
Near-extremal Black Holes 
and their microstates

Sameer Murthy
King’s College London

Eurostrings 2025
Stockholm,  Aug 26, 2025



• BH with charge (and/or spin). 

<latexit sha1_base64="AkCC+k/p9POhpd8DXNHQqQmds+E=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahgpREinosevEitGDaQhvKZrtpl242YXcjlNDf4MWDIl79Qd78N27aHLT1wcDjvRlm5vkxZ0rb9rdVWFvf2Nwqbpd2dvf2D8qHR20VJZJQl0Q8kl0fK8qZoK5mmtNuLCkOfU47/uQu8ztPVCoWiUc9jakX4pFgASNYG8mtPly0zgflil2z50CrxMlJBXI0B+Wv/jAiSUiFJhwr1XPsWHsplpoRTmelfqJojMkEj2jPUIFDqrx0fuwMnRlliIJImhIazdXfEykOlZqGvukMsR6rZS8T//N6iQ5uvJSJONFUkMWiIOFIRyj7HA2ZpETzqSGYSGZuRWSMJSba5FMyITjLL6+S9mXNuarVW/VK4zaPowgncApVcOAaGnAPTXCBAINneIU3S1gv1rv1sWgtWPnMMfyB9fkDdh2N0A==</latexit>

(M,Q)

<latexit sha1_base64="m9L0AFkEWYaz4Dk+uLiAKwIBHEw=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBjSUpRd0IRTduhBbsA5o0TKbTduhkEmcmQgnduPFX3LhQxK3/4M6/cdJmoa0HLvdwzr3M3ONHjEplWd9Gbml5ZXUtv17Y2Nza3jF395oyjAUmDRyyULR9JAmjnDQUVYy0I0FQ4DPS8kfXqd96IELSkN+pcUTcAA047VOMlJY881B4ThTAS1iHaXfkvVDJbbd8Wu+WJ55ZtErWFHCR2Bkpggw1z/xyeiGOA8IVZkjKjm1Fyk2QUBQzMik4sSQRwiM0IB1NOQqIdJPpFRN4rJUe7IdCF1dwqv7eSFAg5Tjw9WSA1FDOe6n4n9eJVf/CTSiPYkU4nj3UjxlUIUwjgT0qCFZsrAnCguq/QjxEAmGlgyvoEOz5kxdJs1yyz0qVeqVYvcriyIMDcAROgA3OQRXcgBpoAAwewTN4BW/Gk/FivBsfs9Gcke3sgz8wPn8APr2XJg==</latexit>

r± = Q±
p

M2 �Q2

<latexit sha1_base64="AoGu6XAAZT8RgHuEKPPsB23KeC4=">AAACDnicbVDLSgMxFM3UV62vUZdugqUgaMtMKepGKLpxWaEv6IxDJs20oZkHSUYow3yBG3/FjQtF3Lp259+YaWehrQcSTs65l5t73IhRIQ3jWyusrK6tbxQ3S1vbO7t7+v5BV4Qxx6SDQxbyvosEYTQgHUklI/2IE+S7jPTcyU3m9x4IFzQM2nIaEdtHo4B6FCOpJEevtKF1Bq+yy/I4wgl3TqvcqaZJA1oRhep5X08dvWzUjBngMjFzUgY5Wo7+ZQ1DHPskkJghIQamEUk7QVxSzEhasmJBIoQnaEQGigbIJ8JOZuuksKKUIfRCrk4g4Uz93ZEgX4ip76pKH8mxWPQy8T9vEEvv0k5oEMWSBHg+yIsZlCHMsoFDygmWbKoIwpyqv0I8RioVqRIsqRDMxZWXSbdeM89rjbtGuXmdx1EER+AYnAATXIAmuAUt0AEYPIJn8AretCftRXvXPualBS3vOQR/oH3+AOpomYs=</latexit>

T =
r+ � r�
4⇡r2+

4d Reissner-Nordstrom

Near-extremal BHs



Temperature 
<latexit sha1_base64="M+CZ+Tidh9h+b+ACHK0Zzp+VDMA=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r9AXtUDJppg3NZIbkjlCGfoQbF4q49Xvc+Tem7Sy09UDgcM695J4TJFIYdN1vp7CxubW9U9wt7e0fHB6Vj0/aJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ/dzvPHFtRKyaOE24H9GREqFgFK3UaZI+xsQdlCtu1V2ArBMvJxXI0RiUv/rDmKURV8gkNabnuQn6GdUomOSzUj81PKFsQke8Z6miETd+tjh3Ri6sMiRhrO1TSBbq742MRsZMo8BORhTHZtWbi/95vRTDWz8TKkmRK7b8KEwlsRHn2clQaM5QTi2hTAt7K2FjqilD21DJluCtRl4n7auqd12tPdYq9bu8jiKcwTlcggc3UIcHaEALGEzgGV7hzUmcF+fd+ViOFpx85xT+wPn8ASPnjsw=</latexit>

T ! 0

Horizons <latexit sha1_base64="gmPjWckZtXlD3/Z43dfo0vZbZ4w=">AAAB8nicbVDLSgMxFL3js9ZX1aWbYBEEscxIUZdFNy4r2AdMhyGTZtrQTDIkGaEM/Qw3LhRx69e4829M21lo64HA4Zx7yT0nSjnTxnW/nZXVtfWNzdJWeXtnd2+/cnDY1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2olGd1O/80SVZlI8mnFKgwQPBIsZwcZKvgrPUc9IpMKLsFJ1a+4MaJl4BalCgWZY+er1JckSKgzhWGvfc1MT5FgZRjidlHuZpikmIzygvqUCJ1QH+ezkCTq1Sh/FUtknDJqpvzdynGg9TiI7mWAz1IveVPzP8zMT3wQ5E2lmqCDzj+KMIxtymh/1maLE8LElmChmb0VkiBUmxrZUtiV4i5GXSfuy5l3V6g/1auO2qKMEx3ACZ+DBNTTgHprQAgISnuEV3hzjvDjvzsd8dMUpdo7gD5zPH/oVkGo=</latexit>r+ ! r�

Extremal limit:

• BH with charge (and/or spin). 

<latexit sha1_base64="AkCC+k/p9POhpd8DXNHQqQmds+E=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahgpREinosevEitGDaQhvKZrtpl242YXcjlNDf4MWDIl79Qd78N27aHLT1wcDjvRlm5vkxZ0rb9rdVWFvf2Nwqbpd2dvf2D8qHR20VJZJQl0Q8kl0fK8qZoK5mmtNuLCkOfU47/uQu8ztPVCoWiUc9jakX4pFgASNYG8mtPly0zgflil2z50CrxMlJBXI0B+Wv/jAiSUiFJhwr1XPsWHsplpoRTmelfqJojMkEj2jPUIFDqrx0fuwMnRlliIJImhIazdXfEykOlZqGvukMsR6rZS8T//N6iQ5uvJSJONFUkMWiIOFIRyj7HA2ZpETzqSGYSGZuRWSMJSba5FMyITjLL6+S9mXNuarVW/VK4zaPowgncApVcOAaGnAPTXCBAINneIU3S1gv1rv1sWgtWPnMMfyB9fkDdh2N0A==</latexit>

(M,Q)

<latexit sha1_base64="m9L0AFkEWYaz4Dk+uLiAKwIBHEw=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBjSUpRd0IRTduhBbsA5o0TKbTduhkEmcmQgnduPFX3LhQxK3/4M6/cdJmoa0HLvdwzr3M3ONHjEplWd9Gbml5ZXUtv17Y2Nza3jF395oyjAUmDRyyULR9JAmjnDQUVYy0I0FQ4DPS8kfXqd96IELSkN+pcUTcAA047VOMlJY881B4ThTAS1iHaXfkvVDJbbd8Wu+WJ55ZtErWFHCR2Bkpggw1z/xyeiGOA8IVZkjKjm1Fyk2QUBQzMik4sSQRwiM0IB1NOQqIdJPpFRN4rJUe7IdCF1dwqv7eSFAg5Tjw9WSA1FDOe6n4n9eJVf/CTSiPYkU4nj3UjxlUIUwjgT0qCFZsrAnCguq/QjxEAmGlgyvoEOz5kxdJs1yyz0qVeqVYvcriyIMDcAROgA3OQRXcgBpoAAwewTN4BW/Gk/FivBsfs9Gcke3sgz8wPn8APr2XJg==</latexit>

r± = Q±
p

M2 �Q2

<latexit sha1_base64="AoGu6XAAZT8RgHuEKPPsB23KeC4=">AAACDnicbVDLSgMxFM3UV62vUZdugqUgaMtMKepGKLpxWaEv6IxDJs20oZkHSUYow3yBG3/FjQtF3Lp259+YaWehrQcSTs65l5t73IhRIQ3jWyusrK6tbxQ3S1vbO7t7+v5BV4Qxx6SDQxbyvosEYTQgHUklI/2IE+S7jPTcyU3m9x4IFzQM2nIaEdtHo4B6FCOpJEevtKF1Bq+yy/I4wgl3TqvcqaZJA1oRhep5X08dvWzUjBngMjFzUgY5Wo7+ZQ1DHPskkJghIQamEUk7QVxSzEhasmJBIoQnaEQGigbIJ8JOZuuksKKUIfRCrk4g4Uz93ZEgX4ip76pKH8mxWPQy8T9vEEvv0k5oEMWSBHg+yIsZlCHMsoFDygmWbKoIwpyqv0I8RioVqRIsqRDMxZWXSbdeM89rjbtGuXmdx1EER+AYnAATXIAmuAUt0AEYPIJn8AretCftRXvXPualBS3vOQR/oH3+AOpomYs=</latexit>

T =
r+ � r�
4⇡r2+

4d Reissner-Nordstrom

Near-extremal BHs



Temperature 
<latexit sha1_base64="M+CZ+Tidh9h+b+ACHK0Zzp+VDMA=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r9AXtUDJppg3NZIbkjlCGfoQbF4q49Xvc+Tem7Sy09UDgcM695J4TJFIYdN1vp7CxubW9U9wt7e0fHB6Vj0/aJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ/dzvPHFtRKyaOE24H9GREqFgFK3UaZI+xsQdlCtu1V2ArBMvJxXI0RiUv/rDmKURV8gkNabnuQn6GdUomOSzUj81PKFsQke8Z6miETd+tjh3Ri6sMiRhrO1TSBbq742MRsZMo8BORhTHZtWbi/95vRTDWz8TKkmRK7b8KEwlsRHn2clQaM5QTi2hTAt7K2FjqilD21DJluCtRl4n7auqd12tPdYq9bu8jiKcwTlcggc3UIcHaEALGEzgGV7hzUmcF+fd+ViOFpx85xT+wPn8ASPnjsw=</latexit>

T ! 0

Extremal limit:

Horizons <latexit sha1_base64="gmPjWckZtXlD3/Z43dfo0vZbZ4w=">AAAB8nicbVDLSgMxFL3js9ZX1aWbYBEEscxIUZdFNy4r2AdMhyGTZtrQTDIkGaEM/Qw3LhRx69e4829M21lo64HA4Zx7yT0nSjnTxnW/nZXVtfWNzdJWeXtnd2+/cnDY1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2olGd1O/80SVZlI8mnFKgwQPBIsZwcZKvgrPUc9IpMKLsFJ1a+4MaJl4BalCgWZY+er1JckSKgzhWGvfc1MT5FgZRjidlHuZpikmIzygvqUCJ1QH+ezkCTq1Sh/FUtknDJqpvzdynGg9TiI7mWAz1IveVPzP8zMT3wQ5E2lmqCDzj+KMIxtymh/1maLE8LElmChmb0VkiBUmxrZUtiV4i5GXSfuy5l3V6g/1auO2qKMEx3ACZ+DBNTTgHprQAgISnuEV3hzjvDjvzsd8dMUpdo7gD5zPH/oVkGo=</latexit>r+ ! r�

Why should we study Near-extremal BHs?

• BH with charge (and/or spin). 

<latexit sha1_base64="AkCC+k/p9POhpd8DXNHQqQmds+E=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahgpREinosevEitGDaQhvKZrtpl242YXcjlNDf4MWDIl79Qd78N27aHLT1wcDjvRlm5vkxZ0rb9rdVWFvf2Nwqbpd2dvf2D8qHR20VJZJQl0Q8kl0fK8qZoK5mmtNuLCkOfU47/uQu8ztPVCoWiUc9jakX4pFgASNYG8mtPly0zgflil2z50CrxMlJBXI0B+Wv/jAiSUiFJhwr1XPsWHsplpoRTmelfqJojMkEj2jPUIFDqrx0fuwMnRlliIJImhIazdXfEykOlZqGvukMsR6rZS8T//N6iQ5uvJSJONFUkMWiIOFIRyj7HA2ZpETzqSGYSGZuRWSMJSba5FMyITjLL6+S9mXNuarVW/VK4zaPowgncApVcOAaGnAPTXCBAINneIU3S1gv1rv1sWgtWPnMMfyB9fkDdh2N0A==</latexit>

(M,Q)

<latexit sha1_base64="m9L0AFkEWYaz4Dk+uLiAKwIBHEw=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBjSUpRd0IRTduhBbsA5o0TKbTduhkEmcmQgnduPFX3LhQxK3/4M6/cdJmoa0HLvdwzr3M3ONHjEplWd9Gbml5ZXUtv17Y2Nza3jF395oyjAUmDRyyULR9JAmjnDQUVYy0I0FQ4DPS8kfXqd96IELSkN+pcUTcAA047VOMlJY881B4ThTAS1iHaXfkvVDJbbd8Wu+WJ55ZtErWFHCR2Bkpggw1z/xyeiGOA8IVZkjKjm1Fyk2QUBQzMik4sSQRwiM0IB1NOQqIdJPpFRN4rJUe7IdCF1dwqv7eSFAg5Tjw9WSA1FDOe6n4n9eJVf/CTSiPYkU4nj3UjxlUIUwjgT0qCFZsrAnCguq/QjxEAmGlgyvoEOz5kxdJs1yyz0qVeqVYvcriyIMDcAROgA3OQRXcgBpoAAwewTN4BW/Gk/FivBsfs9Gcke3sgz8wPn8APr2XJg==</latexit>

r± = Q±
p

M2 �Q2

<latexit sha1_base64="AoGu6XAAZT8RgHuEKPPsB23KeC4=">AAACDnicbVDLSgMxFM3UV62vUZdugqUgaMtMKepGKLpxWaEv6IxDJs20oZkHSUYow3yBG3/FjQtF3Lp259+YaWehrQcSTs65l5t73IhRIQ3jWyusrK6tbxQ3S1vbO7t7+v5BV4Qxx6SDQxbyvosEYTQgHUklI/2IE+S7jPTcyU3m9x4IFzQM2nIaEdtHo4B6FCOpJEevtKF1Bq+yy/I4wgl3TqvcqaZJA1oRhep5X08dvWzUjBngMjFzUgY5Wo7+ZQ1DHPskkJghIQamEUk7QVxSzEhasmJBIoQnaEQGigbIJ8JOZuuksKKUIfRCrk4g4Uz93ZEgX4ip76pKH8mxWPQy8T9vEEvv0k5oEMWSBHg+yIsZlCHMsoFDygmWbKoIwpyqv0I8RioVqRIsqRDMxZWXSbdeM89rjbtGuXmdx1EER+AYnAATXIAmuAUt0AEYPIJn8AretCftRXvXPualBS3vOQR/oH3+AOpomYs=</latexit>

T =
r+ � r�
4⇡r2+

4d Reissner-Nordstrom



Temperature 
<latexit sha1_base64="M+CZ+Tidh9h+b+ACHK0Zzp+VDMA=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r9AXtUDJppg3NZIbkjlCGfoQbF4q49Xvc+Tem7Sy09UDgcM695J4TJFIYdN1vp7CxubW9U9wt7e0fHB6Vj0/aJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ/dzvPHFtRKyaOE24H9GREqFgFK3UaZI+xsQdlCtu1V2ArBMvJxXI0RiUv/rDmKURV8gkNabnuQn6GdUomOSzUj81PKFsQke8Z6miETd+tjh3Ri6sMiRhrO1TSBbq742MRsZMo8BORhTHZtWbi/95vRTDWz8TKkmRK7b8KEwlsRHn2clQaM5QTi2hTAt7K2FjqilD21DJluCtRl4n7auqd12tPdYq9bu8jiKcwTlcggc3UIcHaEALGEzgGV7hzUmcF+fd+ViOFpx85xT+wPn8ASPnjsw=</latexit>

T ! 0

Extremal limit:

Horizons <latexit sha1_base64="gmPjWckZtXlD3/Z43dfo0vZbZ4w=">AAAB8nicbVDLSgMxFL3js9ZX1aWbYBEEscxIUZdFNy4r2AdMhyGTZtrQTDIkGaEM/Qw3LhRx69e4829M21lo64HA4Zx7yT0nSjnTxnW/nZXVtfWNzdJWeXtnd2+/cnDY1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2olGd1O/80SVZlI8mnFKgwQPBIsZwcZKvgrPUc9IpMKLsFJ1a+4MaJl4BalCgWZY+er1JckSKgzhWGvfc1MT5FgZRjidlHuZpikmIzygvqUCJ1QH+ezkCTq1Sh/FUtknDJqpvzdynGg9TiI7mWAz1IveVPzP8zMT3wQ5E2lmqCDzj+KMIxtymh/1maLE8LElmChmb0VkiBUmxrZUtiV4i5GXSfuy5l3V6g/1auO2qKMEx3ACZ+DBNTTgHprQAgISnuEV3hzjvDjvzsd8dMUpdo7gD5zPH/oVkGo=</latexit>r+ ! r�

Why should we study Near-extremal BHs?

• BH with charge (and/or spin). 

