/TiGKkjRTYBx5iYoACfp9VPBFD99Q5GQd22ak6U8BF4uakDHI0AvvL6yU4jQnXmCGluq4jtJ8hqSlmZFzyUkUEwkPUJ11DOYqJ8rPp9WN4bJQejBJpims4VX9PZChWahSHpjNGeqDmvYn4n9dNdXTpZ5SLVBOOZ4uilEGdwEkUsEclwZqNDEFYUnMrxAMkEdYmsJIJwZ1/eZG0zqruebV2WyvXr/I4iuAQHIEKcMEFqIMb0ABNgMEjeAav4M16sl6sd+tj1lqw8pl98AfW5w/l7pQ4</latexit>

↵(±1,0)
n

on 

<latexit sha1_base64="E+IEyg5fKW8pWcdbABZ+RxSHp/s="></latexit>

0 = ↵(0)
0 +

�↵(+1)
0 ↵(�1)

1

↵(0)
1 + �↵(+1)

1 ↵(�1)
2

↵(0)
2 +

�↵
(+1)
2 ↵

(�1)
3

···

They’re waves that are purely ingoing into the horizon and purely 
ougoing at infinity:
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{ If                         : exponentially damped (quasinormal modes, QNMs)
If                         : exponentially growing (unstable modes)Im(!`mn) > 0

Im(!`mn) < 0

Time dependence: e�i!`mnt

<latexit sha1_base64="fDbIzHageh1OE1h6h86NzhY/giw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIsgCCWRoh6LXjxWsB/QhLLZbtqlm03YnQgh9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5QSK4Rsf5tkpr6xubW+Xtys7u3v5B9fCoo+NUUdamsYhVLyCaCS5ZGzkK1ksUI1EgWDeY3M387hNTmsfyEbOE+REZSR5yStBIHnoY2xcelyFmg2rNqTtz2KvELUgNCrQG1S9vGNM0YhKpIFr3XSdBPycKORVsWvFSzRJCJ2TE+oZKEjHt5/Obp/aZUYZ2GCtTEu25+nsiJ5HWWRSYzojgWC97M/E/r59ieOPnXCYpMkkXi8JU2ObRWQD2kCtGUWSGEKq4udWmY6IIRRNTxYTgLr+8SjqXdfeq3nho1Jq3RRxlOIFTOAcXrqEJ99CCNlBI4Ble4c1KrRfr3fpYtJasYuYY/sD6/AG6BZF/</latexit>

t ! +1

Mode Stability of Subextremal Kerr



{ If                         : exponentially damped (quasinormal modes, QNMs)
If                         : exponentially growing (unstable modes)Im(!`mn) > 0

Im(!`mn) < 0

Time dependence: e�i!`mnt

<latexit sha1_base64="fDbIzHageh1OE1h6h86NzhY/giw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIsgCCWRoh6LXjxWsB/QhLLZbtqlm03YnQgh9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5QSK4Rsf5tkpr6xubW+Xtys7u3v5B9fCoo+NUUdamsYhVLyCaCS5ZGzkK1ksUI1EgWDeY3M387hNTmsfyEbOE+REZSR5yStBIHnoY2xcelyFmg2rNqTtz2KvELUgNCrQG1S9vGNM0YhKpIFr3XSdBPycKORVsWvFSzRJCJ2TE+oZKEjHt5/Obp/aZUYZ2GCtTEu25+nsiJ5HWWRSYzojgWC97M/E/r59ieOPnXCYpMkkXi8JU2ObRWQD2kCtGUWSGEKq4udWmY6IIRRNTxYTgLr+8SjqXdfeq3nho1Jq3RRxlOIFTOAcXrqEJ99CCNlBI4Ble4c1KrRfr3fpYtJasYuYY/sD6/AG6BZF/</latexit>

t ! +1

Q: Are there any unstable modes (                       ) in Kerr?Im(!`mn) > 0

Mode Stability of Subextremal Kerr



{ If                         : exponentially damped (quasinormal modes, QNMs)
If                         : exponentially growing (unstable modes)Im(!`mn) > 0