<latexit sha1_base64="AkCC+k/p9POhpd8DXNHQqQmds+E=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahgpREinosevEitGDaQhvKZrtpl242YXcjlNDf4MWDIl79Qd78N27aHLT1wcDjvRlm5vkxZ0rb9rdVWFvf2Nwqbpd2dvf2D8qHR20VJZJQl0Q8kl0fK8qZoK5mmtNuLCkOfU47/uQu8ztPVCoWiUc9jakX4pFgASNYG8mtPly0zgflil2z50CrxMlJBXI0B+Wv/jAiSUiFJhwr1XPsWHsplpoRTmelfqJojMkEj2jPUIFDqrx0fuwMnRlliIJImhIazdXfEykOlZqGvukMsR6rZS8T//N6iQ5uvJSJONFUkMWiIOFIRyj7HA2ZpETzqSGYSGZuRWSMJSba5FMyITjLL6+S9mXNuarVW/VK4zaPowgncApVcOAaGnAPTXCBAINneIU3S1gv1rv1sWgtWPnMMfyB9fkDdh2N0A==</latexit>

(M,Q)

<latexit sha1_base64="m9L0AFkEWYaz4Dk+uLiAKwIBHEw=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBjSUpRd0IRTduhBbsA5o0TKbTduhkEmcmQgnduPFX3LhQxK3/4M6/cdJmoa0HLvdwzr3M3ONHjEplWd9Gbml5ZXUtv17Y2Nza3jF395oyjAUmDRyyULR9JAmjnDQUVYy0I0FQ4DPS8kfXqd96IELSkN+pcUTcAA047VOMlJY881B4ThTAS1iHaXfkvVDJbbd8Wu+WJ55ZtErWFHCR2Bkpggw1z/xyeiGOA8IVZkjKjm1Fyk2QUBQzMik4sSQRwiM0IB1NOQqIdJPpFRN4rJUe7IdCF1dwqv7eSFAg5Tjw9WSA1FDOe6n4n9eJVf/CTSiPYkU4nj3UjxlUIUwjgT0qCFZsrAnCguq/QjxEAmGlgyvoEOz5kxdJs1yyz0qVeqVYvcriyIMDcAROgA3OQRXcgBpoAAwewTN4BW/Gk/FivBsfs9Gcke3sgz8wPn8APr2XJg==</latexit>

r± = Q±
p

M2 �Q2

<latexit sha1_base64="AoGu6XAAZT8RgHuEKPPsB23KeC4=">AAACDnicbVDLSgMxFM3UV62vUZdugqUgaMtMKepGKLpxWaEv6IxDJs20oZkHSUYow3yBG3/FjQtF3Lp259+YaWehrQcSTs65l5t73IhRIQ3jWyusrK6tbxQ3S1vbO7t7+v5BV4Qxx6SDQxbyvosEYTQgHUklI/2IE+S7jPTcyU3m9x4IFzQM2nIaEdtHo4B6FCOpJEevtKF1Bq+yy/I4wgl3TqvcqaZJA1oRhep5X08dvWzUjBngMjFzUgY5Wo7+ZQ1DHPskkJghIQamEUk7QVxSzEhasmJBIoQnaEQGigbIJ8JOZuuksKKUIfRCrk4g4Uz93ZEgX4ip76pKH8mxWPQy8T9vEEvv0k5oEMWSBHg+yIsZlCHMsoFDygmWbKoIwpyqv0I8RioVqRIsqRDMxZWXSbdeM89rjbtGuXmdx1EER+AYnAATXIAmuAUt0AEYPIJn8AretCftRXvXPualBS3vOQR/oH3+AOpomYs=</latexit>

T =
r+ � r�
4⇡r2+

4d Reissner-Nordstrom

❖ Low temp        enhanced quantum grav effects, 
quantitative handle

We will discuss:



❖ Explanation of BH entropy in string theory

Temperature 
<latexit sha1_base64="M+CZ+Tidh9h+b+ACHK0Zzp+VDMA=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r9AXtUDJppg3NZIbkjlCGfoQbF4q49Xvc+Tem7Sy09UDgcM695J4TJFIYdN1vp7CxubW9U9wt7e0fHB6Vj0/aJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ/dzvPHFtRKyaOE24H9GREqFgFK3UaZI+xsQdlCtu1V2ArBMvJxXI0RiUv/rDmKURV8gkNabnuQn6GdUomOSzUj81PKFsQke8Z6miETd+tjh3Ri6sMiRhrO1TSBbq742MRsZMo8BORhTHZtWbi/95vRTDWz8TKkmRK7b8KEwlsRHn2clQaM5QTi2hTAt7K2FjqilD21DJluCtRl4n7auqd12tPdYq9bu8jiKcwTlcggc3UIcHaEALGEzgGV7hzUmcF+fd+ViOFpx85xT+wPn8ASPnjsw=</latexit>

T ! 0

Extremal limit:

Horizons <latexit sha1_base64="gmPjWckZtXlD3/Z43dfo0vZbZ4w=">AAAB8nicbVDLSgMxFL3js9ZX1aWbYBEEscxIUZdFNy4r2AdMhyGTZtrQTDIkGaEM/Qw3LhRx69e4829M21lo64HA4Zx7yT0nSjnTxnW/nZXVtfWNzdJWeXtnd2+/cnDY1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2olGd1O/80SVZlI8mnFKgwQPBIsZwcZKvgrPUc9IpMKLsFJ1a+4MaJl4BalCgWZY+er1JckSKgzhWGvfc1MT5FgZRjidlHuZpikmIzygvqUCJ1QH+ezkCTq1Sh/FUtknDJqpvzdynGg9TiI7mWAz1IveVPzP8zMT3wQ5E2lmqCDzj+KMIxtymh/1maLE8LElmChmb0VkiBUmxrZUtiV4i5GXSfuy5l3V6g/1auO2qKMEx3ACZ+DBNTTgHprQAgISnuEV3hzjvDjvzsd8dMUpdo7gD5zPH/oVkGo=</latexit>r+ ! r�

Why should we study Near-extremal BHs?

• BH with charge (and/or spin). 

<latexit sha1_base64="AkCC+k/p9POhpd8DXNHQqQmds+E=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahgpREinosevEitGDaQhvKZrtpl242YXcjlNDf4MWDIl79Qd78N27aHLT1wcDjvRlm5vkxZ0rb9rdVWFvf2Nwqbpd2dvf2D8qHR20VJZJQl0Q8kl0fK8qZoK5mmtNuLCkOfU47/uQu8ztPVCoWiUc9jakX4pFgASNYG8mtPly0zgflil2z50CrxMlJBXI0B+Wv/jAiSUiFJhwr1XPsWHsplpoRTmelfqJojMkEj2jPUIFDqrx0fuwMnRlliIJImhIazdXfEykOlZqGvukMsR6rZS8T//N6iQ5uvJSJONFUkMWiIOFIRyj7HA2ZpETzqSGYSGZuRWSMJSba5FMyITjLL6+S9mXNuarVW/VK4zaPowgncApVcOAaGnAPTXCBAINneIU3S1gv1rv1sWgtWPnMMfyB9fkDdh2N0A==</latexit>

(M,Q)

<latexit sha1_base64="m9L0AFkEWYaz4Dk+uLiAKwIBHEw=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBjSUpRd0IRTduhBbsA5o0TKbTduhkEmcmQgnduPFX3LhQxK3/4M6/cdJmoa0HLvdwzr3M3ONHjEplWd9Gbml5ZXUtv17Y2Nza3jF395oyjAUmDRyyULR9JAmjnDQUVYy0I0FQ4DPS8kfXqd96IELSkN+pcUTcAA047VOMlJY881B4ThTAS1iHaXfkvVDJbbd8Wu+WJ55ZtErWFHCR2Bkpggw1z/xyeiGOA8IVZkjKjm1Fyk2QUBQzMik4sSQRwiM0IB1NOQqIdJPpFRN4rJUe7IdCF1dwqv7eSFAg5Tjw9WSA1FDOe6n4n9eJVf/CTSiPYkU4nj3UjxlUIUwjgT0qCFZsrAnCguq/QjxEAmGlgyvoEOz5kxdJs1yyz0qVeqVYvcriyIMDcAROgA3OQRXcgBpoAAwewTN4BW/Gk/FivBsfs9Gcke3sgz8wPn8APr2XJg==</latexit>

r± = Q±
p

M2 �Q2

<latexit sha1_base64="AoGu6XAAZT8RgHuEKPPsB23KeC4=">AAACDnicbVDLSgMxFM3UV62vUZdugqUgaMtMKepGKLpxWaEv6IxDJs20oZkHSUYow3yBG3/FjQtF3Lp259+YaWehrQcSTs65l5t73IhRIQ3jWyusrK6tbxQ3S1vbO7t7+v5BV4Qxx6SDQxbyvosEYTQgHUklI/2IE+S7jPTcyU3m9x4IFzQM2nIaEdtHo4B6FCOpJEevtKF1Bq+yy/I4wgl3TqvcqaZJA1oRhep5X08dvWzUjBngMjFzUgY5Wo7+ZQ1DHPskkJghIQamEUk7QVxSzEhasmJBIoQnaEQGigbIJ8JOZuuksKKUIfRCrk4g4Uz93ZEgX4ip76pKH8mxWPQy8T9vEEvv0k5oEMWSBHg+yIsZlCHMsoFDygmWbKoIwpyqv0I8RioVqRIsqRDMxZWXSbdeM89rjbtGuXmdx1EER+AYnAATXIAmuAUt0AEYPIJn8AretCftRXvXPualBS3vOQR/oH3+AOpomYs=</latexit>

T =
r+ � r�
4⇡r2+

4d Reissner-Nordstrom

❖ Low temp        enhanced quantum grav effects, 
quantitative handle

We will discuss:



In the semiclassical approximation, a near-
extremal BH carries large entropy

• (Naive) Semiclassical picture

<latexit sha1_base64="+kUlTq6nCji9MN5unnpznY4C1P8=">AAACEHicbVA9SwNBEN2LXzF+nVraLAbRQsJdCGoZtUkZwaiQi2FvM6dL9j7YnRPDcT/Bxr9iY6GIraWd/8ZNvMKvBwOP92aYmecnUmh0nA+rNDU9MztXnq8sLC4tr9ira2c6ThWHDo9lrC58pkGKCDooUMJFooCFvoRzf3g89s9vQGkRR6c4SqAXsqtIBIIzNFLf3vYCxXh22PcQbjFr5XnWoN4u9UDKQmvnl/W8b1edmjMB/UvcglRJgXbffvcGMU9DiJBLpnXXdRLsZUyh4BLyipdqSBgfsivoGhqxEHQvmzyU0y2jDGgQK1MR0on6fSJjodaj0DedIcNr/dsbi/953RSDg14moiRFiPjXoiCVFGM6TocOhAKOcmQI40qYWym/ZiYhNBlWTAju75f/krN6zd2rNU4a1eZREUeZbJBNskNcsk+apEXapEM4uSMP5Ik8W/fWo/VivX61lqxiZp38gPX2CcYSnRA=</latexit>

AH

4 `2
P

<latexit sha1_base64="cnc4wGoz7qPdKWSZ+ssZssXxoa4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBg5SkFPUiFL14bMF+QBLLZrtpl26yYXcilNCf4cWDIl79Nd78N27bHLT1wcDjvRlm5gWJ4Bps+9sqrK1vbG4Vt0s7u3v7B+XDo46WqaKsTaWQqhcQzQSPWRs4CNZLFCNRIFg3GN/N/O4TU5rL+AEmCfMjMox5yCkBI7k33gX2Eo5bj7V+uWJX7TnwKnFyUkE5mv3ylzeQNI1YDFQQrV3HTsDPiAJOBZuWvFSzhNAxGTLX0JhETPvZ/OQpPjPKAIdSmYoBz9XfExmJtJ5EgemMCIz0sjcT//PcFMJrP+NxkgKL6WJRmAoMEs/+xwOuGAUxMYRQxc2tmI6IIhRMSiUTgrP88irp1KrOZbXeqlcat3kcRXSCTtE5ctAVaqB71ERtRJFEz+gVvVlgvVjv1seitWDlM8foD6zPH2kJkAw=</latexit>

= ⇡Q2<latexit sha1_base64="HlMTrLvxFmJSlOjD1e0mfyRFxZo=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8SNiVoF6EoBePEc0DkhBmJ73JkNnZdWZWCEt+wosHRbz6O978GyfJHjSxoKGo6qa7y48F18Z1v52l5ZXVtfXcRn5za3tnt7C3X9dRohjWWCQi1fSpRsEl1gw3ApuxQhr6Ahv+8GbiN55QaR7JBzOKsRPSvuQBZ9RYqXnfdUn7lFx1C0W35E5BFomXkSJkqHYLX+1exJIQpWGCat3y3Nh0UqoMZwLH+XaiMaZsSPvYslTSEHUnnd47JsdW6ZEgUrakIVP190RKQ61HoW87Q2oGet6biP95rcQEl52UyzgxKNlsUZAIYiIyeZ70uEJmxMgSyhS3txI2oIoyYyPK2xC8+ZcXSf2s5J2XynflYuU6iyMHh3AEJ+DBBVTgFqpQAwYCnuEV3pxH58V5dz5mrUtONnMAf+B8/gAfgI66</latexit>

S0 =

<latexit sha1_base64="J3qFObnS73/1g2jXkBx/rvmclzQ="></latexit>

SBH(Q,T ) = S0(Q) + 4⇡Q3`PT + . . .



<latexit sha1_base64="TZIRLwL4qhsyxifCraeDJk3EiF0=">AAACFnicbVDLSgNBEJz1bXxFPXoZDIIHDbsq6kUQRfCYgImBbAyzk95kcPbBTK8Ylv0KL/6KFw+KeBVv/o2TZA8aLWgoqrrp7vJiKTTa9pc1MTk1PTM7N19YWFxaXimurtV1lCgONR7JSDU8pkGKEGooUEIjVsACT8K1d3s+8K/vQGkRhVfYj6EVsG4ofMEZGqld3L1ouwj3mHZZnNET6vqK8dTJUhekzK1KRt0dWr3Zz9rFkl22h6B/iZOTEslRaRc/3U7EkwBC5JJp3XTsGFspUyi4hKzgJhpixm9ZF5qGhiwA3UqHb2V0yygd6kfKVIh0qP6cSFmgdT/wTGfAsKfHvYH4n9dM0D9upSKME4SQjxb5iaQY0UFGtCMUcJR9QxhXwtxKeY+ZYNAkWTAhOOMv/yX1vbJzWD6oHpROz/I45sgG2STbxCFH5JRckgqpEU4eyBN5Ia/Wo/VsvVnvo9YJK59ZJ79gfXwDqW+fDA==</latexit>

Egap =
1

`P Q3

In the semiclassical approximation, a near-
extremal BH carries large entropy

• (Naive) Semiclassical picture

<latexit sha1_base64="+kUlTq6nCji9MN5unnpznY4C1P8=">AAACEHicbVA9SwNBEN2LXzF+nVraLAbRQsJdCGoZtUkZwaiQi2FvM6dL9j7YnRPDcT/Bxr9iY6GIraWd/8ZNvMKvBwOP92aYmecnUmh0nA+rNDU9MztXnq8sLC4tr9ira2c6ThWHDo9lrC58pkGKCDooUMJFooCFvoRzf3g89s9vQGkRR6c4SqAXsqtIBIIzNFLf3vYCxXh22PcQbjFr5XnWoN4u9UDKQmvnl/W8b1edmjMB/UvcglRJgXbffvcGMU9DiJBLpnXXdRLsZUyh4BLyipdqSBgfsivoGhqxEHQvmzyU0y2jDGgQK1MR0on6fSJjodaj0DedIcNr/dsbi/953RSDg14moiRFiPjXoiCVFGM6TocOhAKOcmQI40qYWym/ZiYhNBlWTAju75f/krN6zd2rNU4a1eZREUeZbJBNskNcsk+apEXapEM4uSMP5Ik8W/fWo/VivX61lqxiZp38gPX2CcYSnRA=</latexit>

AH

4 `2
P

<latexit sha1_base64="cnc4wGoz7qPdKWSZ+ssZssXxoa4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBg5SkFPUiFL14bMF+QBLLZrtpl26yYXcilNCf4cWDIl79Nd78N27bHLT1wcDjvRlm5gWJ4Bps+9sqrK1vbG4Vt0s7u3v7B+XDo46WqaKsTaWQqhcQzQSPWRs4CNZLFCNRIFg3GN/N/O4TU5rL+AEmCfMjMox5yCkBI7k33gX2Eo5bj7V+uWJX7TnwKnFyUkE5mv3ylzeQNI1YDFQQrV3HTsDPiAJOBZuWvFSzhNAxGTLX0JhETPvZ/OQpPjPKAIdSmYoBz9XfExmJtJ5EgemMCIz0sjcT//PcFMJrP+NxkgKL6WJRmAoMEs/+xwOuGAUxMYRQxc2tmI6IIhRMSiUTgrP88irp1KrOZbXeqlcat3kcRXSCTtE5ctAVaqB71ERtRJFEz+gVvVlgvVjv1seitWDlM8foD6zPH2kJkAw=</latexit>

= ⇡Q2<latexit sha1_base64="HlMTrLvxFmJSlOjD1e0mfyRFxZo=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8SNiVoF6EoBePEc0DkhBmJ73JkNnZdWZWCEt+wosHRbz6O978GyfJHjSxoKGo6qa7y48F18Z1v52l5ZXVtfXcRn5za3tnt7C3X9dRohjWWCQi1fSpRsEl1gw3ApuxQhr6Ahv+8GbiN55QaR7JBzOKsRPSvuQBZ9RYqXnfdUn7lFx1C0W35E5BFomXkSJkqHYLX+1exJIQpWGCat3y3Nh0UqoMZwLH+XaiMaZsSPvYslTSEHUnnd47JsdW6ZEgUrakIVP190RKQ61HoW87Q2oGet6biP95rcQEl52UyzgxKNlsUZAIYiIyeZ70uEJmxMgSyhS3txI2oIoyYyPK2xC8+ZcXSf2s5J2XynflYuU6iyMHh3AEJ+DBBVTgFqpQAwYCnuEV3pxH58V5dz5mrUtONnMAf+B8/gAfgI66</latexit>

S0 =

<latexit sha1_base64="bC7SjredOUcevuhAWxZW60SMuSY="></latexit>

SBH(Q,T ) = S0(Q) + 4⇡(T/Egap) + O
�
(T/Egap)

2
�



[State of the art until recently]

<latexit sha1_base64="TZIRLwL4qhsyxifCraeDJk3EiF0=">AAACFnicbVDLSgNBEJz1bXxFPXoZDIIHDbsq6kUQRfCYgImBbAyzk95kcPbBTK8Ylv0KL/6KFw+KeBVv/o2TZA8aLWgoqrrp7vJiKTTa9pc1MTk1PTM7N19YWFxaXimurtV1lCgONR7JSDU8pkGKEGooUEIjVsACT8K1d3s+8K/vQGkRhVfYj6EVsG4ofMEZGqld3L1ouwj3mHZZnNET6vqK8dTJUhekzK1KRt0dWr3Zz9rFkl22h6B/iZOTEslRaRc/3U7EkwBC5JJp3XTsGFspUyi4hKzgJhpixm9ZF5qGhiwA3UqHb2V0yygd6kfKVIh0qP6cSFmgdT/wTGfAsKfHvYH4n9dM0D9upSKME4SQjxb5iaQY0UFGtCMUcJR9QxhXwtxKeY+ZYNAkWTAhOOMv/yX1vbJzWD6oHpROz/I45sgG2STbxCFH5JRckgqpEU4eyBN5Ia/Wo/VsvVnvo9YJK59ZJ79gfXwDqW+fDA==</latexit>

Egap =
1

`P Q3

In the semiclassical approximation, a near-
extremal BH carries large entropy

• (Naive) Semiclassical picture

<latexit sha1_base64="+kUlTq6nCji9MN5unnpznY4C1P8=">AAACEHicbVA9SwNBEN2LXzF+nVraLAbRQsJdCGoZtUkZwaiQi2FvM6dL9j7YnRPDcT/Bxr9iY6GIraWd/8ZNvMKvBwOP92aYmecnUmh0nA+rNDU9MztXnq8sLC4tr9ira2c6ThWHDo9lrC58pkGKCDooUMJFooCFvoRzf3g89s9vQGkRR6c4SqAXsqtIBIIzNFLf3vYCxXh22PcQbjFr5XnWoN4u9UDKQmvnl/W8b1edmjMB/UvcglRJgXbffvcGMU9DiJBLpnXXdRLsZUyh4BLyipdqSBgfsivoGhqxEHQvmzyU0y2jDGgQK1MR0on6fSJjodaj0DedIcNr/dsbi/953RSDg14moiRFiPjXoiCVFGM6TocOhAKOcmQI40qYWym/ZiYhNBlWTAju75f/krN6zd2rNU4a1eZREUeZbJBNskNcsk+apEXapEM4uSMP5Ik8W/fWo/VivX61lqxiZp38gPX2CcYSnRA=</latexit>

AH

4 `2
P

<latexit sha1_base64="cnc4wGoz7qPdKWSZ+ssZssXxoa4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBg5SkFPUiFL14bMF+QBLLZrtpl26yYXcilNCf4cWDIl79Nd78N27bHLT1wcDjvRlm5gWJ4Bps+9sqrK1vbG4Vt0s7u3v7B+XDo46WqaKsTaWQqhcQzQSPWRs4CNZLFCNRIFg3GN/N/O4TU5rL+AEmCfMjMox5yCkBI7k33gX2Eo5bj7V+uWJX7TnwKnFyUkE5mv3ylzeQNI1YDFQQrV3HTsDPiAJOBZuWvFSzhNAxGTLX0JhETPvZ/OQpPjPKAIdSmYoBz9XfExmJtJ5EgemMCIz0sjcT//PcFMJrP+NxkgKL6WJRmAoMEs/+xwOuGAUxMYRQxc2tmI6IIhRMSiUTgrP88irp1KrOZbXeqlcat3kcRXSCTtE5ctAVaqB71ERtRJFEz+gVvVlgvVjv1seitWDlM8foD6zPH2kJkAw=</latexit>

= ⇡Q2<latexit sha1_base64="HlMTrLvxFmJSlOjD1e0mfyRFxZo=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8SNiVoF6EoBePEc0DkhBmJ73JkNnZdWZWCEt+wosHRbz6O978GyfJHjSxoKGo6qa7y48F18Z1v52l5ZXVtfXcRn5za3tnt7C3X9dRohjWWCQi1fSpRsEl1gw3ApuxQhr6Ahv+8GbiN55QaR7JBzOKsRPSvuQBZ9RYqXnfdUn7lFx1C0W35E5BFomXkSJkqHYLX+1exJIQpWGCat3y3Nh0UqoMZwLH+XaiMaZsSPvYslTSEHUnnd47JsdW6ZEgUrakIVP190RKQ61HoW87Q2oGet6biP95rcQEl52UyzgxKNlsUZAIYiIyeZ70uEJmxMgSyhS3txI2oIoyYyPK2xC8+ZcXSf2s5J2XynflYuU6iyMHh3AEJ+DBBVTgFqpQAwYCnuEV3pxH58V5dz5mrUtONnMAf+B8/gAfgI66</latexit>

S0 =

<latexit sha1_base64="bC7SjredOUcevuhAWxZW60SMuSY="></latexit>

SBH(Q,T ) = S0(Q) + 4⇡(T/Egap) + O
�
(T/Egap)

2
�



[State of the art until recently]

<latexit sha1_base64="TZIRLwL4qhsyxifCraeDJk3EiF0=">AAACFnicbVDLSgNBEJz1bXxFPXoZDIIHDbsq6kUQRfCYgImBbAyzk95kcPbBTK8Ylv0KL/6KFw+KeBVv/o2TZA8aLWgoqrrp7vJiKTTa9pc1MTk1PTM7N19YWFxaXimurtV1lCgONR7JSDU8pkGKEGooUEIjVsACT8K1d3s+8K/vQGkRhVfYj6EVsG4ofMEZGqld3L1ouwj3mHZZnNET6vqK8dTJUhekzK1KRt0dWr3Zz9rFkl22h6B/iZOTEslRaRc/3U7EkwBC5JJp3XTsGFspUyi4hKzgJhpixm9ZF5qGhiwA3UqHb2V0yygd6kfKVIh0qP6cSFmgdT/wTGfAsKfHvYH4n9dM0D9upSKME4SQjxb5iaQY0UFGtCMUcJR9QxhXwtxKeY+ZYNAkWTAhOOMv/yX1vbJzWD6oHpROz/I45sgG2STbxCFH5JRckgqpEU4eyBN5Ia/Wo/VsvVnvo9YJK59ZJ79gfXwDqW+fDA==</latexit>

Egap =
1

`P Q3

In the semiclassical approximation, a near-
extremal BH carries large entropy

• (Naive) Semiclassical picture

• Large degeneracy of ground states is unlike ordinary 
quantum-statistical systems.

<latexit sha1_base64="+kUlTq6nCji9MN5unnpznY4C1P8=">AAACEHicbVA9SwNBEN2LXzF+nVraLAbRQsJdCGoZtUkZwaiQi2FvM6dL9j7YnRPDcT/Bxr9iY6GIraWd/8ZNvMKvBwOP92aYmecnUmh0nA+rNDU9MztXnq8sLC4tr9ira2c6ThWHDo9lrC58pkGKCDooUMJFooCFvoRzf3g89s9vQGkRR6c4SqAXsqtIBIIzNFLf3vYCxXh22PcQbjFr5XnWoN4u9UDKQmvnl/W8b1edmjMB/UvcglRJgXbffvcGMU9DiJBLpnXXdRLsZUyh4BLyipdqSBgfsivoGhqxEHQvmzyU0y2jDGgQK1MR0on6fSJjodaj0DedIcNr/dsbi/953RSDg14moiRFiPjXoiCVFGM6TocOhAKOcmQI40qYWym/ZiYhNBlWTAju75f/krN6zd2rNU4a1eZREUeZbJBNskNcsk+apEXapEM4uSMP5Ik8W/fWo/VivX61lqxiZp38gPX2CcYSnRA=</latexit>

AH

4 `2
P

<latexit sha1_base64="cnc4wGoz7qPdKWSZ+ssZssXxoa4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBg5SkFPUiFL14bMF+QBLLZrtpl26yYXcilNCf4cWDIl79Nd78N27bHLT1wcDjvRlm5gWJ4Bps+9sqrK1vbG4Vt0s7u3v7B+XDo46WqaKsTaWQqhcQzQSPWRs4CNZLFCNRIFg3GN/N/O4TU5rL+AEmCfMjMox5yCkBI7k33gX2Eo5bj7V+uWJX7TnwKnFyUkE5mv3ylzeQNI1YDFQQrV3HTsDPiAJOBZuWvFSzhNAxGTLX0JhETPvZ/OQpPjPKAIdSmYoBz9XfExmJtJ5EgemMCIz0sjcT//PcFMJrP+NxkgKL6WJRmAoMEs/+xwOuGAUxMYRQxc2tmI6IIhRMSiUTgrP88irp1KrOZbXeqlcat3kcRXSCTtE5ctAVaqB71ERtRJFEz+gVvVlgvVjv1seitWDlM8foD6zPH2kJkAw=</latexit>

= ⇡Q2<latexit sha1_base64="HlMTrLvxFmJSlOjD1e0mfyRFxZo=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8SNiVoF6EoBePEc0DkhBmJ73JkNnZdWZWCEt+wosHRbz6O978GyfJHjSxoKGo6qa7y48F18Z1v52l5ZXVtfXcRn5za3tnt7C3X9dRohjWWCQi1fSpRsEl1gw3ApuxQhr6Ahv+8GbiN55QaR7JBzOKsRPSvuQBZ9RYqXnfdUn7lFx1C0W35E5BFomXkSJkqHYLX+1exJIQpWGCat3y3Nh0UqoMZwLH+XaiMaZsSPvYslTSEHUnnd47JsdW6ZEgUrakIVP190RKQ61HoW87Q2oGet6biP95rcQEl52UyzgxKNlsUZAIYiIyeZ70uEJmxMgSyhS3txI2oIoyYyPK2xC8+ZcXSf2s5J2XynflYuU6iyMHh3AEJ+DBBVTgFqpQAwYCnuEV3pxH58V5dz5mrUtONnMAf+B8/gAfgI66</latexit>

S0 =

<latexit sha1_base64="bC7SjredOUcevuhAWxZW60SMuSY="></latexit>

SBH(Q,T ) = S0(Q) + 4⇡(T/Egap) + O
�
(T/Egap)

2
�



[State of the art until recently]

[Preskill, Schwarz, Shapere, Trivedi, Wilczek ’91]
• Something must go wrong with semi-classical picture 

at low temperatures.

<latexit sha1_base64="TZIRLwL4qhsyxifCraeDJk3EiF0=">AAACFnicbVDLSgNBEJz1bXxFPXoZDIIHDbsq6kUQRfCYgImBbAyzk95kcPbBTK8Ylv0KL/6KFw+KeBVv/o2TZA8aLWgoqrrp7vJiKTTa9pc1MTk1PTM7N19YWFxaXimurtV1lCgONR7JSDU8pkGKEGooUEIjVsACT8K1d3s+8K/vQGkRhVfYj6EVsG4ofMEZGqld3L1ouwj3mHZZnNET6vqK8dTJUhekzK1KRt0dWr3Zz9rFkl22h6B/iZOTEslRaRc/3U7EkwBC5JJp3XTsGFspUyi4hKzgJhpixm9ZF5qGhiwA3UqHb2V0yygd6kfKVIh0qP6cSFmgdT/wTGfAsKfHvYH4n9dM0D9upSKME4SQjxb5iaQY0UFGtCMUcJR9QxhXwtxKeY+ZYNAkWTAhOOMv/yX1vbJzWD6oHpROz/I45sgG2STbxCFH5JRckgqpEU4eyBN5Ia/Wo/VsvVnvo9YJK59ZJ79gfXwDqW+fDA==</latexit>
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1

`P Q3

In the semiclassical approximation, a near-
extremal BH carries large entropy

• (Naive) Semiclassical picture

• Large degeneracy of ground states is unlike ordinary 
quantum-statistical systems.
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�
(T/Egap)
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This talk: explain quantum effects, discuss 
consequences on BHs and string theory
• Large quantum effects from nearly-gapless mode: 

density of states, mass gap

❖  decoupling of supersymmetric BHs
• Revisit BH microstates in string theory

❖  gravitational index

• Consequences on near-extremal physics

❖  Hawking radiation and scattering off BHs
❖  Perturbative string theory in near-extremal BHs

❖  Exact quantum entropy of susy BHs



The appearance of 
nearly-gapless modes



Is there a notion of a BH Hilbert space?

• Treat BH as a particle/molecule to zeroth approximation, 
and then assign it a large entropy. 
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and then assign it a large entropy. 

• Correct description is canonical ensemble, includes 
environment.
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As BH approaches extremality, a long throat 
is formed close to the horizon
• Effective low energy theory: gravity + vectors 

E.g. Einstein-Maxwell (E-M)

• Near-horizon field configuration is a 
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❖  Fixed completely by the charges 

Is the extremal BH decoupled 
from the environment at the 

quantum level?

❖  No dependence on asymptotic data
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•Field fluctuations around                  . Non-zero action.       
 Quantum corrections to extremal BH entropy.

[Banerjee, Gupta, Sen ’10, … See Review Sen’11]
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In order to identify this function "(⌧) with the Schwarzian mode we take the approach of [34]

and imagine considering rigid AdS2 with a fixed length boundary. Then, the gravitational degree

of freedom is encoded in the boundary curve which can be parametrized as (⇢, ⌧) ! (b⇢, b⌧) with
b⌧ = f(⌧) and b⇢ = ⇢(⌧). To impose the Dirichlet boundary condition on the metric we set

[⇢0(⌧)]2 + sinh2 ⇢(⌧)[f 0(⌧)]2 = sinh2 ⇢c, where we denote the unrenormalized boundary length by

L = 2⇡`AdS2 sinh ⇢c. For small fluctuations around a rigid boundary we take f(⌧) = ⌧+"(⌧) with

"(⌧) small. The fixed metric constraint gives then ⇢(⌧) = ⇢c � "0(⌧) + O("2). This calculation

was done in a coordinate system in which the metric is rigid AdS2 but the boundary curved.

We can change coordinates to a system more natural for the calculation outlined above with a

rigid boundary but with fluctuations in the metric. In order to do this, it is required to perform

near the boundary a di↵eomorphism ⇢ ! ⇢ + "0(⌧) and ⌧ ! ⌧ � "(⌧) which agrees with the

expression (3.10).

The upshot is that the large di↵eomorphisms of AdS2 ⇥ S2 analyzed in the previous para-

graphs can be parametrized by an element of Di↵(S1)/SL(2,R). The circle di↵eomorphism is

encoded in the function "(⌧). The modding by SL(2,R) appears from the fact that di↵eomor-

phisms with Fourier modes n = �1, 0, 1 produce a vanishing metric perturbation. The reason

for this can be traced back to the isometries of AdS2.

3.3 Vector zero-modes and black hole rotations

In addition to the tensor modes, there are additional vector discrete zero-modes in the metric.

These can be interpreted as arising due to the rotation of the black hole, and the fact that

they are zero modes is traced back to the isometries of S2. Concretely, the metric deformation
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of freedom is encoded in the boundary curve which can be parametrized as (⇢, ⌧) ! (b⇢, b⌧) with
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rigid boundary but with fluctuations in the metric. In order to do this, it is required to perform

near the boundary a di↵eomorphism ⇢ ! ⇢ + "0(⌧) and ⌧ ! ⌧ � "(⌧) which agrees with the

expression (3.10).

The upshot is that the large di↵eomorphisms of AdS2 ⇥ S2 analyzed in the previous para-

graphs can be parametrized by an element of Di↵(S1)/SL(2,R). The circle di↵eomorphism is

encoded in the function "(⌧). The modding by SL(2,R) appears from the fact that di↵eomor-

phisms with Fourier modes n = �1, 0, 1 produce a vanishing metric perturbation. The reason

for this can be traced back to the isometries of AdS2.

3.3 Vector zero-modes and black hole rotations

In addition to the tensor modes, there are additional vector discrete zero-modes in the metric.

These can be interpreted as arising due to the rotation of the black hole, and the fact that

they are zero modes is traced back to the isometries of S2. Concretely, the metric deformation
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of freedom is encoded in the boundary curve which can be parametrized as (⇢, ⌧) ! (b⇢, b⌧) with
b⌧ = f(⌧) and b⇢ = ⇢(⌧). To impose the Dirichlet boundary condition on the metric we set

[⇢0(⌧)]2 + sinh2 ⇢(⌧)[f 0(⌧)]2 = sinh2 ⇢c, where we denote the unrenormalized boundary length by

L = 2⇡`AdS2 sinh ⇢c. For small fluctuations around a rigid boundary we take f(⌧) = ⌧+"(⌧) with

"(⌧) small. The fixed metric constraint gives then ⇢(⌧) = ⇢c � "0(⌧) + O("2). This calculation

was done in a coordinate system in which the metric is rigid AdS2 but the boundary curved.

We can change coordinates to a system more natural for the calculation outlined above with a

rigid boundary but with fluctuations in the metric. In order to do this, it is required to perform

near the boundary a di↵eomorphism ⇢ ! ⇢ + "0(⌧) and ⌧ ! ⌧ � "(⌧) which agrees with the

expression (3.10).

The upshot is that the large di↵eomorphisms of AdS2 ⇥ S2 analyzed in the previous para-

graphs can be parametrized by an element of Di↵(S1)/SL(2,R). The circle di↵eomorphism is

encoded in the function "(⌧). The modding by SL(2,R) appears from the fact that di↵eomor-

phisms with Fourier modes n = �1, 0, 1 produce a vanishing metric perturbation. The reason

for this can be traced back to the isometries of AdS2.

3.3 Vector zero-modes and black hole rotations

In addition to the tensor modes, there are additional vector discrete zero-modes in the metric.

These can be interpreted as arising due to the rotation of the black hole, and the fact that

they are zero modes is traced back to the isometries of S2. Concretely, the metric deformation
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In order to identify this function "(⌧) with the Schwarzian mode we take the approach of [34]

and imagine considering rigid AdS2 with a fixed length boundary. Then, the gravitational degree

of freedom is encoded in the boundary curve which can be parametrized as (⇢, ⌧) ! (b⇢, b⌧) with
b⌧ = f(⌧) and b⇢ = ⇢(⌧). To impose the Dirichlet boundary condition on the metric we set

[⇢0(⌧)]2 + sinh2 ⇢(⌧)[f 0(⌧)]2 = sinh2 ⇢c, where we denote the unrenormalized boundary length by

L = 2⇡`AdS2 sinh ⇢c. For small fluctuations around a rigid boundary we take f(⌧) = ⌧+"(⌧) with

"(⌧) small. The fixed metric constraint gives then ⇢(⌧) = ⇢c � "0(⌧) + O("2). This calculation

was done in a coordinate system in which the metric is rigid AdS2 but the boundary curved.

We can change coordinates to a system more natural for the calculation outlined above with a

rigid boundary but with fluctuations in the metric. In order to do this, it is required to perform

near the boundary a di↵eomorphism ⇢ ! ⇢ + "0(⌧) and ⌧ ! ⌧ � "(⌧) which agrees with the

expression (3.10).

The upshot is that the large di↵eomorphisms of AdS2 ⇥ S2 analyzed in the previous para-

graphs can be parametrized by an element of Di↵(S1)/SL(2,R). The circle di↵eomorphism is

encoded in the function "(⌧). The modding by SL(2,R) appears from the fact that di↵eomor-

phisms with Fourier modes n = �1, 0, 1 produce a vanishing metric perturbation. The reason

for this can be traced back to the isometries of AdS2.

3.3 Vector zero-modes and black hole rotations

In addition to the tensor modes, there are additional vector discrete zero-modes in the metric.

These can be interpreted as arising due to the rotation of the black hole, and the fact that

they are zero modes is traced back to the isometries of S2. Concretely, the metric deformation
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•Field fluctuations around                  . Non-zero action.       
 Quantum corrections to extremal BH entropy.

[Banerjee, Gupta, Sen ’10, … See Review Sen’11]
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In order to identify this function "(⌧) with the Schwarzian mode we take the approach of [34]

and imagine considering rigid AdS2 with a fixed length boundary. Then, the gravitational degree

of freedom is encoded in the boundary curve which can be parametrized as (⇢, ⌧) ! (b⇢, b⌧) with
b⌧ = f(⌧) and b⇢ = ⇢(⌧). To impose the Dirichlet boundary condition on the metric we set

[⇢0(⌧)]2 + sinh2 ⇢(⌧)[f 0(⌧)]2 = sinh2 ⇢c, where we denote the unrenormalized boundary length by

L = 2⇡`AdS2 sinh ⇢c. For small fluctuations around a rigid boundary we take f(⌧) = ⌧+"(⌧) with

"(⌧) small. The fixed metric constraint gives then ⇢(⌧) = ⇢c � "0(⌧) + O("2). This calculation

was done in a coordinate system in which the metric is rigid AdS2 but the boundary curved.

We can change coordinates to a system more natural for the calculation outlined above with a

rigid boundary but with fluctuations in the metric. In order to do this, it is required to perform

near the boundary a di↵eomorphism ⇢ ! ⇢ + "0(⌧) and ⌧ ! ⌧ � "(⌧) which agrees with the

expression (3.10).

The upshot is that the large di↵eomorphisms of AdS2 ⇥ S2 analyzed in the previous para-

graphs can be parametrized by an element of Di↵(S1)/SL(2,R). The circle di↵eomorphism is

encoded in the function "(⌧). The modding by SL(2,R) appears from the fact that di↵eomor-

phisms with Fourier modes n = �1, 0, 1 produce a vanishing metric perturbation. The reason

for this can be traced back to the isometries of AdS2.