Im(!`mn) < 0

Time dependence: e�i!`mnt

<latexit sha1_base64="fDbIzHageh1OE1h6h86NzhY/giw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIsgCCWRoh6LXjxWsB/QhLLZbtqlm03YnQgh9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5QSK4Rsf5tkpr6xubW+Xtys7u3v5B9fCoo+NUUdamsYhVLyCaCS5ZGzkK1ksUI1EgWDeY3M387hNTmsfyEbOE+REZSR5yStBIHnoY2xcelyFmg2rNqTtz2KvELUgNCrQG1S9vGNM0YhKpIFr3XSdBPycKORVsWvFSzRJCJ2TE+oZKEjHt5/Obp/aZUYZ2GCtTEu25+nsiJ5HWWRSYzojgWC97M/E/r59ieOPnXCYpMkkXi8JU2ObRWQD2kCtGUWSGEKq4udWmY6IIRRNTxYTgLr+8SjqXdfeq3nho1Jq3RRxlOIFTOAcXrqEJ99CCNlBI4Ble4c1KrRfr3fpYtJasYuYY/sD6/AG6BZF/</latexit>

t ! +1

Q: Are there any unstable modes (                       ) in Kerr?Im(!`mn) > 0

Mode Stability of Subextremal Kerr

No, for massless general-spin fields in Kerr => Kerr is mode-stable
<latexit sha1_base64="vhSb3wf4Td+hx6wx7m2KrollM/k=">AAACCHicbZA9SwNBEIb34nf8ilpaeBiEiBDuRNTCQrSxM4rRQO449jaTZHH37tidE8OZ0sa/YmOhiK0/wc5/4+aj0MQXFh7emWF23jARXKPjfFu5icmp6ZnZufz8wuLScmFl9VrHqWJQZbGIVS2kGgSPoIocBdQSBVSGAm7C29Ne/eYOlOZxdIWdBHxJWxFvckbRWEFhwznyEO4xu4RuyYsltOj20YN88M57GOwEhaJTdvqyx8EdQpEMVQkKX14jZqmECJmgWtddJ0E/owo5E9DNe6mGhLJb2oK6wYhK0H7WP6RrbxmnYTdjZV6Edt/9PZFRqXVHhqZTUmzr0VrP/K9WT7F56Gc8SlKEiA0WNVNhY2z3UrEbXAFD0TFAmeLmrzZrU0UZmuzyJgR39ORxuN4tu/vlvYu94vHJMI5Zsk42SYm45IAckzNSIVXCyCN5Jq/kzXqyXqx362PQmrOGM2vkj6zPH/AjmUw=</latexit>

0 < Re(!) < |m|⌦+(Easy proof for superradiant frequencies                                     and 
Whiting’89 proved it for arbitrary      ) <latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!



• All so far has been for massless fields. But Kerr is unstable under 
massive field perturbations (Damour et al’76)

• Kerr BH with event horizon removed by a “mirror” (may model 
wormholes) has unstable modes (Friedman’78)
Instability timescale ~ secs for supermassive wormholes (eg, Cardoso et 
al’08)

Instability timescale has been used to constrain masses of fields, eg, 
mass of Proca field                           eV (Pani et al’12)

Instabilities in Other Settings

<latexit sha1_base64="Dn7aQHkwQVF8gZSOjsPdFViEpjU=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCF0tSinosevFYwX5AE8tmu2mX7iZhdyKUULz4V7x4UMSrv8Kb/8Ztm4O2Phh4vDfDzLwgEVyD43xbS8srq2vrhY3i5tb2zq69t9/Ucaooa9BYxKodEM0Ej1gDOAjWThQjMhCsFQyvJ37rgSnN4+gORgnzJelHPOSUgJG69qEnmNaaS1z1gEumsevcZ2eVyrhrl5yyMwVeJG5OSihHvWt/eb2YppJFQAXRuuM6CfgZUcCpYOOil2qWEDokfdYxNCJmm59NXxjjE6P0cBgrUxHgqfp7IiNS65EMTKckMNDz3kT8z+ukEF76GY+SFFhEZ4vCVGCI8SQP3OOKURAjQwhV3NyK6YAoQsGkVjQhuPMvL5Jmpeyel6u31VLtKo+jgI7QMTpFLrpANXSD6qiBKHpEz+gVvVlP1ov1bn3MWpesfOYA/YH1+QOWjJZE</latexit>

. 4⇥ 10�22



Stability Properties of Extremal Kerr

 Field (& derivatives) off the horizon        decaysH

There’re no exponentially-growing modes for massless general-spin 
fields in extremal Kerr (Teixeira da Costa’20, Casals&Longo´19)