3.3 Vector zero-modes and black hole rotations

In addition to the tensor modes, there are additional vector discrete zero-modes in the metric.

These can be interpreted as arising due to the rotation of the black hole, and the fact that

they are zero modes is traced back to the isometries of S2. Concretely, the metric deformation
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•Note: zero mode gives important contribution to one-loop 
logarithmic corrections to extremal entropy 

[Sen ’11; Jeon, S.M.’18]
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Near-AdS2 (x S2) has nearly-zero modes 

<latexit sha1_base64="TGxToivd6efSs9ojZpRchrWE3JQ="></latexit>

g(1)µ⌫ (T ) = gAdS2⇥S2

µ⌫ (1 + a1T + . . . )

[Iliesiu, S.M. Turiaci, ’22]
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AdS2•Introduce small T regulator: recouples



•Semiclassical entropy: 
<latexit sha1_base64="Mq79PJ834w+0cypxU1y/YKcPlXI=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiB4ijMa1IsQFMFjAmaBZBx6Oj1Jk56F7hoxDsFf8eJBEa/+hzf/xk4yB018UPB4r4qqel4suALL+jbm5hcWl5ZzK/nVtfWNTXNru66iRFJWo5GIZNMjigkeshpwEKwZS0YCT7CG178a+Y17JhWPwlsYxMwJSDfkPqcEtOSau9duG9gDpF0SD/EFto+qdyeuWbCK1hh4ltgZKaAMFdf8ancimgQsBCqIUi3bisFJiQROBRvm24liMaF90mUtTUMSMOWk4+uH+EArHexHUlcIeKz+nkhJoNQg8HRnQKCnpr2R+J/XSsA/d1IexgmwkE4W+YnAEOFRFLjDJaMgBpoQKrm+FdMekYSCDiyvQ7CnX54l9eOifVosVUuF8mUWRw7toX10iGx0hsroBlVQDVH0iJ7RK3oznowX4934mLTOGdnMDvoD4/MH2gaUMA==</latexit>

Egap = 1/Q3
<latexit sha1_base64="top3v4CaIaarySV6I0o03WoS0BM="></latexit>

SBH(g
(1)

µ⌫ ) = S0(Q) + 4⇡(T/Egap) + . . .

Near-AdS2 (x S2) has nearly-zero modes 

<latexit sha1_base64="TGxToivd6efSs9ojZpRchrWE3JQ="></latexit>

g(1)µ⌫ (T ) = gAdS2⇥S2

µ⌫ (1 + a1T + . . . )

[Iliesiu, S.M. Turiaci, ’22]
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<latexit sha1_base64="oBBZKjWxGdXrb7lDbmhkOcagLxk=">AAAB83icbVBNT8JAEJ3iF+IX6tFLIzHxRFpC1CPqxSNGQRLakO12gQ3bbbM7NZKGv+HFg8Z49c9489+4QA8KvmSSl/dmMjMvSATX6DjfVmFldW19o7hZ2tre2d0r7x+0dZwqylo0FrHqBEQzwSVrIUfBOoliJAoEewhG11P/4ZEpzWN5j+OE+REZSN7nlKCRPA/ZE2aX4d2kV+uVK07VmcFeJm5OKpCj2St/eWFM04hJpIJo3XWdBP2MKORUsEnJSzVLCB2RAesaKknEtJ/Nbp7YJ0YJ7X6sTEm0Z+rviYxEWo+jwHRGBId60ZuK/3ndFPsXfsZlkiKTdL6onwobY3sagB1yxSiKsSGEKm5utemQKELRxFQyIbiLLy+Tdq3qnlXrt/VK4yqPowhHcAyn4MI5NOAGmtACCgk8wyu8Wan1Yr1bH/PWgpXPHMIfWJ8/6n+RnQ==</latexit>

AdS2•Introduce small T regulator: recouples



•Semiclassical entropy: 
<latexit sha1_base64="Mq79PJ834w+0cypxU1y/YKcPlXI=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiB4ijMa1IsQFMFjAmaBZBx6Oj1Jk56F7hoxDsFf8eJBEa/+hzf/xk4yB018UPB4r4qqel4suALL+jbm5hcWl5ZzK/nVtfWNTXNru66iRFJWo5GIZNMjigkeshpwEKwZS0YCT7CG178a+Y17JhWPwlsYxMwJSDfkPqcEtOSau9duG9gDpF0SD/EFto+qdyeuWbCK1hh4ltgZKaAMFdf8ancimgQsBCqIUi3bisFJiQROBRvm24liMaF90mUtTUMSMOWk4+uH+EArHexHUlcIeKz+nkhJoNQg8HRnQKCnpr2R+J/XSsA/d1IexgmwkE4W+YnAEOFRFLjDJaMgBpoQKrm+FdMekYSCDiyvQ7CnX54l9eOifVosVUuF8mUWRw7toX10iGx0hsroBlVQDVH0iJ7RK3oznowX4934mLTOGdnMDvoD4/MH2gaUMA==</latexit>

Egap = 1/Q3
<latexit sha1_base64="top3v4CaIaarySV6I0o03WoS0BM="></latexit>

SBH(g
(1)

µ⌫ ) = S0(Q) + 4⇡(T/Egap) + . . .

Near-AdS2 (x S2) has nearly-zero modes 

<latexit sha1_base64="TGxToivd6efSs9ojZpRchrWE3JQ="></latexit>

g(1)µ⌫ (T ) = gAdS2⇥S2

µ⌫ (1 + a1T + . . . )

•Zero-modes of pure                 now obtain T-dependence
<latexit sha1_base64="68G7GcK5aIP+W5grBVMrS/+7MR4=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kkkp6rHqxWOl9gPaGDabbbt0swm7m0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZekHCmtON8W2vrG5tb24Wd4u7e/sGhfXTcUnEqCW2SmMeyE2BFORO0qZnmtJNIiqOA03Ywupv57TGVisXiUU8S6kV4IFifEayN5Nv2TdjwK6inWUQVajxVfLvklJ050Cpxc1KCHHXf/uqFMUkjKjThWKmu6yTay7DUjHA6LfZSRRNMRnhAu4YKbBZ52fzyKTo3Soj6sTQlNJqrvycyHCk1iQLTGWE9VMveTPzP66a6f+1lTCSppoIsFvVTjnSMZjGgkElKNJ8Ygolk5lZEhlhiok1YRROCu/zyKmlVyu5lufpQLdVu8zgKcApncAEuXEEN7qEOTSAwhmd4hTcrs16sd+tj0bpm5TMn8AfW5w/QUZJ+</latexit>

AdS2 ⇥ S2

[Iliesiu, S.M. Turiaci, ’22]
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<latexit sha1_base64="oBBZKjWxGdXrb7lDbmhkOcagLxk=">AAAB83icbVBNT8JAEJ3iF+IX6tFLIzHxRFpC1CPqxSNGQRLakO12gQ3bbbM7NZKGv+HFg8Z49c9489+4QA8KvmSSl/dmMjMvSATX6DjfVmFldW19o7hZ2tre2d0r7x+0dZwqylo0FrHqBEQzwSVrIUfBOoliJAoEewhG11P/4ZEpzWN5j+OE+REZSN7nlKCRPA/ZE2aX4d2kV+uVK07VmcFeJm5OKpCj2St/eWFM04hJpIJo3XWdBP2MKORUsEnJSzVLCB2RAesaKknEtJ/Nbp7YJ0YJ7X6sTEm0Z+rviYxEWo+jwHRGBId60ZuK/3ndFPsXfsZlkiKTdL6onwobY3sagB1yxSiKsSGEKm5utemQKELRxFQyIbiLLy+Tdq3qnlXrt/VK4yqPowhHcAyn4MI5NOAGmtACCgk8wyu8Wan1Yr1bH/PWgpXPHMIfWJ8/6n+RnQ==</latexit>

AdS2•Introduce small T regulator: recouples



•Semiclassical entropy: 
<latexit sha1_base64="Mq79PJ834w+0cypxU1y/YKcPlXI=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiB4ijMa1IsQFMFjAmaBZBx6Oj1Jk56F7hoxDsFf8eJBEa/+hzf/xk4yB018UPB4r4qqel4suALL+jbm5hcWl5ZzK/nVtfWNTXNru66iRFJWo5GIZNMjigkeshpwEKwZS0YCT7CG178a+Y17JhWPwlsYxMwJSDfkPqcEtOSau9duG9gDpF0SD/EFto+qdyeuWbCK1hh4ltgZKaAMFdf8ancimgQsBCqIUi3bisFJiQROBRvm24liMaF90mUtTUMSMOWk4+uH+EArHexHUlcIeKz+nkhJoNQg8HRnQKCnpr2R+J/XSsA/d1IexgmwkE4W+YnAEOFRFLjDJaMgBpoQKrm+FdMekYSCDiyvQ7CnX54l9eOifVosVUuF8mUWRw7toX10iGx0hsroBlVQDVH0iJ7RK3oznowX4934mLTOGdnMDvoD4/MH2gaUMA==</latexit>

Egap = 1/Q3
<latexit sha1_base64="top3v4CaIaarySV6I0o03WoS0BM="></latexit>

SBH(g
(1)

µ⌫ ) = S0(Q) + 4⇡(T/Egap) + . . .

Near-AdS2 (x S2) has nearly-zero modes 

<latexit sha1_base64="TGxToivd6efSs9ojZpRchrWE3JQ="></latexit>

g(1)µ⌫ (T ) = gAdS2⇥S2

µ⌫ (1 + a1T + . . . )

•Zero-modes of pure                 now obtain T-dependence
<latexit sha1_base64="68G7GcK5aIP+W5grBVMrS/+7MR4=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kkkp6rHqxWOl9gPaGDabbbt0swm7m0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZekHCmtON8W2vrG5tb24Wd4u7e/sGhfXTcUnEqCW2SmMeyE2BFORO0qZnmtJNIiqOA03Ywupv57TGVisXiUU8S6kV4IFifEayN5Nv2TdjwK6inWUQVajxVfLvklJ050Cpxc1KCHHXf/uqFMUkjKjThWKmu6yTay7DUjHA6LfZSRRNMRnhAu4YKbBZ52fzyKTo3Soj6sTQlNJqrvycyHCk1iQLTGWE9VMveTPzP66a6f+1lTCSppoIsFvVTjnSMZjGgkElKNJ8Ygolk5lZEhlhiok1YRROCu/zyKmlVyu5lufpQLdVu8zgKcApncAEuXEEN7qEOTSAwhmd4hTcrs16sd+tj0bpm5TMn8AfW5w/QUZJ+</latexit>

AdS2 ⇥ S2

[Iliesiu, S.M. Turiaci, ’22]

<latexit sha1_base64="YeXA6E8Uc9dVA/2qZbvou6gpg6c="></latexit>

�S4d
E-M

⇥
h"

⇤
=

T

Egap

Z
d⌧

�
"00(⌧)2 � "0(⌧)2

�

op
#

-Te/se .

=-
---............ -------

<latexit sha1_base64="oBBZKjWxGdXrb7lDbmhkOcagLxk=">AAAB83icbVBNT8JAEJ3iF+IX6tFLIzHxRFpC1CPqxSNGQRLakO12gQ3bbbM7NZKGv+HFg8Z49c9489+4QA8KvmSSl/dmMjMvSATX6DjfVmFldW19o7hZ2tre2d0r7x+0dZwqylo0FrHqBEQzwSVrIUfBOoliJAoEewhG11P/4ZEpzWN5j+OE+REZSN7nlKCRPA/ZE2aX4d2kV+uVK07VmcFeJm5OKpCj2St/eWFM04hJpIJo3XWdBP2MKORUsEnJSzVLCB2RAesaKknEtJ/Nbp7YJ0YJ7X6sTEm0Z+rviYxEWo+jwHRGBId60ZuK/3ndFPsXfsZlkiKTdL6onwobY3sagB1yxSiKsSGEKm5utemQKELRxFQyIbiLLy+Tdq3qnlXrt/VK4yqPowhHcAyn4MI5NOAGmtACCgk8wyu8Wan1Yr1bH/PWgpXPHMIfWJ8/6n+RnQ==</latexit>

AdS2•Introduce small T regulator: recouples



•Semiclassical entropy: 
<latexit sha1_base64="Mq79PJ834w+0cypxU1y/YKcPlXI=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiB4ijMa1IsQFMFjAmaBZBx6Oj1Jk56F7hoxDsFf8eJBEa/+hzf/xk4yB018UPB4r4qqel4suALL+jbm5hcWl5ZzK/nVtfWNTXNru66iRFJWo5GIZNMjigkeshpwEKwZS0YCT7CG178a+Y17JhWPwlsYxMwJSDfkPqcEtOSau9duG9gDpF0SD/EFto+qdyeuWbCK1hh4ltgZKaAMFdf8ancimgQsBCqIUi3bisFJiQROBRvm24liMaF90mUtTUMSMOWk4+uH+EArHexHUlcIeKz+nkhJoNQg8HRnQKCnpr2R+J/XSsA/d1IexgmwkE4W+YnAEOFRFLjDJaMgBpoQKrm+FdMekYSCDiyvQ7CnX54l9eOifVosVUuF8mUWRw7toX10iGx0hsroBlVQDVH0iJ7RK3oznowX4934mLTOGdnMDvoD4/MH2gaUMA==</latexit>

Egap = 1/Q3
<latexit sha1_base64="top3v4CaIaarySV6I0o03WoS0BM="></latexit>

SBH(g
(1)

µ⌫ ) = S0(Q) + 4⇡(T/Egap) + . . .

Near-AdS2 (x S2) has nearly-zero modes 

<latexit sha1_base64="TGxToivd6efSs9ojZpRchrWE3JQ="></latexit>

g(1)µ⌫ (T ) = gAdS2⇥S2

µ⌫ (1 + a1T + . . . )

•Zero-modes of pure                 now obtain T-dependence
<latexit sha1_base64="68G7GcK5aIP+W5grBVMrS/+7MR4=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kkkp6rHqxWOl9gPaGDabbbt0swm7m0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZekHCmtON8W2vrG5tb24Wd4u7e/sGhfXTcUnEqCW2SmMeyE2BFORO0qZnmtJNIiqOA03Ywupv57TGVisXiUU8S6kV4IFifEayN5Nv2TdjwK6inWUQVajxVfLvklJ050Cpxc1KCHHXf/uqFMUkjKjThWKmu6yTay7DUjHA6LfZSRRNMRnhAu4YKbBZ52fzyKTo3Soj6sTQlNJqrvycyHCk1iQLTGWE9VMveTPzP66a6f+1lTCSppoIsFvVTjnSMZjGgkElKNJ8Ygolk5lZEhlhiok1YRROCu/zyKmlVyu5lufpQLdVu8zgKcApncAEuXEEN7qEOTSAwhmd4hTcrs16sd+tj0bpm5TMn8AfW5w/QUZJ+</latexit>

AdS2 ⇥ S2

[Iliesiu, S.M. Turiaci, ’22]

<latexit sha1_base64="YeXA6E8Uc9dVA/2qZbvou6gpg6c="></latexit>

�S4d
E-M

⇥
h"

⇤
=

T

Egap

Z
d⌧

�
"00(⌧)2 � "0(⌧)2

�

op
#

-Te/se .

=-
---............ -------

<latexit sha1_base64="oBBZKjWxGdXrb7lDbmhkOcagLxk=">AAAB83icbVBNT8JAEJ3iF+IX6tFLIzHxRFpC1CPqxSNGQRLakO12gQ3bbbM7NZKGv+HFg8Z49c9489+4QA8KvmSSl/dmMjMvSATX6DjfVmFldW19o7hZ2tre2d0r7x+0dZwqylo0FrHqBEQzwSVrIUfBOoliJAoEewhG11P/4ZEpzWN5j+OE+REZSN7nlKCRPA/ZE2aX4d2kV+uVK07VmcFeJm5OKpCj2St/eWFM04hJpIJo3XWdBP2MKORUsEnJSzVLCB2RAesaKknEtJ/Nbp7YJ0YJ7X6sTEm0Z+rviYxEWo+jwHRGBId60ZuK/3ndFPsXfsZlkiKTdL6onwobY3sagB1yxSiKsSGEKm5utemQKELRxFQyIbiLLy+Tdq3qnlXrt/VK4yqPowhHcAyn4MI5NOAGmtACCgk8wyu8Wan1Yr1bH/PWgpXPHMIfWJ8/6n+RnQ==</latexit>

AdS2•Introduce small T regulator: recouples



Strongly-coupled

•Semiclassical entropy: 
<latexit sha1_base64="Mq79PJ834w+0cypxU1y/YKcPlXI=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiB4ijMa1IsQFMFjAmaBZBx6Oj1Jk56F7hoxDsFf8eJBEa/+hzf/xk4yB018UPB4r4qqel4suALL+jbm5hcWl5ZzK/nVtfWNTXNru66iRFJWo5GIZNMjigkeshpwEKwZS0YCT7CG178a+Y17JhWPwlsYxMwJSDfkPqcEtOSau9duG9gDpF0SD/EFto+qdyeuWbCK1hh4ltgZKaAMFdf8ancimgQsBCqIUi3bisFJiQROBRvm24liMaF90mUtTUMSMOWk4+uH+EArHexHUlcIeKz+nkhJoNQg8HRnQKCnpr2R+J/XSsA/d1IexgmwkE4W+YnAEOFRFLjDJaMgBpoQKrm+FdMekYSCDiyvQ7CnX54l9eOifVosVUuF8mUWRw7toX10iGx0hsroBlVQDVH0iJ7RK3oznowX4934mLTOGdnMDvoD4/MH2gaUMA==</latexit>

Egap = 1/Q3
<latexit sha1_base64="top3v4CaIaarySV6I0o03WoS0BM="></latexit>

SBH(g
(1)

µ⌫ ) = S0(Q) + 4⇡(T/Egap) + . . .

Near-AdS2 (x S2) has nearly-zero modes 

<latexit sha1_base64="TGxToivd6efSs9ojZpRchrWE3JQ="></latexit>

g(1)µ⌫ (T ) = gAdS2⇥S2

µ⌫ (1 + a1T + . . . )

•Zero-modes of pure                 now obtain T-dependence
<latexit sha1_base64="68G7GcK5aIP+W5grBVMrS/+7MR4=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kkkp6rHqxWOl9gPaGDabbbt0swm7m0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZekHCmtON8W2vrG5tb24Wd4u7e/sGhfXTcUnEqCW2SmMeyE2BFORO0qZnmtJNIiqOA03Ywupv57TGVisXiUU8S6kV4IFifEayN5Nv2TdjwK6inWUQVajxVfLvklJ050Cpxc1KCHHXf/uqFMUkjKjThWKmu6yTay7DUjHA6LfZSRRNMRnhAu4YKbBZ52fzyKTo3Soj6sTQlNJqrvycyHCk1iQLTGWE9VMveTPzP66a6f+1lTCSppoIsFvVTjnSMZjGgkElKNJ8Ygolk5lZEhlhiok1YRROCu/zyKmlVyu5lufpQLdVu8zgKcApncAEuXEEN7qEOTSAwhmd4hTcrs16sd+tj0bpm5TMn8AfW5w/QUZJ+</latexit>

AdS2 ⇥ S2

[Iliesiu, S.M. Turiaci, ’22]

<latexit sha1_base64="YeXA6E8Uc9dVA/2qZbvou6gpg6c="></latexit>
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<latexit sha1_base64="oBBZKjWxGdXrb7lDbmhkOcagLxk=">AAAB83icbVBNT8JAEJ3iF+IX6tFLIzHxRFpC1CPqxSNGQRLakO12gQ3bbbM7NZKGv+HFg8Z49c9489+4QA8KvmSSl/dmMjMvSATX6DjfVmFldW19o7hZ2tre2d0r7x+0dZwqylo0FrHqBEQzwSVrIUfBOoliJAoEewhG11P/4ZEpzWN5j+OE+REZSN7nlKCRPA/ZE2aX4d2kV+uVK07VmcFeJm5OKpCj2St/eWFM04hJpIJo3XWdBP2MKORUsEnJSzVLCB2RAesaKknEtJ/Nbp7YJ0YJ7X6sTEm0Z+rviYxEWo+jwHRGBId60ZuK/3ndFPsXfsZlkiKTdL6onwobY3sagB1yxSiKsSGEKm5utemQKELRxFQyIbiLLy+Tdq3qnlXrt/VK4yqPowhHcAyn4MI5NOAGmtACCgk8wyu8Wan1Yr1bH/PWgpXPHMIfWJ8/6n+RnQ==</latexit>

AdS2•Introduce small T regulator: recouples



controls coupling of BH to asymptotic region
Strongly-coupled

•Semiclassical entropy: 
<latexit sha1_base64="Mq79PJ834w+0cypxU1y/YKcPlXI=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiB4ijMa1IsQFMFjAmaBZBx6Oj1Jk56F7hoxDsFf8eJBEa/+hzf/xk4yB018UPB4r4qqel4suALL+jbm5hcWl5ZzK/nVtfWNTXNru66iRFJWo5GIZNMjigkeshpwEKwZS0YCT7CG178a+Y17JhWPwlsYxMwJSDfkPqcEtOSau9duG9gDpF0SD/EFto+qdyeuWbCK1hh4ltgZKaAMFdf8ancimgQsBCqIUi3bisFJiQROBRvm24liMaF90mUtTUMSMOWk4+uH+EArHexHUlcIeKz+nkhJoNQg8HRnQKCnpr2R+J/XSsA/d1IexgmwkE4W+YnAEOFRFLjDJaMgBpoQKrm+FdMekYSCDiyvQ7CnX54l9eOifVosVUuF8mUWRw7toX10iGx0hsroBlVQDVH0iJ7RK3oznowX4934mLTOGdnMDvoD4/MH2gaUMA==</latexit>

Egap = 1/Q3
<latexit sha1_base64="top3v4CaIaarySV6I0o03WoS0BM="></latexit>

SBH(g
(1)

µ⌫ ) = S0(Q) + 4⇡(T/Egap) + . . .

Near-AdS2 (x S2) has nearly-zero modes 

<latexit sha1_base64="TGxToivd6efSs9ojZpRchrWE3JQ="></latexit>

g(1)µ⌫ (T ) = gAdS2⇥S2

µ⌫ (1 + a1T + . . . )

•Zero-modes of pure                 now obtain T-dependence
<latexit sha1_base64="68G7GcK5aIP+W5grBVMrS/+7MR4=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kkkp6rHqxWOl9gPaGDabbbt0swm7m0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZekHCmtON8W2vrG5tb24Wd4u7e/sGhfXTcUnEqCW2SmMeyE2BFORO0qZnmtJNIiqOA03Ywupv57TGVisXiUU8S6kV4IFifEayN5Nv2TdjwK6inWUQVajxVfLvklJ050Cpxc1KCHHXf/uqFMUkjKjThWKmu6yTay7DUjHA6LfZSRRNMRnhAu4YKbBZ52fzyKTo3Soj6sTQlNJqrvycyHCk1iQLTGWE9VMveTPzP66a6f+1lTCSppoIsFvVTjnSMZjGgkElKNJ8Ygolk5lZEhlhiok1YRROCu/zyKmlVyu5lufpQLdVu8zgKcApncAEuXEEN7qEOTSAwhmd4hTcrs16sd+tj0bpm5TMn8AfW5w/QUZJ+</latexit>

AdS2 ⇥ S2

[Iliesiu, S.M. Turiaci, ’22]

<latexit sha1_base64="YeXA6E8Uc9dVA/2qZbvou6gpg6c="></latexit>
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<latexit sha1_base64="oBBZKjWxGdXrb7lDbmhkOcagLxk=">AAAB83icbVBNT8JAEJ3iF+IX6tFLIzHxRFpC1CPqxSNGQRLakO12gQ3bbbM7NZKGv+HFg8Z49c9489+4QA8KvmSSl/dmMjMvSATX6DjfVmFldW19o7hZ2tre2d0r7x+0dZwqylo0FrHqBEQzwSVrIUfBOoliJAoEewhG11P/4ZEpzWN5j+OE+REZSN7nlKCRPA/ZE2aX4d2kV+uVK07VmcFeJm5OKpCj2St/eWFM04hJpIJo3XWdBP2MKORUsEnJSzVLCB2RAesaKknEtJ/Nbp7YJ0YJ7X6sTEm0Z+rviYxEWo+jwHRGBId60ZuK/3ndFPsXfsZlkiKTdL6onwobY3sagB1yxSiKsSGEKm5utemQKELRxFQyIbiLLy+Tdq3qnlXrt/VK4yqPowhHcAyn4MI5NOAGmtACCgk8wyu8Wan1Yr1bH/PWgpXPHMIfWJ8/6n+RnQ==</latexit>

AdS2•Introduce small T regulator: recouples



•Change of coordinates to 
equivalent presentation

[Iliesiu, S.M. Turiaci ’22]

#

F
Tele

Schwarzian theory has been studied 
intensively in recent years



•Change of coordinates to 
equivalent presentation

•Schwarzian action for
<latexit sha1_base64="fVnNe6uMHRhBoKkSyla8+1NY7LA="></latexit>

SSch["] =
T

Egap

Z
d⌧

�
"00(⌧)2 � "0(⌧)2

�

<latexit sha1_base64="yqyxgWoYKuF46D3bk+LEhQeWs6Q=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQkibuhqCWQS0sLCIxD0jWMDuZNUNmH8zcFcOawl+xsVDE1t+w82+cPApNPHDhcM693HuPGwmuwLK+jdTC4tLySno1s7a+sbllbu/UVRhLymo0FKFsukQxwQNWAw6CNSPJiO8K1nD75yO/cc+k4mFwA4OIOT65C7jHKQEtdcy9NrAHSC645w1z1Vs7f1S9yhXzHTNrFawx8DyxpySLpqh0zK92N6SxzwKggijVsq0InIRI4FSwYaYdKxYR2id3rKVpQHymnGR8/xAfaqWLvVDqCgCP1d8TCfGVGviu7vQJ9NSsNxL/81oxeKdOwoMoBhbQySIvFhhCPAoDd7lkFMRAE0Il17di2iOSUNCRZXQI9uzL86ReLNjHhdJ1KVs+m8aRRvvoAOWQjU5QGV2iCqohih7RM3pFb8aT8WK8Gx+T1pQxndlFf2B8/gDIqpSm</latexit>

Di↵(S1)/SL(2)

[Iliesiu, S.M. Turiaci ’22]

#

F
Tele

Schwarzian theory has been studied 
intensively in recent years



<latexit sha1_base64="3D2dDrAKWPS2E0yTirKN7fbEEwk="></latexit>

ZSch
1-loop = (T/Egap)

3/2

•Change of coordinates to 
equivalent presentation

•Schwarzian action for
<latexit sha1_base64="fVnNe6uMHRhBoKkSyla8+1NY7LA="></latexit>

SSch["] =
T

Egap

Z
d⌧

�
"00(⌧)2 � "0(⌧)2

�

<latexit sha1_base64="yqyxgWoYKuF46D3bk+LEhQeWs6Q=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQkibuhqCWQS0sLCIxD0jWMDuZNUNmH8zcFcOawl+xsVDE1t+w82+cPApNPHDhcM693HuPGwmuwLK+jdTC4tLySno1s7a+sbllbu/UVRhLymo0FKFsukQxwQNWAw6CNSPJiO8K1nD75yO/cc+k4mFwA4OIOT65C7jHKQEtdcy9NrAHSC645w1z1Vs7f1S9yhXzHTNrFawx8DyxpySLpqh0zK92N6SxzwKggijVsq0InIRI4FSwYaYdKxYR2id3rKVpQHymnGR8/xAfaqWLvVDqCgCP1d8TCfGVGviu7vQJ9NSsNxL/81oxeKdOwoMoBhbQySIvFhhCPAoDd7lkFMRAE0Il17di2iOSUNCRZXQI9uzL86ReLNjHhdJ1KVs+m8aRRvvoAOWQjU5QGV2iCqohih7RM3pFb8aT8WK8Gx+T1pQxndlFf2B8/gDIqpSm</latexit>

Di↵(S1)/SL(2)

[Iliesiu, S.M. Turiaci ’22]

#

F
Tele

Schwarzian theory has been studied 
intensively in recent years



<latexit sha1_base64="3D2dDrAKWPS2E0yTirKN7fbEEwk="></latexit>

ZSch
1-loop = (T/Egap)

3/2

•Change of coordinates to 
equivalent presentation

•Schwarzian action for
<latexit sha1_base64="fVnNe6uMHRhBoKkSyla8+1NY7LA="></latexit>

SSch["] =
T

Egap

Z
d⌧

�
"00(⌧)2 � "0(⌧)2

�

<latexit sha1_base64="yqyxgWoYKuF46D3bk+LEhQeWs6Q=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQkibuhqCWQS0sLCIxD0jWMDuZNUNmH8zcFcOawl+xsVDE1t+w82+cPApNPHDhcM693HuPGwmuwLK+jdTC4tLySno1s7a+sbllbu/UVRhLymo0FKFsukQxwQNWAw6CNSPJiO8K1nD75yO/cc+k4mFwA4OIOT65C7jHKQEtdcy9NrAHSC645w1z1Vs7f1S9yhXzHTNrFawx8DyxpySLpqh0zK92N6SxzwKggijVsq0InIRI4FSwYaYdKxYR2id3rKVpQHymnGR8/xAfaqWLvVDqCgCP1d8TCfGVGviu7vQJ9NSsNxL/81oxeKdOwoMoBhbQySIvFhhCPAoDd7lkFMRAE0Il17di2iOSUNCRZXQI9uzL86ReLNjHhdJ1KVs+m8aRRvvoAOWQjU5QGV2iCqohih7RM3pFb8aT8WK8Gx+T1pQxndlFf2B8/gDIqpSm</latexit>

Di↵(S1)/SL(2)

• Different methods to solve the theory, cf JT gravity 
(partition function, density of states, correlators,…) 

[See Review Mertens-Turiaci ’22]

[Sachdev ’15; Almheiri, Kang ’16; Maldacena, Stanford, Yang ’16; Yang ’18, Moitra, 
Trivedi, Vishal ’18; Ghosh, Maxfield,Turiaci ’19; Iliesiu,Turiaci, ’20; Mertens, Turiaci, 
Verlinde ’20; Heydeman, Iliesiu, Turiaci, Zhao ’20;…]

[Iliesiu, S.M. Turiaci ’22]

#

F
Tele

Schwarzian theory has been studied 
intensively in recent years



Quantum fluctuations change the near-
extremal density of states of extremal BHs
• Partition function 

<latexit sha1_base64="Rdmu9ODO6s6BMIFnOdsSXMbk5iQ=">AAAB/3icbVDJSgNBEO1xjXEbFbx4aQxChBBmJKgXIcRLjglkw8wQejqdpEnPQneNGMYc/BUvHhTx6m9482/sLAdNfFDweK+KqnpeJLgCy/o2VlbX1jc2U1vp7Z3dvX3z4LChwlhSVqehCGXLI4oJHrA6cBCsFUlGfE+wpje8nfjNeyYVD4MajCLm+qQf8B6nBLTUMY/vOg6wB0hK5XG2mqudOzl8g3HHzFh5awq8TOw5yaA5Kh3zy+mGNPZZAFQQpdq2FYGbEAmcCjZOO7FiEaFD0mdtTQPiM+Um0/vH+EwrXdwLpa4A8FT9PZEQX6mR7+lOn8BALXoT8T+vHUPv2k14EMXAAjpb1IsFhhBPwsBdLhkFMdKEUMn1rZgOiCQUdGRpHYK9+PIyaVzk7ct8oVrIFEvzOFLoBJ2iLLLRFSqiMqqgOqLoET2jV/RmPBkvxrvxMWtdMeYzR+gPjM8fFiqUMw==</latexit>

ZBH(Q,T ) =
<latexit sha1_base64="jimxt235AllvLnI/poVYRxgzpas=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0WoKCWpQV0W3bhsoS9o0jKZTtqhkwczE7GE/ogbf8WNC0VcuBH/xkmbhbYeGDj33Hu4c48bMSqkYXxruZXVtfWN/GZha3tnd0/fP2iJMOaYNHHIQt5xkSCMBqQpqWSkE3GCfJeRtju+Tfvte8IFDYOGnETE8dEwoB7FSCqpr1s2eYhslw5ZyY4orPcq8Aza59CCqlRFvXcBGzDVBqEUMJ3kp329aJSNGeAyMTNSBBlqff1T2XHsk0BihoTomkYknQRxSTEj04IdCxIhPEZD0lU0QD4RTjK7bgpPlDKAXsjVCyScqb8dCfKFmPiumvSRHInFXir+1+vG0rt2EhpEsSQBni/yYgZlCNOo4IBygiWbKIIwp+qvEI8QR1iqQAsqBHPx5GXSqpTNy7JVt4rVmyyOPDgCx6AETHAFquAO1EATYPAInsEreNOetBftXfuYj+a0zHMI/kD7+gE9jJ5J</latexit>

exp
�
⇡Q2 + 4⇡2Q3T + . . .

�
<latexit sha1_base64="Icj+OuovytTHL+pvgmWtYZyHyAc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRi8cW7Ae0MWy2m3bpZhN2J8US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IBFcg+N8W6W19Y3NrfJ2ZWd3b//APjxq6zhVlLVoLGLVDYhmgkvWAg6CdRPFSBQI1gnGdzO/M2FK81g+wDRhXkSGkoecEjCSb9vNx4z6fWBPkIl4mOe+XXVqzhx4lbgFqaICDd/+6g9imkZMAhVE657rJOBlRAGnguWVfqpZQuiYDFnPUEkipr1sfnmOz4wywGGsTEnAc/X3REYiradRYDojAiO97M3E/7xeCuGNl3GZpMAkXSwKU4EhxrMY8IArRkFMDSFUcXMrpiOiCAUTVsWE4C6/vEraFzX3qnbZvKzWb4s4yugEnaJz5KJrVEf3qIFaiKIJekav6M3KrBfr3fpYtJasYuYY/YH1+QNHepQY</latexit>

Qclog
<latexit sha1_base64="pOTooOKptJdv9Qk6/xN4DE6pwHw=">AAAB+HicbVDLTgJBEOzFF+KDVY9eJhITvJBdIOqR6MUjJLwSWMjsMAsTZh+ZmTXBDV/ixYPGePVTvPk3DrAHBSvppFLVne4uN+JMKsv6NjJb2zu7e9n93MHh0XHePDltyzAWhLZIyEPRdbGknAW0pZjitBsJin2X0447vV/4nUcqJAuDpppF1PHxOGAeI1hpaWjmi41BBTWvBn1PYFIpD82CVbKWQJvETkkBUtSH5ld/FJLYp4EiHEvZs61IOQkWihFO57l+LGmEyRSPaU/TAPtUOsny8Dm61MoIeaHQFSi0VH9PJNiXcua7utPHaiLXvYX4n9eLlXfrJCyIYkUDslrkxRypEC1SQCMmKFF8pgkmgulbEZlgnYDSWeV0CPb6y5ukXS7Z16Vqo1qo3aVxZOEcLqAINtxADR6gDi0gEMMzvMKb8WS8GO/Gx6o1Y6QzZ/AHxucPcjeRrA==</latexit>

(Q3T )
3
2

[Iliesiu, Turiaci ’20; Iliesiu, S.M. Turiaci ’22]



Quantum fluctuations change the near-
extremal density of states of extremal BHs
• Partition function 

<latexit sha1_base64="Rdmu9ODO6s6BMIFnOdsSXMbk5iQ=">AAAB/3icbVDJSgNBEO1xjXEbFbx4aQxChBBmJKgXIcRLjglkw8wQejqdpEnPQneNGMYc/BUvHhTx6m9482/sLAdNfFDweK+KqnpeJLgCy/o2VlbX1jc2U1vp7Z3dvX3z4LChwlhSVqehCGXLI4oJHrA6cBCsFUlGfE+wpje8nfjNeyYVD4MajCLm+qQf8B6nBLTUMY/vOg6wB0hK5XG2mqudOzl8g3HHzFh5awq8TOw5yaA5Kh3zy+mGNPZZAFQQpdq2FYGbEAmcCjZOO7FiEaFD0mdtTQPiM+Um0/vH+EwrXdwLpa4A8FT9PZEQX6mR7+lOn8BALXoT8T+vHUPv2k14EMXAAjpb1IsFhhBPwsBdLhkFMdKEUMn1rZgOiCQUdGRpHYK9+PIyaVzk7ct8oVrIFEvzOFLoBJ2iLLLRFSqiMqqgOqLoET2jV/RmPBkvxrvxMWtdMeYzR+gPjM8fFiqUMw==</latexit>

ZBH(Q,T ) =
<latexit sha1_base64="jimxt235AllvLnI/poVYRxgzpas=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0WoKCWpQV0W3bhsoS9o0jKZTtqhkwczE7GE/ogbf8WNC0VcuBH/xkmbhbYeGDj33Hu4c48bMSqkYXxruZXVtfWN/GZha3tnd0/fP2iJMOaYNHHIQt5xkSCMBqQpqWSkE3GCfJeRtju+Tfvte8IFDYOGnETE8dEwoB7FSCqpr1s2eYhslw5ZyY4orPcq8Aza59CCqlRFvXcBGzDVBqEUMJ3kp329aJSNGeAyMTNSBBlqff1T2XHsk0BihoTomkYknQRxSTEj04IdCxIhPEZD0lU0QD4RTjK7bgpPlDKAXsjVCyScqb8dCfKFmPiumvSRHInFXir+1+vG0rt2EhpEsSQBni/yYgZlCNOo4IBygiWbKIIwp+qvEI8QR1iqQAsqBHPx5GXSqpTNy7JVt4rVmyyOPDgCx6AETHAFquAO1EATYPAInsEreNOetBftXfuYj+a0zHMI/kD7+gE9jJ5J</latexit>

exp
�
⇡Q2 + 4⇡2Q3T + . . .