All results so far were for subextremal Kerr

and

In extremal Kerr (            ) :
<latexit sha1_base64="ngfMJKpoAI+ggtPYjbqre49FFVQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IsXIaJ5QLKE2UknGTI7u8zMCmHJJ3jxoIhXv8ibf+Mk2YMmFjQUVd10dwWx4Nq47reTW1ldW9/Ibxa2tnd294r7Bw0dJYphnUUiUq2AahRcYt1wI7AVK6RhILAZjG6mfvMJleaRfDTjGP2QDiTvc0aNlR7o1V23WHLL7gxkmXgZKUGGWrf41elFLAlRGiao1m3PjY2fUmU4EzgpdBKNMWUjOsC2pZKGqP10duqEnFilR/qRsiUNmam/J1Iaaj0OA9sZUjPUi95U/M9rJ6Z/6adcxolByeaL+okgJiLTv0mPK2RGjC2hTHF7K2FDqigzNp2CDcFbfHmZNM7K3nm5cl8pVa+zOPJwBMdwCh5cQBVuoQZ1YDCAZ3iFN0c4L8678zFvzTnZzCH8gfP5A+JLjYw=</latexit>

a = M



Stability Properties of Extremal Kerr

 Field (& derivatives) off the horizon        decaysH

There’re no exponentially-growing modes for massless general-spin 
fields in extremal Kerr (Teixeira da Costa’20, Casals&Longo´19)

All results so far were for subextremal Kerr

and

In extremal Kerr (            ) :
<latexit sha1_base64="ngfMJKpoAI+ggtPYjbqre49FFVQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IsXIaJ5QLKE2UknGTI7u8zMCmHJJ3jxoIhXv8ibf+Mk2YMmFjQUVd10dwWx4Nq47reTW1ldW9/Ibxa2tnd294r7Bw0dJYphnUUiUq2AahRcYt1wI7AVK6RhILAZjG6mfvMJleaRfDTjGP2QDiTvc0aNlR7o1V23WHLL7gxkmXgZKUGGWrf41elFLAlRGiao1m3PjY2fUmU4EzgpdBKNMWUjOsC2pZKGqP10duqEnFilR/qRsiUNmam/J1Iaaj0OA9sZUjPUi95U/M9rJ6Z/6adcxolByeaL+okgJiLTv0mPK2RGjC2hTHF7K2FDqigzNp2CDcFbfHmZNM7K3nm5cl8pVa+zOPJwBMdwCh5cQBVuoQZ1YDCAZ3iFN0c4L8678zFvzTnZzCH8gfP5A+JLjYw=</latexit>

a = M

And yet…
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<latexit sha1_base64="Z/95x262+L+4YvQKcV6Mq0WwOzE=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCp5KIoMeiBz1WsB/QxLDZbtqlm03YnQgl9OTFv+LFgyJe/Q3e/Ddu2h609cHA470ZZuaFqeAaHOfbKi0tr6yuldcrG5tb2zv27l5LJ5mirEkTkahOSDQTXLImcBCskypG4lCwdji8Kvz2A1OaJ/IORinzY9KXPOKUgJEC+9BLiQJORKDuJb4OcsVg7EHicRnBKLCrTs2ZAC8Sd0aqaIZGYH95vYRmMZNABdG66zop+Hmxggo2rniZZimhQ9JnXUMliZn288kbY3xslB6OEmVKAp6ovydyEms9ikPTGRMY6HmvEP/zuhlEF37OZZoBk3S6KMoEhgQXmeAeV4yCGBlCqOLmVkwHRBEKJrmKCcGdf3mRtE5rrlNzb8+q9ctZHGV0gI7QCXLROaqjG9RATUTRI3pGr+jNerJerHfrY9pasmYz++gPrM8fFMyZgQ==</latexit><latexit sha1_base64="Z/95x262+L+4YvQKcV6Mq0WwOzE=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCp5KIoMeiBz1WsB/QxLDZbtqlm03YnQgl9OTFv+LFgyJe/Q3e/Ddu2h609cHA470ZZuaFqeAaHOfbKi0tr6yuldcrG5tb2zv27l5LJ5mirEkTkahOSDQTXLImcBCskypG4lCwdji8Kvz2A1OaJ/IORinzY9KXPOKUgJEC+9BLiQJORKDuJb4OcsVg7EHicRnBKLCrTs2ZAC8Sd0aqaIZGYH95vYRmMZNABdG66zop+Hmxggo2rniZZimhQ9JnXUMliZn288kbY3xslB6OEmVKAp6ovydyEms9ikPTGRMY6HmvEP/zuhlEF37OZZoBk3S6KMoEhgQXmeAeV4yCGBlCqOLmVkwHRBEKJrmKCcGdf3mRtE5rrlNzb8+q9ctZHGV0gI7QCXLROaqjG9RATUTRI3pGr+jNerJerHfrY9pasmYz++gPrM8fFMyZgQ==</latexit><latexit sha1_base64="Z/95x262+L+4YvQKcV6Mq0WwOzE=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCp5KIoMeiBz1WsB/QxLDZbtqlm03YnQgl9OTFv+LFgyJe/Q3e/Ddu2h609cHA470ZZuaFqeAaHOfbKi0tr6yuldcrG5tb2zv27l5LJ5mirEkTkahOSDQTXLImcBCskypG4lCwdji8Kvz2A1OaJ/IORinzY9KXPOKUgJEC+9BLiQJORKDuJb4OcsVg7EHicRnBKLCrTs2ZAC8Sd0aqaIZGYH95vYRmMZNABdG66zop+Hmxggo2rniZZimhQ9JnXUMliZn288kbY3xslB6OEmVKAp6ovydyEms9ikPTGRMY6HmvEP/zuhlEF37OZZoBk3S6KMoEhgQXmeAeV4yCGBlCqOLmVkwHRBEKJrmKCcGdf3mRtE5rrlNzb8+q9ctZHGV0gI7QCXLROaqjG9RATUTRI3pGr+jNerJerHfrY9pasmYz++gPrM8fFMyZgQ==</latexit><latexit sha1_base64="Z/95x262+L+4YvQKcV6Mq0WwOzE=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCp5KIoMeiBz1WsB/QxLDZbtqlm03YnQgl9OTFv+LFgyJe/Q3e/Ddu2h609cHA470ZZuaFqeAaHOfbKi0tr6yuldcrG5tb2zv27l5LJ5mirEkTkahOSDQTXLImcBCskypG4lCwdji8Kvz2A1OaJ/IORinzY9KXPOKUgJEC+9BLiQJORKDuJb4OcsVg7EHicRnBKLCrTs2ZAC8Sd0aqaIZGYH95vYRmMZNABdG66zop+Hmxggo2rniZZimhQ9JnXUMliZn288kbY3xslB6OEmVKAp6ovydyEms9ikPTGRMY6HmvEP/zuhlEF37OZZoBk3S6KMoEhgQXmeAeV4yCGBlCqOLmVkwHRBEKJrmKCcGdf3mRtE5rrlNzb8+q9ctZHGV0gI7QCXLROaqjG9RATUTRI3pGr+jNerJerHfrY9pasmYz++gPrM8fFMyZgQ==</latexit>

v
<latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit>

v ! 1(@n
r Gret)|H ⇠ vn�s�1/2 as

Transverse nth-derivative on horizon grows as

(Casals,Gralla&Zimmerman’16, Aretakis’10)



a = 0.99M

It’s due to a branch cut that forms at the superradiant-bound frequency                
<latexit sha1_base64="eoY0B8rU6rcsdh+LqATg5EuFfGQ=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiGzdCBfuAdiiZNNPG5jEkGaEM/Qc3LhRx6/+4829M21lo64HA4Zx7yT0nSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLRzdRvPVFtmJIPdpzQUOCBZDEj2DqpibtWobteueJX/RnQMglyUoEc9V75q9tXJBVUWsKxMZ3AT2yYYW0Z4XRS6qaGJpiM8IB2HJVYUBNms2sn6MQpfRQr7Z60aKb+3siwMGYsIjcpsB2aRW8q/ud1UhtfhRmTSWqpJPOP4pQjF3EaHfWZpsTysSOYaOZuRWSINSbWFVRyJQSLkZdJ86waXFTP788rteu8jiIcwTGcQgCXUINbqEMDCDzCM7zCm6e8F+/d+5iPFrx85xD+wPv8AQ1ujsw=</latexit>

a ! M
<latexit sha1_base64="81y4+hgJU9Q9mOHtF4pcCwUGIY0=">AAAB+XicbVDLSgMxFM34rPU16tJNsAiCUGakqBuh6MadFewDOsOQSdM2NI8hyRTK0D9x40IRt/6JO//GTDsLbT1wuYdz7iU3J04Y1cbzvp2V1bX1jc3SVnl7Z3dv3z04bGmZKkyaWDKpOjHShFFBmoYaRjqJIojHjLTj0V3ut8dEaSrFk5kkJORoIGifYmSsFLluIDkZoBsePOQ9Oo/cilf1ZoDLxC9IBRRoRO5X0JM45UQYzJDWXd9LTJghZShmZFoOUk0ShEdoQLqWCsSJDrPZ5VN4apUe7EtlSxg4U39vZIhrPeGxneTIDPWil4v/ed3U9K/DjIokNUTg+UP9lEEjYR4D7FFFsGETSxBW1N4K8RAphI0Nq2xD8Be/vExaF1X/slp7rFXqt0UcJXAMTsAZ8MEVqIN70ABNgMEYPINX8OZkzovz7nzMR1ecYucI/IHz+QPoTpMy</latexit>