�
<latexit sha1_base64="Icj+OuovytTHL+pvgmWtYZyHyAc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRi8cW7Ae0MWy2m3bpZhN2J8US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IBFcg+N8W6W19Y3NrfJ2ZWd3b//APjxq6zhVlLVoLGLVDYhmgkvWAg6CdRPFSBQI1gnGdzO/M2FK81g+wDRhXkSGkoecEjCSb9vNx4z6fWBPkIl4mOe+XXVqzhx4lbgFqaICDd/+6g9imkZMAhVE657rJOBlRAGnguWVfqpZQuiYDFnPUEkipr1sfnmOz4wywGGsTEnAc/X3REYiradRYDojAiO97M3E/7xeCuGNl3GZpMAkXSwKU4EhxrMY8IArRkFMDSFUcXMrpiOiCAUTVsWE4C6/vEraFzX3qnbZvKzWb4s4yugEnaJz5KJrVEf3qIFaiKIJekav6M3KrBfr3fpYtJasYuYY/YH1+QNHepQY</latexit>

Qclog
<latexit sha1_base64="pOTooOKptJdv9Qk6/xN4DE6pwHw=">AAAB+HicbVDLTgJBEOzFF+KDVY9eJhITvJBdIOqR6MUjJLwSWMjsMAsTZh+ZmTXBDV/ixYPGePVTvPk3DrAHBSvppFLVne4uN+JMKsv6NjJb2zu7e9n93MHh0XHePDltyzAWhLZIyEPRdbGknAW0pZjitBsJin2X0447vV/4nUcqJAuDpppF1PHxOGAeI1hpaWjmi41BBTWvBn1PYFIpD82CVbKWQJvETkkBUtSH5ld/FJLYp4EiHEvZs61IOQkWihFO57l+LGmEyRSPaU/TAPtUOsny8Dm61MoIeaHQFSi0VH9PJNiXcua7utPHaiLXvYX4n9eLlXfrJCyIYkUDslrkxRypEC1SQCMmKFF8pgkmgulbEZlgnYDSWeV0CPb6y5ukXS7Z16Vqo1qo3aVxZOEcLqAINtxADR6gDi0gEMMzvMKb8WS8GO/Gx6o1Y6QzZ/AHxucPcjeRrA==</latexit>

(Q3T )
3
2

<latexit sha1_base64="L3z7ZXwHs+v+bmLqipc0Pajg/Go=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWakqMuiG5cV7APaoWTSTBubSYYkI5Sh/+DGhSJu/R93/o1pOwttPRA4nHMvueeEieDGet43Kqytb2xuFbdLO7t7+wflw6OWUammrEmVULoTEsMEl6xpuRWsk2hG4lCwdji+nfntJ6YNV/LBThIWxGQoecQpsU5q9azCHu6XK17VmwOvEj8nFcjR6Je/egNF05hJSwUxput7iQ0yoi2ngk1LvdSwhNAxGbKuo5LEzATZ/NopPnPKAEdKuyctnqu/NzISGzOJQzcZEzsyy95M/M/rpja6DjIuk9QySRcfRanALuMsOh5wzagVE0cI1dzdiumIaEKtK6jkSvCXI6+S1kXVv6zW7muV+k1eRxFO4BTOwYcrqMMdNKAJFB7hGV7hDSn0gt7Rx2K0gPKdY/gD9PkDfpGObg==</latexit>!
0 <latexit sha1_base64="wIjyeQagGQbm6oyf6i9AW9x8OUw=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV+oJ2KJk004ZmMmNyRyhDf8KNC0Xc+jvu/BvTdhbaeiBwOOdecs8JEikMuu63U1hb39jcKm6Xdnb39g/Kh0ctE6ea8SaLZaw7ATVcCsWbKFDyTqI5jQLJ28H4bua3n7g2IlYNnCTcj+hQiVAwilbqNEgPY+KSfrniVt05yCrxclKBHPV++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/N7p+TMKgMSxto+hWSu/t7IaGTMJArsZERxZJa9mfif100xvPEzoZIUuWKLj8JUEptxFp4MhOYM5cQSyrSwtxI2opoytBWVbAnecuRV0rqoelfVy4fLSu02r6MIJ3AK5+DBNdTgHurQBAYSnuEV3pxH58V5dz4WowUn3zmGP3A+fwB7Wo72</latexit>

T ! 0as

[Iliesiu, Turiaci ’20; Iliesiu, S.M. Turiaci ’22]



The density of  states

<latexit sha1_base64="D8bvrkdo/DinftnJFEYlQp/YAg8=">AAACC3icbVDJSgNBEO1xjXGLevTSJAiewowG9Rjw4jEBs0Amhp5OTdKkZ6G7RgzD3L34K148KOLVH/Dm39hZDpr4oODxXhVV9bxYCo22/W2trK6tb2zmtvLbO7t7+4WDw6aOEsWhwSMZqbbHNEgRQgMFSmjHCljgSWh5o+uJ37oHpUUU3uI4hm7ABqHwBWdopF6h6GoRUNdXjKdOlrogZS91ER4wrcksq9+dZ71CyS7bU9Bl4sxJicxR6xW+3H7EkwBC5JJp3XHsGLspUyi4hCzvJhpixkdsAB1DQxaA7qbTXzJ6YpQ+9SNlKkQ6VX9PpCzQehx4pjNgONSL3kT8z+sk6F91UxHGCULIZ4v8RFKM6CQY2hcKOMqxIYwrYW6lfMhMLmjiy5sQnMWXl0nzrOxclJ16pVStzOPIkWNSJKfEIZekSm5IjTQIJ4/kmbySN+vJerHerY9Z64o1nzkif2B9/gDIjpt8</latexit>

⇠ 1

`PlQ3

<latexit sha1_base64="fY8681JsOVsm+piinGjjsVzhmAg=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EguCqJFHVZcOOyor1Am4bJdNIOnUzCzKRQQt/EjQtF3Pom7nwbp20W2vrDwMd/zuGc+cOUM6Vd99sqbWxube+Udyt7+weHR/bxSUslmSS0SRKeyE6IFeVM0KZmmtNOKimOQ07b4fhuXm9PqFQsEU96mlI/xkPBIkawNlZg24+B2897zgzRfm54FtiOW3UXQuvgFeBAoUZgf/UGCcliKjThWKmu56baz7HUjHA6q/QyRVNMxnhIuwYFjqny88XlM3RhnAGKEmme0Gjh/p7IcazUNA5NZ4z1SK3W5uZ/tW6mo1s/ZyLNNBVkuSjKONIJmseABkxSovnUACaSmVsRGWGJiTZhVUwI3uqX16F1VfWuq95DzanXijjKcAbncAke3EAd7qEBTSAwgWd4hTcrt16sd+tj2VqyiplT+CPr8wc8ZJK3</latexit>

S#
0 eS0

<latexit sha1_base64="/uxor3Zm+8MyAkwazYPJLGk/mIs=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1ItQkILHCvYD2hA22027dLMJu5NiCfknXjwo4tV/4s1/47bNQVsfDDzem2FmXpAIrsFxvq3S2vrG5lZ5u7Kzu7d/YB8etXWcKspaNBax6gZEM8ElawEHwbqJYiQKBOsE47uZ35kwpXksH2GaMC8iQ8lDTgkYybftxm3Dz/rAniAzlee+XXVqzhx4lbgFqaICTd/+6g9imkZMAhVE657rJOBlRAGnguWVfqpZQuiYDFnPUEkipr1sfnmOz4wywGGsTEnAc/X3REYiradRYDojAiO97M3E/7xeCuGNl3GZpMAkXSwKU4EhxrMY8IArRkFMDSFUcXMrpiOiCAUTVsWE4C6/vEraFzX3quY+XFbrl0UcZXSCTtE5ctE1qqN71EQtRNEEPaNX9GZl1ov1bn0sWktWMXOM/sD6/AHjLJPL</latexit>

E = Eext

[LVI and Turiaci `20, LVI, Turiaci and Murthy `22]

20

<latexit sha1_base64="SeTN+fYQX0cz0VA47YBoC1xYqeU=">AAACEHicbVDJSgNBEO2JW4zbqEcvjUFMDoYZCepFCEjAYwSzYGYMPT2VpEnPQnePEIZ8ghd/xYsHRbx69Obf2FkOmvig4PFeFVX1vJgzqSzr28gsLa+srmXXcxubW9s75u5eQ0aJoFCnEY9EyyMSOAuhrpji0IoFkMDj0PQGV2O/+QBCsii8VcMY3ID0QtZllCgtdczju4LjgSJFfIkdFirsV7Ej+lGhWsRwn55MTFwddcy8VbImwIvEnpE8mqHWMb8cP6JJAKGinEjZtq1YuSkRilEOo5yTSIgJHZAetDUNSQDSTScPjfCRVnzcjYQufdNE/T2RkkDKYeDpzoCovpz3xuJ/XjtR3Qs3ZWGcKAjpdFE34VhFeJwO9pkAqvhQE0IF07di2ieCUKUzzOkQ7PmXF0njtGSfleybcr5SnsWRRQfoEBWQjc5RBV2jGqojih7RM3pFb8aT8WK8Gx/T1owxm9lHf2B8/gC33Jp5</latexit>

Z(�) =

Z
dE⇢(E)e��E

<latexit sha1_base64="sxhrtqlJFrvCaQX4o+BHfbB9UbA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3mW5Uq+UqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZvbjNI=</latexit>

E

<latexit sha1_base64="xA0Rbzk0J54IS2iUb8HXprZ0R/c=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVYFMFjBfsB7VKyabYNzSZLkhXK0h/hxYMiXv093vw3pts9aOuDgcd7M8zMC2LOtHHdb6ewtr6xuVXcLu3s7u0flA+P2lomitAWkVyqboA15UzQlmGG026sKI4CTjvB5Hbud56o0kyKRzONqR/hkWAhI9hYqdNXY1m9Ox+UK27NzYBWiZeTCuRoDspf/aEkSUSFIRxr3fPc2PgpVoYRTmelfqJpjMkEj2jPUoEjqv00O3eGzqwyRKFUtoRBmfp7IsWR1tMosJ0RNmO97M3F/7xeYsJrP2UiTgwVZLEoTDgyEs1/R0OmKDF8agkmitlbERljhYmxCZVsCN7yy6ukfVHzLmv1h3qlcZPHUYQTOIUqeHAFDbiHJrSAwASe4RXenNh5cd6dj0VrwclnjuEPnM8fekmPBA==</latexit>

⇢(E)

<latexit sha1_base64="S395kH0AngMozv/gqG690dKXRcg=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNRBI8V7Ac0oWy203bpZhN2J2IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLK6tr6RnGztLW9s7tX3j9omjjVHBo8lrFuh8yAFAoaKFBCO9HAolBCKxzdTP3WI2gjYvWA4wSCiA2U6AvO0Er+bddHeMJswJJJt1xxq+4MdJl4OamQHPVu+cvvxTyNQCGXzJiO5yYYZEyj4BImJT81kDA+YgPoWKpYBCbIZjdP6IlVerQfa1sK6Uz9PZGxyJhxFNrOiOHQLHpT8T+vk2L/KsiESlIExeeL+qmkGNNpALQnNHCUY0sY18LeSvmQacbRxlSyIXiLLy+T5lnVu6ie359Xatd5HEVyRI7JKfHIJamRO1InDcJJQp7JK3lzUufFeXc+5q0FJ585JH/gfP4AZw+R8A==</latexit>

Egap

<latexit sha1_base64="HWu0PyZCtT1gvdO1cufBqhnKH80=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NB8CBhNwb1GPTiMQHzgOwmzE56kyGzD2ZmhbDEi7/ixYMiXv0Lb/6Nk2QPmljQUFR1093lxZxJZVnfRm5ldW19I79Z2Nre2d0z9w+aMkoEhQaNeCTaHpHAWQgNxRSHdiyABB6Hlje6nfqtBxCSReG9GsfgBmQQMp9RorTUM4/qXccXhF6UsXOOoZs6McP1bnnSM4tWyZoBLxM7I0WUodYzv5x+RJMAQkU5kbJjW7FyUyIUoxwmBSeREBM6IgPoaBqSAKSbzj6Y4FOt9LEfCV2hwjP190RKAinHgac7A6KGctGbiv95nUT5127KwjhRENL5Ij/hWEV4GgfuMwFU8bEmhAqmb8V0SHQgSodW0CHYiy8vk2a5ZF+WKvVKsXqTxZFHx+gEnSEbXaEqukM11EAUPaJn9IrejCfjxXg3PuatOSObOUR/YHz+AB9rlWk=</latexit>

Q
3
2 e⇡Q

2 Semiclassical

Quantum

<latexit sha1_base64="UF6Fkoh9rAcE1iJ/NC9jNwAPDAo=">AAACF3icbVDLSgMxFM3UV62vUZdugkWooOOMFHUjFKXgskJf2NaSSTNtaGYyJBmhDP0LN/6KGxeKuNWdf2Nm2oW2XkjuyTn3knuPGzIqlW1/G5mFxaXllexqbm19Y3PL3N6pSx4JTGqYMy6aLpKE0YDUFFWMNENBkO8y0nCH14neeCBCUh5U1SgkHR/1A+pRjJSmuqZ1V6gewvYRvEyuNg1Uknvl9CUGvFBOVXIfH5dPquOumbctOw04D5wpyINpVLrmV7vHceSTQGGGpGw5dqg6MRKKYkbGuXYkSYjwEPVJS8MA+UR24nSvMTzQTA96XOijB0vZ3x0x8qUc+a6u9JEayFktIf/TWpHyLjoxDcJIkQBPPvIiBhWHiUmwRwXBio00QFhQPSvEAyQQVtrKnDbBmV15HtRPLefMKt4W86WrqR1ZsAf2QQE44ByUwA2ogBrA4BE8g1fwZjwZL8a78TEpzRjTnl3wJ4zPH/zhmt8=</latexit>

Z(T ) =

Z
dE ⇢(E) e�E/T

Quantum fluctuations change the near-
extremal density of states of extremal BHs
• Partition function 

<latexit sha1_base64="Rdmu9ODO6s6BMIFnOdsSXMbk5iQ=">AAAB/3icbVDJSgNBEO1xjXEbFbx4aQxChBBmJKgXIcRLjglkw8wQejqdpEnPQneNGMYc/BUvHhTx6m9482/sLAdNfFDweK+KqnpeJLgCy/o2VlbX1jc2U1vp7Z3dvX3z4LChwlhSVqehCGXLI4oJHrA6cBCsFUlGfE+wpje8nfjNeyYVD4MajCLm+qQf8B6nBLTUMY/vOg6wB0hK5XG2mqudOzl8g3HHzFh5awq8TOw5yaA5Kh3zy+mGNPZZAFQQpdq2FYGbEAmcCjZOO7FiEaFD0mdtTQPiM+Um0/vH+EwrXdwLpa4A8FT9PZEQX6mR7+lOn8BALXoT8T+vHUPv2k14EMXAAjpb1IsFhhBPwsBdLhkFMdKEUMn1rZgOiCQUdGRpHYK9+PIyaVzk7ct8oVrIFEvzOFLoBJ2iLLLRFSqiMqqgOqLoET2jV/RmPBkvxrvxMWtdMeYzR+gPjM8fFiqUMw==</latexit>

ZBH(Q,T ) =
<latexit sha1_base64="jimxt235AllvLnI/poVYRxgzpas=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0WoKCWpQV0W3bhsoS9o0jKZTtqhkwczE7GE/ogbf8WNC0VcuBH/xkmbhbYeGDj33Hu4c48bMSqkYXxruZXVtfWN/GZha3tnd0/fP2iJMOaYNHHIQt5xkSCMBqQpqWSkE3GCfJeRtju+Tfvte8IFDYOGnETE8dEwoB7FSCqpr1s2eYhslw5ZyY4orPcq8Aza59CCqlRFvXcBGzDVBqEUMJ3kp329aJSNGeAyMTNSBBlqff1T2XHsk0BihoTomkYknQRxSTEj04IdCxIhPEZD0lU0QD4RTjK7bgpPlDKAXsjVCyScqb8dCfKFmPiumvSRHInFXir+1+vG0rt2EhpEsSQBni/yYgZlCNOo4IBygiWbKIIwp+qvEI8QR1iqQAsqBHPx5GXSqpTNy7JVt4rVmyyOPDgCx6AETHAFquAO1EATYPAInsEreNOetBftXfuYj+a0zHMI/kD7+gE9jJ5J</latexit>

exp
�
⇡Q2 + 4⇡2Q3T + . . .

�
<latexit sha1_base64="Icj+OuovytTHL+pvgmWtYZyHyAc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRi8cW7Ae0MWy2m3bpZhN2J8US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IBFcg+N8W6W19Y3NrfJ2ZWd3b//APjxq6zhVlLVoLGLVDYhmgkvWAg6CdRPFSBQI1gnGdzO/M2FK81g+wDRhXkSGkoecEjCSb9vNx4z6fWBPkIl4mOe+XXVqzhx4lbgFqaICDd/+6g9imkZMAhVE657rJOBlRAGnguWVfqpZQuiYDFnPUEkipr1sfnmOz4wywGGsTEnAc/X3REYiradRYDojAiO97M3E/7xeCuGNl3GZpMAkXSwKU4EhxrMY8IArRkFMDSFUcXMrpiOiCAUTVsWE4C6/vEraFzX3qnbZvKzWb4s4yugEnaJz5KJrVEf3qIFaiKIJekav6M3KrBfr3fpYtJasYuYY/YH1+QNHepQY</latexit>

Qclog
<latexit sha1_base64="pOTooOKptJdv9Qk6/xN4DE6pwHw=">AAAB+HicbVDLTgJBEOzFF+KDVY9eJhITvJBdIOqR6MUjJLwSWMjsMAsTZh+ZmTXBDV/ixYPGePVTvPk3DrAHBSvppFLVne4uN+JMKsv6NjJb2zu7e9n93MHh0XHePDltyzAWhLZIyEPRdbGknAW0pZjitBsJin2X0447vV/4nUcqJAuDpppF1PHxOGAeI1hpaWjmi41BBTWvBn1PYFIpD82CVbKWQJvETkkBUtSH5ld/FJLYp4EiHEvZs61IOQkWihFO57l+LGmEyRSPaU/TAPtUOsny8Dm61MoIeaHQFSi0VH9PJNiXcua7utPHaiLXvYX4n9eLlXfrJCyIYkUDslrkxRypEC1SQCMmKFF8pgkmgulbEZlgnYDSWeV0CPb6y5ukXS7Z16Vqo1qo3aVxZOEcLqAINtxADR6gDi0gEMMzvMKb8WS8GO/Gx6o1Y6QzZ/AHxucPcjeRrA==</latexit>

(Q3T )
3
2

<latexit sha1_base64="L3z7ZXwHs+v+bmLqipc0Pajg/Go=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWakqMuiG5cV7APaoWTSTBubSYYkI5Sh/+DGhSJu/R93/o1pOwttPRA4nHMvueeEieDGet43Kqytb2xuFbdLO7t7+wflw6OWUammrEmVULoTEsMEl6xpuRWsk2hG4lCwdji+nfntJ6YNV/LBThIWxGQoecQpsU5q9azCHu6XK17VmwOvEj8nFcjR6Je/egNF05hJSwUxput7iQ0yoi2ngk1LvdSwhNAxGbKuo5LEzATZ/NopPnPKAEdKuyctnqu/NzISGzOJQzcZEzsyy95M/M/rpja6DjIuk9QySRcfRanALuMsOh5wzagVE0cI1dzdiumIaEKtK6jkSvCXI6+S1kXVv6zW7muV+k1eRxFO4BTOwYcrqMMdNKAJFB7hGV7hDSn0gt7Rx2K0gPKdY/gD9PkDfpGObg==</latexit>!
0 <latexit sha1_base64="wIjyeQagGQbm6oyf6i9AW9x8OUw=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV+oJ2KJk004ZmMmNyRyhDf8KNC0Xc+jvu/BvTdhbaeiBwOOdecs8JEikMuu63U1hb39jcKm6Xdnb39g/Kh0ctE6ea8SaLZaw7ATVcCsWbKFDyTqI5jQLJ28H4bua3n7g2IlYNnCTcj+hQiVAwilbqNEgPY+KSfrniVt05yCrxclKBHPV++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/N7p+TMKgMSxto+hWSu/t7IaGTMJArsZERxZJa9mfif100xvPEzoZIUuWKLj8JUEptxFp4MhOYM5cQSyrSwtxI2opoytBWVbAnecuRV0rqoelfVy4fLSu02r6MIJ3AK5+DBNdTgHurQBAYSnuEV3pxH58V5dz4WowUn3zmGP3A+fwB7Wo72</latexit>