! = m⌦+ by accumulation of QNMs as                  (Detweiler’80)

(Casals&Longo´19)



a = 0.99M

It’s due to a branch cut that forms at the superradiant-bound frequency                
<latexit sha1_base64="eoY0B8rU6rcsdh+LqATg5EuFfGQ=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiGzdCBfuAdiiZNNPG5jEkGaEM/Qc3LhRx6/+4829M21lo64HA4Zx7yT0nSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLRzdRvPVFtmJIPdpzQUOCBZDEj2DqpibtWobteueJX/RnQMglyUoEc9V75q9tXJBVUWsKxMZ3AT2yYYW0Z4XRS6qaGJpiM8IB2HJVYUBNms2sn6MQpfRQr7Z60aKb+3siwMGYsIjcpsB2aRW8q/ud1UhtfhRmTSWqpJPOP4pQjF3EaHfWZpsTysSOYaOZuRWSINSbWFVRyJQSLkZdJ86waXFTP788rteu8jiIcwTGcQgCXUINbqEMDCDzCM7zCm6e8F+/d+5iPFrx85xD+wPv8AQ1ujsw=</latexit>

a ! M
<latexit sha1_base64="81y4+hgJU9Q9mOHtF4pcCwUGIY0=">AAAB+XicbVDLSgMxFM34rPU16tJNsAiCUGakqBuh6MadFewDOsOQSdM2NI8hyRTK0D9x40IRt/6JO//GTDsLbT1wuYdz7iU3J04Y1cbzvp2V1bX1jc3SVnl7Z3dv3z04bGmZKkyaWDKpOjHShFFBmoYaRjqJIojHjLTj0V3ut8dEaSrFk5kkJORoIGifYmSsFLluIDkZoBsePOQ9Oo/cilf1ZoDLxC9IBRRoRO5X0JM45UQYzJDWXd9LTJghZShmZFoOUk0ShEdoQLqWCsSJDrPZ5VN4apUe7EtlSxg4U39vZIhrPeGxneTIDPWil4v/ed3U9K/DjIokNUTg+UP9lEEjYR4D7FFFsGETSxBW1N4K8RAphI0Nq2xD8Be/vExaF1X/slp7rFXqt0UcJXAMTsAZ8MEVqIN70ABNgMEYPINX8OZkzovz7nzMR1ecYucI/IHz+QPoTpMy</latexit>

! = m⌦+ by accumulation of QNMs as                  (Detweiler’80)

a = M

BCQNMs

(Casals&Longo´19)



a = 0.99M

It’s due to a branch cut that forms at the superradiant-bound frequency                
<latexit sha1_base64="eoY0B8rU6rcsdh+LqATg5EuFfGQ=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiGzdCBfuAdiiZNNPG5jEkGaEM/Qc3LhRx6/+4829M21lo64HA4Zx7yT0nSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLRzdRvPVFtmJIPdpzQUOCBZDEj2DqpibtWobteueJX/RnQMglyUoEc9V75q9tXJBVUWsKxMZ3AT2yYYW0Z4XRS6qaGJpiM8IB2HJVYUBNms2sn6MQpfRQr7Z60aKb+3siwMGYsIjcpsB2aRW8q/ud1UhtfhRmTSWqpJPOP4pQjF3EaHfWZpsTysSOYaOZuRWSINSbWFVRyJQSLkZdJ86waXFTP788rteu8jiIcwTGcQgCXUINbqEMDCDzCM7zCm6e8F+/d+5iPFrx85xD+wPv8AQ1ujsw=</latexit>