T ! 0as

[Iliesiu, Turiaci ’20; Iliesiu, S.M. Turiaci ’22]



The density of  states

<latexit sha1_base64="D8bvrkdo/DinftnJFEYlQp/YAg8=">AAACC3icbVDJSgNBEO1xjXGLevTSJAiewowG9Rjw4jEBs0Amhp5OTdKkZ6G7RgzD3L34K148KOLVH/Dm39hZDpr4oODxXhVV9bxYCo22/W2trK6tb2zmtvLbO7t7+4WDw6aOEsWhwSMZqbbHNEgRQgMFSmjHCljgSWh5o+uJ37oHpUUU3uI4hm7ABqHwBWdopF6h6GoRUNdXjKdOlrogZS91ER4wrcksq9+dZ71CyS7bU9Bl4sxJicxR6xW+3H7EkwBC5JJp3XHsGLspUyi4hCzvJhpixkdsAB1DQxaA7qbTXzJ6YpQ+9SNlKkQ6VX9PpCzQehx4pjNgONSL3kT8z+sk6F91UxHGCULIZ4v8RFKM6CQY2hcKOMqxIYwrYW6lfMhMLmjiy5sQnMWXl0nzrOxclJ16pVStzOPIkWNSJKfEIZekSm5IjTQIJ4/kmbySN+vJerHerY9Z64o1nzkif2B9/gDIjpt8</latexit>

⇠ 1

`PlQ3

<latexit sha1_base64="fY8681JsOVsm+piinGjjsVzhmAg=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EguCqJFHVZcOOyor1Am4bJdNIOnUzCzKRQQt/EjQtF3Pom7nwbp20W2vrDwMd/zuGc+cOUM6Vd99sqbWxube+Udyt7+weHR/bxSUslmSS0SRKeyE6IFeVM0KZmmtNOKimOQ07b4fhuXm9PqFQsEU96mlI/xkPBIkawNlZg24+B2897zgzRfm54FtiOW3UXQuvgFeBAoUZgf/UGCcliKjThWKmu56baz7HUjHA6q/QyRVNMxnhIuwYFjqny88XlM3RhnAGKEmme0Gjh/p7IcazUNA5NZ4z1SK3W5uZ/tW6mo1s/ZyLNNBVkuSjKONIJmseABkxSovnUACaSmVsRGWGJiTZhVUwI3uqX16F1VfWuq95DzanXijjKcAbncAke3EAd7qEBTSAwgWd4hTcrt16sd+tj2VqyiplT+CPr8wc8ZJK3</latexit>

S#
0 eS0

<latexit sha1_base64="/uxor3Zm+8MyAkwazYPJLGk/mIs=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1ItQkILHCvYD2hA22027dLMJu5NiCfknXjwo4tV/4s1/47bNQVsfDDzem2FmXpAIrsFxvq3S2vrG5lZ5u7Kzu7d/YB8etXWcKspaNBax6gZEM8ElawEHwbqJYiQKBOsE47uZ35kwpXksH2GaMC8iQ8lDTgkYybftxm3Dz/rAniAzlee+XXVqzhx4lbgFqaICTd/+6g9imkZMAhVE657rJOBlRAGnguWVfqpZQuiYDFnPUEkipr1sfnmOz4wywGGsTEnAc/X3REYiradRYDojAiO97M3E/7xeCuGNl3GZpMAkXSwKU4EhxrMY8IArRkFMDSFUcXMrpiOiCAUTVsWE4C6/vEraFzX3quY+XFbrl0UcZXSCTtE5ctE1qqN71EQtRNEEPaNX9GZl1ov1bn0sWktWMXOM/sD6/AHjLJPL</latexit>

E = Eext

[LVI and Turiaci `20, LVI, Turiaci and Murthy `22]

20

<latexit sha1_base64="SeTN+fYQX0cz0VA47YBoC1xYqeU=">AAACEHicbVDJSgNBEO2JW4zbqEcvjUFMDoYZCepFCEjAYwSzYGYMPT2VpEnPQnePEIZ8ghd/xYsHRbx69Obf2FkOmvig4PFeFVX1vJgzqSzr28gsLa+srmXXcxubW9s75u5eQ0aJoFCnEY9EyyMSOAuhrpji0IoFkMDj0PQGV2O/+QBCsii8VcMY3ID0QtZllCgtdczju4LjgSJFfIkdFirsV7Ej+lGhWsRwn55MTFwddcy8VbImwIvEnpE8mqHWMb8cP6JJAKGinEjZtq1YuSkRilEOo5yTSIgJHZAetDUNSQDSTScPjfCRVnzcjYQufdNE/T2RkkDKYeDpzoCovpz3xuJ/XjtR3Qs3ZWGcKAjpdFE34VhFeJwO9pkAqvhQE0IF07di2ieCUKUzzOkQ7PmXF0njtGSfleybcr5SnsWRRQfoEBWQjc5RBV2jGqojih7RM3pFb8aT8WK8Gx/T1owxm9lHf2B8/gC33Jp5</latexit>

Z(�) =

Z
dE⇢(E)e��E

<latexit sha1_base64="sxhrtqlJFrvCaQX4o+BHfbB9UbA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3mW5Uq+UqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZvbjNI=</latexit>

E

<latexit sha1_base64="xA0Rbzk0J54IS2iUb8HXprZ0R/c=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVYFMFjBfsB7VKyabYNzSZLkhXK0h/hxYMiXv093vw3pts9aOuDgcd7M8zMC2LOtHHdb6ewtr6xuVXcLu3s7u0flA+P2lomitAWkVyqboA15UzQlmGG026sKI4CTjvB5Hbud56o0kyKRzONqR/hkWAhI9hYqdNXY1m9Ox+UK27NzYBWiZeTCuRoDspf/aEkSUSFIRxr3fPc2PgpVoYRTmelfqJpjMkEj2jPUoEjqv00O3eGzqwyRKFUtoRBmfp7IsWR1tMosJ0RNmO97M3F/7xeYsJrP2UiTgwVZLEoTDgyEs1/R0OmKDF8agkmitlbERljhYmxCZVsCN7yy6ukfVHzLmv1h3qlcZPHUYQTOIUqeHAFDbiHJrSAwASe4RXenNh5cd6dj0VrwclnjuEPnM8fekmPBA==</latexit>

⇢(E)

<latexit sha1_base64="S395kH0AngMozv/gqG690dKXRcg=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNRBI8V7Ac0oWy203bpZhN2J2IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLK6tr6RnGztLW9s7tX3j9omjjVHBo8lrFuh8yAFAoaKFBCO9HAolBCKxzdTP3WI2gjYvWA4wSCiA2U6AvO0Er+bddHeMJswJJJt1xxq+4MdJl4OamQHPVu+cvvxTyNQCGXzJiO5yYYZEyj4BImJT81kDA+YgPoWKpYBCbIZjdP6IlVerQfa1sK6Uz9PZGxyJhxFNrOiOHQLHpT8T+vk2L/KsiESlIExeeL+qmkGNNpALQnNHCUY0sY18LeSvmQacbRxlSyIXiLLy+T5lnVu6ie359Xatd5HEVyRI7JKfHIJamRO1InDcJJQp7JK3lzUufFeXc+5q0FJ585JH/gfP4AZw+R8A==</latexit>

Egap

<latexit sha1_base64="HWu0PyZCtT1gvdO1cufBqhnKH80=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NB8CBhNwb1GPTiMQHzgOwmzE56kyGzD2ZmhbDEi7/ixYMiXv0Lb/6Nk2QPmljQUFR1093lxZxJZVnfRm5ldW19I79Z2Nre2d0z9w+aMkoEhQaNeCTaHpHAWQgNxRSHdiyABB6Hlje6nfqtBxCSReG9GsfgBmQQMp9RorTUM4/qXccXhF6UsXOOoZs6McP1bnnSM4tWyZoBLxM7I0WUodYzv5x+RJMAQkU5kbJjW7FyUyIUoxwmBSeREBM6IgPoaBqSAKSbzj6Y4FOt9LEfCV2hwjP190RKAinHgac7A6KGctGbiv95nUT5127KwjhRENL5Ij/hWEV4GgfuMwFU8bEmhAqmb8V0SHQgSodW0CHYiy8vk2a5ZF+WKvVKsXqTxZFHx+gEnSEbXaEqukM11EAUPaJn9IrejCfjxXg3PuatOSObOUR/YHz+AB9rlWk=</latexit>

Q
3
2 e⇡Q

2 Semiclassical

Quantum

<latexit sha1_base64="UF6Fkoh9rAcE1iJ/NC9jNwAPDAo=">AAACF3icbVDLSgMxFM3UV62vUZdugkWooOOMFHUjFKXgskJf2NaSSTNtaGYyJBmhDP0LN/6KGxeKuNWdf2Nm2oW2XkjuyTn3knuPGzIqlW1/G5mFxaXllexqbm19Y3PL3N6pSx4JTGqYMy6aLpKE0YDUFFWMNENBkO8y0nCH14neeCBCUh5U1SgkHR/1A+pRjJSmuqZ1V6gewvYRvEyuNg1Uknvl9CUGvFBOVXIfH5dPquOumbctOw04D5wpyINpVLrmV7vHceSTQGGGpGw5dqg6MRKKYkbGuXYkSYjwEPVJS8MA+UR24nSvMTzQTA96XOijB0vZ3x0x8qUc+a6u9JEayFktIf/TWpHyLjoxDcJIkQBPPvIiBhWHiUmwRwXBio00QFhQPSvEAyQQVtrKnDbBmV15HtRPLefMKt4W86WrqR1ZsAf2QQE44ByUwA2ogBrA4BE8g1fwZjwZL8a78TEpzRjTnl3wJ4zPH/zhmt8=</latexit>

Z(T ) =

Z
dE ⇢(E) e�E/T

Quantum fluctuations change the near-
extremal density of states of extremal BHs
• Partition function 

<latexit sha1_base64="Rdmu9ODO6s6BMIFnOdsSXMbk5iQ=">AAAB/3icbVDJSgNBEO1xjXEbFbx4aQxChBBmJKgXIcRLjglkw8wQejqdpEnPQneNGMYc/BUvHhTx6m9482/sLAdNfFDweK+KqnpeJLgCy/o2VlbX1jc2U1vp7Z3dvX3z4LChwlhSVqehCGXLI4oJHrA6cBCsFUlGfE+wpje8nfjNeyYVD4MajCLm+qQf8B6nBLTUMY/vOg6wB0hK5XG2mqudOzl8g3HHzFh5awq8TOw5yaA5Kh3zy+mGNPZZAFQQpdq2FYGbEAmcCjZOO7FiEaFD0mdtTQPiM+Um0/vH+EwrXdwLpa4A8FT9PZEQX6mR7+lOn8BALXoT8T+vHUPv2k14EMXAAjpb1IsFhhBPwsBdLhkFMdKEUMn1rZgOiCQUdGRpHYK9+PIyaVzk7ct8oVrIFEvzOFLoBJ2iLLLRFSqiMqqgOqLoET2jV/RmPBkvxrvxMWtdMeYzR+gPjM8fFiqUMw==</latexit>

ZBH(Q,T ) =
<latexit sha1_base64="jimxt235AllvLnI/poVYRxgzpas=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0WoKCWpQV0W3bhsoS9o0jKZTtqhkwczE7GE/ogbf8WNC0VcuBH/xkmbhbYeGDj33Hu4c48bMSqkYXxruZXVtfWN/GZha3tnd0/fP2iJMOaYNHHIQt5xkSCMBqQpqWSkE3GCfJeRtju+Tfvte8IFDYOGnETE8dEwoB7FSCqpr1s2eYhslw5ZyY4orPcq8Aza59CCqlRFvXcBGzDVBqEUMJ3kp329aJSNGeAyMTNSBBlqff1T2XHsk0BihoTomkYknQRxSTEj04IdCxIhPEZD0lU0QD4RTjK7bgpPlDKAXsjVCyScqb8dCfKFmPiumvSRHInFXir+1+vG0rt2EhpEsSQBni/yYgZlCNOo4IBygiWbKIIwp+qvEI8QR1iqQAsqBHPx5GXSqpTNy7JVt4rVmyyOPDgCx6AETHAFquAO1EATYPAInsEreNOetBftXfuYj+a0zHMI/kD7+gE9jJ5J</latexit>

exp
�
⇡Q2 + 4⇡2Q3T + . . .

�
<latexit sha1_base64="Icj+OuovytTHL+pvgmWtYZyHyAc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRi8cW7Ae0MWy2m3bpZhN2J8US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IBFcg+N8W6W19Y3NrfJ2ZWd3b//APjxq6zhVlLVoLGLVDYhmgkvWAg6CdRPFSBQI1gnGdzO/M2FK81g+wDRhXkSGkoecEjCSb9vNx4z6fWBPkIl4mOe+XXVqzhx4lbgFqaICDd/+6g9imkZMAhVE657rJOBlRAGnguWVfqpZQuiYDFnPUEkipr1sfnmOz4wywGGsTEnAc/X3REYiradRYDojAiO97M3E/7xeCuGNl3GZpMAkXSwKU4EhxrMY8IArRkFMDSFUcXMrpiOiCAUTVsWE4C6/vEraFzX3qnbZvKzWb4s4yugEnaJz5KJrVEf3qIFaiKIJekav6M3KrBfr3fpYtJasYuYY/YH1+QNHepQY</latexit>

Qclog
<latexit sha1_base64="pOTooOKptJdv9Qk6/xN4DE6pwHw=">AAAB+HicbVDLTgJBEOzFF+KDVY9eJhITvJBdIOqR6MUjJLwSWMjsMAsTZh+ZmTXBDV/ixYPGePVTvPk3DrAHBSvppFLVne4uN+JMKsv6NjJb2zu7e9n93MHh0XHePDltyzAWhLZIyEPRdbGknAW0pZjitBsJin2X0447vV/4nUcqJAuDpppF1PHxOGAeI1hpaWjmi41BBTWvBn1PYFIpD82CVbKWQJvETkkBUtSH5ld/FJLYp4EiHEvZs61IOQkWihFO57l+LGmEyRSPaU/TAPtUOsny8Dm61MoIeaHQFSi0VH9PJNiXcua7utPHaiLXvYX4n9eLlXfrJCyIYkUDslrkxRypEC1SQCMmKFF8pgkmgulbEZlgnYDSWeV0CPb6y5ukXS7Z16Vqo1qo3aVxZOEcLqAINtxADR6gDi0gEMMzvMKb8WS8GO/Gx6o1Y6QzZ/AHxucPcjeRrA==</latexit>

(Q3T )
3
2

<latexit sha1_base64="L3z7ZXwHs+v+bmLqipc0Pajg/Go=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWakqMuiG5cV7APaoWTSTBubSYYkI5Sh/+DGhSJu/R93/o1pOwttPRA4nHMvueeEieDGet43Kqytb2xuFbdLO7t7+wflw6OWUammrEmVULoTEsMEl6xpuRWsk2hG4lCwdji+nfntJ6YNV/LBThIWxGQoecQpsU5q9azCHu6XK17VmwOvEj8nFcjR6Je/egNF05hJSwUxput7iQ0yoi2ngk1LvdSwhNAxGbKuo5LEzATZ/NopPnPKAEdKuyctnqu/NzISGzOJQzcZEzsyy95M/M/rpja6DjIuk9QySRcfRanALuMsOh5wzagVE0cI1dzdiumIaEKtK6jkSvCXI6+S1kXVv6zW7muV+k1eRxFO4BTOwYcrqMMdNKAJFB7hGV7hDSn0gt7Rx2K0gPKdY/gD9PkDfpGObg==</latexit>!
0 <latexit sha1_base64="wIjyeQagGQbm6oyf6i9AW9x8OUw=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV+oJ2KJk004ZmMmNyRyhDf8KNC0Xc+jvu/BvTdhbaeiBwOOdecs8JEikMuu63U1hb39jcKm6Xdnb39g/Kh0ctE6ea8SaLZaw7ATVcCsWbKFDyTqI5jQLJ28H4bua3n7g2IlYNnCTcj+hQiVAwilbqNEgPY+KSfrniVt05yCrxclKBHPV++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/N7p+TMKgMSxto+hWSu/t7IaGTMJArsZERxZJa9mfif100xvPEzoZIUuWKLj8JUEptxFp4MhOYM5cQSyrSwtxI2opoytBWVbAnecuRV0rqoelfVy4fLSu02r6MIJ3AK5+DBNdTgHurQBAYSnuEV3pxH58V5dz4WowUn3zmGP3A+fwB7Wo72</latexit>

T ! 0as

• Semi-classical intuition is strongly corrected
[Iliesiu, Turiaci ’20; Iliesiu, S.M. Turiaci ’22]



Supersymmetric BHs exhibit a mass gap 
and quantum decoupling 
• Large quantum fluctuations of bosonic and fermionic 

super-Schwarzian modes
<latexit sha1_base64="jimxt235AllvLnI/poVYRxgzpas=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0WoKCWpQV0W3bhsoS9o0jKZTtqhkwczE7GE/ogbf8WNC0VcuBH/xkmbhbYeGDj33Hu4c48bMSqkYXxruZXVtfWN/GZha3tnd0/fP2iJMOaYNHHIQt5xkSCMBqQpqWSkE3GCfJeRtju+Tfvte8IFDYOGnETE8dEwoB7FSCqpr1s2eYhslw5ZyY4orPcq8Aza59CCqlRFvXcBGzDVBqEUMJ3kp329aJSNGeAyMTNSBBlqff1T2XHsk0BihoTomkYknQRxSTEj04IdCxIhPEZD0lU0QD4RTjK7bgpPlDKAXsjVCyScqb8dCfKFmPiumvSRHInFXir+1+vG0rt2EhpEsSQBni/yYgZlCNOo4IBygiWbKIIwp+qvEI8QR1iqQAsqBHPx5GXSqpTNy7JVt4rVmyyOPDgCx6AETHAFquAO1EATYPAInsEreNOetBftXfuYj+a0zHMI/kD7+gE9jJ5J</latexit>

exp
�
⇡Q2 + 4⇡2Q3T + . . .