a ! M
<latexit sha1_base64="81y4+hgJU9Q9mOHtF4pcCwUGIY0=">AAAB+XicbVDLSgMxFM34rPU16tJNsAiCUGakqBuh6MadFewDOsOQSdM2NI8hyRTK0D9x40IRt/6JO//GTDsLbT1wuYdz7iU3J04Y1cbzvp2V1bX1jc3SVnl7Z3dv3z04bGmZKkyaWDKpOjHShFFBmoYaRjqJIojHjLTj0V3ut8dEaSrFk5kkJORoIGifYmSsFLluIDkZoBsePOQ9Oo/cilf1ZoDLxC9IBRRoRO5X0JM45UQYzJDWXd9LTJghZShmZFoOUk0ShEdoQLqWCsSJDrPZ5VN4apUe7EtlSxg4U39vZIhrPeGxneTIDPWil4v/ed3U9K/DjIokNUTg+UP9lEEjYR4D7FFFsGETSxBW1N4K8RAphI0Nq2xD8Be/vExaF1X/slp7rFXqt0UcJXAMTsAZ8MEVqIN70ABNgMEYPINX8OZkzovz7nzMR1ecYucI/IHz+QPoTpMy</latexit>

! = m⌦+ by accumulation of QNMs as                  (Detweiler’80)

a = M

BCQNMs

(Casals&Longo´19)

However, Observer-independent scalars (such as                                         )

all decay (Burko&Khanna’17)

(r↵Gret ·r↵Gret)|H



1. Stability of Kerr

2. Stability of Kerr-de Sitter

4. Conclusion

3. Stability of the Cauchy horizon of Kerr-Newman-de Sitter



Kerr-de Sitter Black Hole

Penrose diagram of Kerr-dS

Cosmological 
const.

<latexit sha1_base64="O2jGcZvQt1nqJ+UZvEfb5ao2yFA=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBEqlDIjRV0W3bhQqGAf0A4lk8m0oZnMmGQKZeh3uHGhiFs/xp1/Y9rOQlsPBA7nnMu9OV7MmdK2/W2trK6tb2zmtvLbO7t7+4WDw6aKEklog0Q8km0PK8qZoA3NNKftWFIcepy2vOHN1G+NqFQsEo96HFM3xH3BAkawNpJbui/jcvfO5H181isU7Yo9A1omTkaKkKHeK3x1/YgkIRWacKxUx7Fj7aZYakY4neS7iaIxJkPcpx1DBQ6pctPZ0RN0ahQfBZE0T2g0U39PpDhUahx6JhliPVCL3lT8z+skOrhyUybiRFNB5ouChCMdoWkDyGeSEs3HhmAimbkVkQGWmGjTU96U4Cx+eZk0zyvORaX6UC3WrrM6cnAMJ1ACBy6hBrdQhwYQeIJneIU3a2S9WO/Wxzy6YmUzR/AH1ucPAqeQ+Q==</latexit>

(M,a,⇤)

sing.

<latexit sha1_base64="HkHF6EBenOyorn+40ZwpazXlCgQ=">AAAB9HicbVDLSsNAFL2pr1pfVZduBosgCCWRoi6LbrqsYB/QxjKZTtqhk0mcmRRK6He4caGIWz/GnX/jJM1CWw8MHM65l3vmeBFnStv2t1VYW9/Y3Cpul3Z29/YPyodHbRXGktAWCXkoux5WlDNBW5ppTruRpDjwOO14k7vU70ypVCwUD3oWUTfAI8F8RrA2ktsPsB4TzJPG/PFiUK7YVTsDWiVOTiqQozkof/WHIYkDKjThWKmeY0faTbDUjHA6L/VjRSNMJnhEe4YKHFDlJlnoOTozyhD5oTRPaJSpvzcSHCg1CzwzmYZUy14q/uf1Yu3fuAkTUaypIItDfsyRDlHaABoySYnmM0MwkcxkRWSMJSba9FQyJTjLX14l7cuqc1Wt3dcq9du8jiKcwCmcgwPXUIcGNKEFBJ7gGV7hzZpaL9a79bEYLVj5zjH8gfX5A6DOkgQ=</latexit>

H
+

<latexit sha1_base64="6vxmjNGO81UXOOMulKAjbEidTm4=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgxpJIUZdFN11WsA9oY5lMJ+3QySTOTAol9DvcuFDErR/jzr9xkmahrQcGDufcyz1zvIgzpW372yqsrW9sbhW3Szu7e/sH5cOjtgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yV3qd6ZUKhaKBz2LqBvgkWA+I1gbye0HWI8J5klj/ngxKFfsqp0BrRInJxXI0RyUv/rDkMQBFZpwrFTPsSPtJlhqRjidl/qxohEmEzyiPUMFDqhykyz0HJ0ZZYj8UJonNMrU3xsJDpSaBZ6ZTEOqZS8V//N6sfZv3ISJKNZUkMUhP+ZIhyhtAA2ZpETzmSGYSGayIjLGEhNteiqZEpzlL6+S9mXVuarW7muV+m1eRxFO4BTOwYFrqEMDmtACAk/wDK/wZk2tF+vd+liMFqx85xj+wPr8AaPWkgY=</latexit>

H
�

<latexit sha1_base64="WMrwRmkUG5/BUZGvwsM9r1gc3MA=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLYTZcV7AOaUCbTSTt0MgnzEErob7hxoYhbf8adf+OkzUJbDwwczrmXe+aEKWdKu+63U9rY3NreKe9W9vYPDo+qxyddlRhJaIckPJH9ECvKmaAdzTSn/VRSHIec9sJpM/d7T1QqlohHPUtpEOOxYBEjWFvJ92OsJwTzrNmaD6s1t+4ugNaJV5AaFGgPq1/+KCEmpkITjpUaeG6qgwxLzQin84pvFE0xmeIxHVgqcExVkC0yz9GFVUYoSqR9QqOF+nsjw7FSszi0k3lGterl4n/ewOjoLsiYSI2mgiwPRYYjnaC8ADRikhLNZ5ZgIpnNisgES0y0raliS/BWv7xOuld176Z+/XBda9wXdZThDM7hEjy4hQa0oA0dIJDCM7zCm2OcF+fd+ViOlpxi5xT+wPn8AQypkbQ=</latexit>

CH

black hole

Cosmological 
Horizon



Casals&Teixeira da Costa’21: continued fraction eq. for mode freqs. of 
Kerr-dS

is symmetric under the exchange of any pair of (SQCD) “masses”:

<latexit sha1_base64="E+IEyg5fKW8pWcdbABZ+RxSHp/s="></latexit>

0 = ↵(0)
0 +

�↵(+1)
0 ↵(�1)

1

↵(0)
1 + �↵(+1)

1 ↵(�1)
2

↵(0)
2 +

�↵
(+1)
2 ↵

(�1)
3

···

where

<latexit sha1_base64="Fnklz8D/Q9NB4wwvmA4fZImATUA=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIsglJYZKepGKLpxWcE+oB2GTJq2oUlmSDJqGfspblwo4tYvceffmGlnoa0H7uVwzr3k5gQRo0o7zreVW1ldW9/Ibxa2tnd29+zifkuFscSkiUMWyk6AFGFUkKammpFOJAniASPtYHyd+u17IhUNxZ2eRMTjaCjogGKkjeTbRe67l6rSe6R+pZz2sm+XnKozA1wmbkZKIEPDt796/RDHnAiNGVKq6zqR9hIkNcWMTAu9WJEI4TEakq6hAnGivGR2+hQeG6UPB6E0JTScqb83EsSVmvDATHKkR2rRS8X/vG6sBxdeQkUUayLw/KFBzKAOYZoD7FNJsGYTQxCW1NwK8QhJhLVJq2BCcBe/vExap1X3rFq7rZXqV1kceXAIjsAJcME5qIMb0ABNgMEDeAav4M16sl6sd+tjPpqzsp0D8AfW5w+d/ZLz</latexit>

m1 = s� ⇠� + ⇠+
<latexit sha1_base64="YSZ33k74GDOiswMQYcQGjfHP7cU=">AAAB+HicbVDLSgMxFM34rPXRUZdugkUQimWmFHUjFN24rGAf0A5DJs20oUlmSDJiHfolblwo4tZPceffmGlnoa0H7uVwzr3k5gQxo0o7zre1srq2vrFZ2Cpu7+zulez9g7aKEolJC0cskt0AKcKoIC1NNSPdWBLEA0Y6wfgm8zsPRCoaiXs9iYnH0VDQkGKkjeTbJe7XrvqP1D+rZL3i22Wn6swAl4mbkzLI0fTtr/4gwgknQmOGlOq5Tqy9FElNMSPTYj9RJEZ4jIakZ6hAnCgvnR0+hSdGGcAwkqaEhjP190aKuFITHphJjvRILXqZ+J/XS3R46aVUxIkmAs8fChMGdQSzFOCASoI1mxiCsKTmVohHSCKsTVZFE4K7+OVl0q5V3fNq/a5eblzncRTAETgGp8AFF6ABbkETtAAGCXgGr+DNerJerHfrYz66YuU7h+APrM8fWPeSQA==</latexit>

m2 = ⇠� + ⇠+

<latexit sha1_base64="GaSzr4I50B+1UwPYheZQYtbKh5s=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIsglJYZLepGKLpxWcE+oB2GTJppQ5PMkGSkpfRX3LhQxK0/4s6/MdPOQlsP3MvhnHvJzQliRpV2nG8rt7a+sbmV3y7s7O7tH9iHxZaKEolJE0cskp0AKcKoIE1NNSOdWBLEA0bawegu9dtPRCoaiUc9iYnH0UDQkGKkjeTbRe5f3FRUpTemfqWc9rJvl5yqMwdcJW5GSiBDw7e/ev0IJ5wIjRlSqus6sfamSGqKGZkVeokiMcIjNCBdQwXiRHnT+e0zeGqUPgwjaUpoOFd/b0wRV2rCAzPJkR6qZS8V//O6iQ6vvSkVcaKJwIuHwoRBHcE0CNinkmDNJoYgLKm5FeIhkghrE1fBhOAuf3mVtM6r7mW19lAr1W+zOPLgGJyAM+CCK1AH96ABmgCDMXgGr+DNmlkv1rv1sRjNWdnOEfgD6/MHDgyTLA==</latexit>

m3 = �s� ⇠� + ⇠+
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Open question: exclude unstable modes from the blue region so as to 
prove the mode stability of Kerr-dS

                    allowed us to exclude unstable modes from a subregion of 
the superradiant frequency regime
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1. Stability of Kerr

4. Conclusion

3. Mode stability of the CH of Kerr-Newman-dS

2. Mode stability of Kerr-de Sitter



Loss of predicability 
inside the BH

this is a timelike singularity, 
and so it’s visible to an 
observer going into the BH

Unpredictability: the Initial 
Value Problem is not well posed

Penrose diagram of Kerr-
Newman-dS is like Kerr-dS’s

sing.
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Strong Cosmic Censorship Hypothesis
SCC hypothesis by Penrose’72: if singularities exist inside BHs that exist 
in Nature, they’re not visible even to observers inside (i.e., not timelike) 
SCC is upheld if, eg, CH is “destroyed” by field perturbations:
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Strong Cosmic Censorship Hypothesis
SCC hypothesis by Penrose’72: if singularities exist inside BHs that exist 
in Nature, they’re not visible even to observers inside (i.e., not timelike) 
SCC is upheld if, eg, CH is “destroyed” by field perturbations:

perturbations

spacelike sing.

EH

timelike 
sing.

CH

But it’s a hypothesis - it needs to be verified!



Stability of Cauchy Horizon?
Even if (exponentially-decaying) QNMs do not destabilize the outside of 
the BH, are they strong enough to destroy the CH as they reach it?

EH

Black 

CH
sing.

unpredi
ctability

?

QNM

, then QNM waves are too weak

to “destroy” the CH => violation of SCC (Hintz&Vasy´17 & others)

If
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CH is “destroyed” by the perturbation (SCC holds) in: Kerr (Dafermos 
et al’17) and Kerr-dS (Dias et al.´18)

Stability of CH - previous results



CH is “destroyed” by the perturbation (SCC holds) in: Kerr (Dafermos 
et al’17) and Kerr-dS (Dias et al.´18)
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CH is “destroyed” by the perturbation (SCC holds) in: Kerr (Dafermos 
et al’17) and Kerr-dS (Dias et al.´18)

CH is not “destroyed” (violation of SCC) in Reissner-Nordstrom-dS 
(Cardoso et al.’18)

What happens if we add rotation to it?

Stability of CH - previous results



Casals&Marinho’20 find violation of SCC in Kerr-Newman-dS but for 
unphysical values of parameters (BH charge and       too large)
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BH charge approaching its max. value

violation of SCC
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4. Conclusion

1. Stability of Kerr

3. Mode stability of the Cauchy horizon of Kerr-Newman-de Sitter

2. Mode stability of Kerr-de Sitter



Conclusion

Merci bien!

- Kerr: mode stability proven

- Kerr-dS: only partial mode stability proven

- SCC: violated for unphysical parameters in Kerr-Newman-dS

Open question: prove full linear stability under grav. perturbations

Open question: complete proof of mode stability

Open questions: can SCC be saved in Kerr-Newman-dS (e.g., by 
nonlinearities or quantum effects)? Or better - can SCC be generally 
proven?