�
<latexit sha1_base64="Icj+OuovytTHL+pvgmWtYZyHyAc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRi8cW7Ae0MWy2m3bpZhN2J8US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IBFcg+N8W6W19Y3NrfJ2ZWd3b//APjxq6zhVlLVoLGLVDYhmgkvWAg6CdRPFSBQI1gnGdzO/M2FK81g+wDRhXkSGkoecEjCSb9vNx4z6fWBPkIl4mOe+XXVqzhx4lbgFqaICDd/+6g9imkZMAhVE657rJOBlRAGnguWVfqpZQuiYDFnPUEkipr1sfnmOz4wywGGsTEnAc/X3REYiradRYDojAiO97M3E/7xeCuGNl3GZpMAkXSwKU4EhxrMY8IArRkFMDSFUcXMrpiOiCAUTVsWE4C6/vEraFzX3qnbZvKzWb4s4yugEnaJz5KJrVEf3qIFaiKIJekav6M3KrBfr3fpYtJasYuYY/YH1+QNHepQY</latexit>

Qclog<latexit sha1_base64="Rdmu9ODO6s6BMIFnOdsSXMbk5iQ=">AAAB/3icbVDJSgNBEO1xjXEbFbx4aQxChBBmJKgXIcRLjglkw8wQejqdpEnPQneNGMYc/BUvHhTx6m9482/sLAdNfFDweK+KqnpeJLgCy/o2VlbX1jc2U1vp7Z3dvX3z4LChwlhSVqehCGXLI4oJHrA6cBCsFUlGfE+wpje8nfjNeyYVD4MajCLm+qQf8B6nBLTUMY/vOg6wB0hK5XG2mqudOzl8g3HHzFh5awq8TOw5yaA5Kh3zy+mGNPZZAFQQpdq2FYGbEAmcCjZOO7FiEaFD0mdtTQPiM+Um0/vH+EwrXdwLpa4A8FT9PZEQX6mR7+lOn8BALXoT8T+vHUPv2k14EMXAAjpb1IsFhhBPwsBdLhkFMdKEUMn1rZgOiCQUdGRpHYK9+PIyaVzk7ct8oVrIFEvzOFLoBJ2iLLLRFSqiMqqgOqLoET2jV/RmPBkvxrvxMWtdMeYzR+gPjM8fFiqUMw==</latexit>

ZBH(Q,T ) =

[Iliesiu, Turiaci ’20; Iliesiu, S.M. Turiaci ’22]

<latexit sha1_base64="2DfdF1l21+C75cp/xOVABOCQskw=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqreZbV2X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuRmPPQ==</latexit>⇥
<latexit sha1_base64="DSs/otLGM3tGcbw7Y+b2owP1uy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfYuMvg==</latexit>

1



Supersymmetric BHs exhibit a mass gap 
and quantum decoupling 
• Large quantum fluctuations of bosonic and fermionic 

super-Schwarzian modesThe density of  states
Example: for black holes in 4D flatspace in                supergravity

<latexit sha1_base64="lZSHfzJG3K+vLKKxr/S/yzxF/+Q=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiSlqMuCG1dSwT6gCWUynbRDJ5M4MymU0D9x40IRt/6JO//GSZuFth4YOJxzL/fMCRLOlHacb6u0sbm1vVPereztHxwe2ccnHRWnktA2iXksewFWlDNB25ppTnuJpDgKOO0Gk9vc706pVCwWj3qWUD/CI8FCRrA20sC2vQjrMcEc3Xsj+oTqA7vq1JwF0DpxC1KFAq2B/eUNY5JGVGjCsVJ910m0n2GpGeF0XvFSRRNMJnhE+4YKHFHlZ4vkc3RhlCEKY2me0Gih/t7IcKTULArMZJ5TrXq5+J/XT3V442dMJKmmgiwPhSlHOkZ5DWjIJCWazwzBRDKTFZExlphoU1bFlOCufnmddOo196rmPjSqzUZRRxnO4BwuwYVraMIdtKANBKbwDK/wZmXWi/VufSxHS1axcwp/YH3+AGqhktI=</latexit>

N � 2

<latexit sha1_base64="fY8681JsOVsm+piinGjjsVzhmAg=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EguCqJFHVZcOOyor1Am4bJdNIOnUzCzKRQQt/EjQtF3Pom7nwbp20W2vrDwMd/zuGc+cOUM6Vd99sqbWxube+Udyt7+weHR/bxSUslmSS0SRKeyE6IFeVM0KZmmtNOKimOQ07b4fhuXm9PqFQsEU96mlI/xkPBIkawNlZg24+B2897zgzRfm54FtiOW3UXQuvgFeBAoUZgf/UGCcliKjThWKmu56baz7HUjHA6q/QyRVNMxnhIuwYFjqny88XlM3RhnAGKEmme0Gjh/p7IcazUNA5NZ4z1SK3W5uZ/tW6mo1s/ZyLNNBVkuSjKONIJmseABkxSovnUACaSmVsRGWGJiTZhVUwI3uqX16F1VfWuq95DzanXijjKcAbncAke3EAd7qEBTSAwgWd4hTcrt16sd+tj2VqyiplT+CPr8wc8ZJK3</latexit>

S#
0 eS0

<latexit sha1_base64="28IY4YVTHYh5QUL8iUZZAAiw6yE=">AAACFnicbVDLSgNBEJz1bXxFPXoZDIIXw64G9SIIInhMwMRANi6zk95kyOyDmV4xLPsVXvwVLx4U8Sre/Bsnj4NGCxqKqm66u/xECo22/WXNzM7NLywuLRdWVtfWN4qbWw0dp4pDnccyVk2faZAigjoKlNBMFLDQl3Dj9y+G/s0dKC3i6BoHCbRD1o1EIDhDI3nFg0svcxHuMeuyJM/pGXUDxXjm5JkLUnpjrypzWrs9yr1iyS7bI9C/xJmQEpmg6hU/3U7M0xAi5JJp3XLsBNsZUyi4hLzgphoSxvusCy1DIxaCbmejt3K6Z5QODWJlKkI6Un9OZCzUehD6pjNk2NPT3lD8z2ulGJy2MxElKULEx4uCVFKM6TAj2hEKOMqBIYwrYW6lvMdMLGiSLJgQnOmX/5LGYdk5Lju1Sum8MoljieyQXbJPHHJCzskVqZI64eSBPJEX8mo9Ws/Wm/U+bp2xJjPb5Besj2/LdZ+3</latexit>

Egap =
1

`PlQ3

[LVI, Heydeman, Turiaci and Zhao `20]

24

<latexit sha1_base64="xA0Rbzk0J54IS2iUb8HXprZ0R/c=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVYFMFjBfsB7VKyabYNzSZLkhXK0h/hxYMiXv093vw3pts9aOuDgcd7M8zMC2LOtHHdb6ewtr6xuVXcLu3s7u0flA+P2lomitAWkVyqboA15UzQlmGG026sKI4CTjvB5Hbud56o0kyKRzONqR/hkWAhI9hYqdNXY1m9Ox+UK27NzYBWiZeTCuRoDspf/aEkSUSFIRxr3fPc2PgpVoYRTmelfqJpjMkEj2jPUoEjqv00O3eGzqwyRKFUtoRBmfp7IsWR1tMosJ0RNmO97M3F/7xeYsJrP2UiTgwVZLEoTDgyEs1/R0OmKDF8agkmitlbERljhYmxCZVsCN7yy6ukfVHzLmv1h3qlcZPHUYQTOIUqeHAFDbiHJrSAwASe4RXenNh5cd6dj0VrwclnjuEPnM8fekmPBA==</latexit>

⇢(E)

<latexit sha1_base64="sxhrtqlJFrvCaQX4o+BHfbB9UbA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3mW5Uq+UqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZvbjNI=</latexit>

E<latexit sha1_base64="S395kH0AngMozv/gqG690dKXRcg=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNRBI8V7Ac0oWy203bpZhN2J2IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLK6tr6RnGztLW9s7tX3j9omjjVHBo8lrFuh8yAFAoaKFBCO9HAolBCKxzdTP3WI2gjYvWA4wSCiA2U6AvO0Er+bddHeMJswJJJt1xxq+4MdJl4OamQHPVu+cvvxTyNQCGXzJiO5yYYZEyj4BImJT81kDA+YgPoWKpYBCbIZjdP6IlVerQfa1sK6Uz9PZGxyJhxFNrOiOHQLHpT8T+vk2L/KsiESlIExeeL+qmkGNNpALQnNHCUY0sY18LeSvmQacbRxlSyIXiLLy+T5lnVu6ie359Xatd5HEVyRI7JKfHIJamRO1InDcJJQp7JK3lzUufFeXc+5q0FJ585JH/gfP4AZw+R8A==</latexit>

Egap

Semiclassical

QuantumQuantum

<latexit sha1_base64="Q9UaUe/grs4P9LzKU75l6Re8/XA=">AAACCHicbVDJSgNBEO2JW4xb1KMHG4PgQcKMiHoMevGYgFkgk4SeTiVp0rPQXSOGYY5e/BUvHhTx6id482/sLAdNfFDweK+KqnpeJIVG2/62MkvLK6tr2fXcxubW9k5+d6+mw1hxqPJQhqrhMQ1SBFBFgRIakQLmexLq3vBm7NfvQWkRBnc4iqDls34geoIzNFInf1hpJ7zjIjxgIsN+mlL3lEI7cSNBK+2ztJMv2EV7ArpInBkpkBnKnfyX2w157EOAXDKtm44dYSthCgWXkObcWEPE+JD1oWlowHzQrWTySEqPjdKlvVCZCpBO1N8TCfO1Hvme6fQZDvS8Nxb/85ox9q5aiQiiGCHg00W9WFIM6TgV2hUKOMqRIYwrYW6lfMAU42iyy5kQnPmXF0ntrOhcFM8r54XS9SyOLDkgR+SEOOSSlMgtKZMq4eSRPJNX8mY9WS/Wu/Uxbc1Ys5l98gfW5w8iN5ln</latexit>

Qclog e⇡Q
2

<latexit sha1_base64="jimxt235AllvLnI/poVYRxgzpas=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0WoKCWpQV0W3bhsoS9o0jKZTtqhkwczE7GE/ogbf8WNC0VcuBH/xkmbhbYeGDj33Hu4c48bMSqkYXxruZXVtfWN/GZha3tnd0/fP2iJMOaYNHHIQt5xkSCMBqQpqWSkE3GCfJeRtju+Tfvte8IFDYOGnETE8dEwoB7FSCqpr1s2eYhslw5ZyY4orPcq8Aza59CCqlRFvXcBGzDVBqEUMJ3kp329aJSNGeAyMTNSBBlqff1T2XHsk0BihoTomkYknQRxSTEj04IdCxIhPEZD0lU0QD4RTjK7bgpPlDKAXsjVCyScqb8dCfKFmPiumvSRHInFXir+1+vG0rt2EhpEsSQBni/yYgZlCNOo4IBygiWbKIIwp+qvEI8QR1iqQAsqBHPx5GXSqpTNy7JVt4rVmyyOPDgCx6AETHAFquAO1EATYPAInsEreNOetBftXfuYj+a0zHMI/kD7+gE9jJ5J</latexit>

exp
�
⇡Q2 + 4⇡2Q3T + . . .

�
<latexit sha1_base64="Icj+OuovytTHL+pvgmWtYZyHyAc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRi8cW7Ae0MWy2m3bpZhN2J8US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IBFcg+N8W6W19Y3NrfJ2ZWd3b//APjxq6zhVlLVoLGLVDYhmgkvWAg6CdRPFSBQI1gnGdzO/M2FK81g+wDRhXkSGkoecEjCSb9vNx4z6fWBPkIl4mOe+XXVqzhx4lbgFqaICDd/+6g9imkZMAhVE657rJOBlRAGnguWVfqpZQuiYDFnPUEkipr1sfnmOz4wywGGsTEnAc/X3REYiradRYDojAiO97M3E/7xeCuGNl3GZpMAkXSwKU4EhxrMY8IArRkFMDSFUcXMrpiOiCAUTVsWE4C6/vEraFzX3qnbZvKzWb4s4yugEnaJz5KJrVEf3qIFaiKIJekav6M3KrBfr3fpYtJasYuYY/YH1+QNHepQY</latexit>

Qclog<latexit sha1_base64="Rdmu9ODO6s6BMIFnOdsSXMbk5iQ=">AAAB/3icbVDJSgNBEO1xjXEbFbx4aQxChBBmJKgXIcRLjglkw8wQejqdpEnPQneNGMYc/BUvHhTx6m9482/sLAdNfFDweK+KqnpeJLgCy/o2VlbX1jc2U1vp7Z3dvX3z4LChwlhSVqehCGXLI4oJHrA6cBCsFUlGfE+wpje8nfjNeyYVD4MajCLm+qQf8B6nBLTUMY/vOg6wB0hK5XG2mqudOzl8g3HHzFh5awq8TOw5yaA5Kh3zy+mGNPZZAFQQpdq2FYGbEAmcCjZOO7FiEaFD0mdtTQPiM+Um0/vH+EwrXdwLpa4A8FT9PZEQX6mR7+lOn8BALXoT8T+vHUPv2k14EMXAAjpb1IsFhhBPwsBdLhkFMdKEUMn1rZgOiCQUdGRpHYK9+PIyaVzk7ct8oVrIFEvzOFLoBJ2iLLLRFSqiMqqgOqLoET2jV/RmPBkvxrvxMWtdMeYzR+gPjM8fFiqUMw==</latexit>

ZBH(Q,T ) =

[Iliesiu, Turiaci ’20; Iliesiu, S.M. Turiaci ’22]

<latexit sha1_base64="2DfdF1l21+C75cp/xOVABOCQskw=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqreZbV2X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuRmPPQ==</latexit>⇥
<latexit sha1_base64="DSs/otLGM3tGcbw7Y+b2owP1uy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfYuMvg==</latexit>

1



Supersymmetric BHs exhibit a mass gap 
and quantum decoupling 
• Large quantum fluctuations of bosonic and fermionic 

super-Schwarzian modesThe density of  states
Example: for black holes in 4D flatspace in                supergravity

<latexit sha1_base64="lZSHfzJG3K+vLKKxr/S/yzxF/+Q=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiSlqMuCG1dSwT6gCWUynbRDJ5M4MymU0D9x40IRt/6JO//GSZuFth4YOJxzL/fMCRLOlHacb6u0sbm1vVPereztHxwe2ccnHRWnktA2iXksewFWlDNB25ppTnuJpDgKOO0Gk9vc706pVCwWj3qWUD/CI8FCRrA20sC2vQjrMcEc3Xsj+oTqA7vq1JwF0DpxC1KFAq2B/eUNY5JGVGjCsVJ910m0n2GpGeF0XvFSRRNMJnhE+4YKHFHlZ4vkc3RhlCEKY2me0Gih/t7IcKTULArMZJ5TrXq5+J/XT3V442dMJKmmgiwPhSlHOkZ5DWjIJCWazwzBRDKTFZExlphoU1bFlOCufnmddOo196rmPjSqzUZRRxnO4BwuwYVraMIdtKANBKbwDK/wZmXWi/VufSxHS1axcwp/YH3+AGqhktI=</latexit>

N � 2

<latexit sha1_base64="fY8681JsOVsm+piinGjjsVzhmAg=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EguCqJFHVZcOOyor1Am4bJdNIOnUzCzKRQQt/EjQtF3Pom7nwbp20W2vrDwMd/zuGc+cOUM6Vd99sqbWxube+Udyt7+weHR/bxSUslmSS0SRKeyE6IFeVM0KZmmtNOKimOQ07b4fhuXm9PqFQsEU96mlI/xkPBIkawNlZg24+B2897zgzRfm54FtiOW3UXQuvgFeBAoUZgf/UGCcliKjThWKmu56baz7HUjHA6q/QyRVNMxnhIuwYFjqny88XlM3RhnAGKEmme0Gjh/p7IcazUNA5NZ4z1SK3W5uZ/tW6mo1s/ZyLNNBVkuSjKONIJmseABkxSovnUACaSmVsRGWGJiTZhVUwI3uqX16F1VfWuq95DzanXijjKcAbncAke3EAd7qEBTSAwgWd4hTcrt16sd+tj2VqyiplT+CPr8wc8ZJK3</latexit>

S#
0 eS0

<latexit sha1_base64="28IY4YVTHYh5QUL8iUZZAAiw6yE=">AAACFnicbVDLSgNBEJz1bXxFPXoZDIIXw64G9SIIInhMwMRANi6zk95kyOyDmV4xLPsVXvwVLx4U8Sre/Bsnj4NGCxqKqm66u/xECo22/WXNzM7NLywuLRdWVtfWN4qbWw0dp4pDnccyVk2faZAigjoKlNBMFLDQl3Dj9y+G/s0dKC3i6BoHCbRD1o1EIDhDI3nFg0svcxHuMeuyJM/pGXUDxXjm5JkLUnpjrypzWrs9yr1iyS7bI9C/xJmQEpmg6hU/3U7M0xAi5JJp3XLsBNsZUyi4hLzgphoSxvusCy1DIxaCbmejt3K6Z5QODWJlKkI6Un9OZCzUehD6pjNk2NPT3lD8z2ulGJy2MxElKULEx4uCVFKM6TAj2hEKOMqBIYwrYW6lvMdMLGiSLJgQnOmX/5LGYdk5Lju1Sum8MoljieyQXbJPHHJCzskVqZI64eSBPJEX8mo9Ws/Wm/U+bp2xJjPb5Besj2/LdZ+3</latexit>

Egap =
1

`PlQ3

[LVI, Heydeman, Turiaci and Zhao `20]

24

<latexit sha1_base64="xA0Rbzk0J54IS2iUb8HXprZ0R/c=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVYFMFjBfsB7VKyabYNzSZLkhXK0h/hxYMiXv093vw3pts9aOuDgcd7M8zMC2LOtHHdb6ewtr6xuVXcLu3s7u0flA+P2lomitAWkVyqboA15UzQlmGG026sKI4CTjvB5Hbud56o0kyKRzONqR/hkWAhI9hYqdNXY1m9Ox+UK27NzYBWiZeTCuRoDspf/aEkSUSFIRxr3fPc2PgpVoYRTmelfqJpjMkEj2jPUoEjqv00O3eGzqwyRKFUtoRBmfp7IsWR1tMosJ0RNmO97M3F/7xeYsJrP2UiTgwVZLEoTDgyEs1/R0OmKDF8agkmitlbERljhYmxCZVsCN7yy6ukfVHzLmv1h3qlcZPHUYQTOIUqeHAFDbiHJrSAwASe4RXenNh5cd6dj0VrwclnjuEPnM8fekmPBA==</latexit>

⇢(E)

<latexit sha1_base64="sxhrtqlJFrvCaQX4o+BHfbB9UbA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3mW5Uq+UqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZvbjNI=</latexit>

E<latexit sha1_base64="S395kH0AngMozv/gqG690dKXRcg=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNRBI8V7Ac0oWy203bpZhN2J2IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLK6tr6RnGztLW9s7tX3j9omjjVHBo8lrFuh8yAFAoaKFBCO9HAolBCKxzdTP3WI2gjYvWA4wSCiA2U6AvO0Er+bddHeMJswJJJt1xxq+4MdJl4OamQHPVu+cvvxTyNQCGXzJiO5yYYZEyj4BImJT81kDA+YgPoWKpYBCbIZjdP6IlVerQfa1sK6Uz9PZGxyJhxFNrOiOHQLHpT8T+vk2L/KsiESlIExeeL+qmkGNNpALQnNHCUY0sY18LeSvmQacbRxlSyIXiLLy+T5lnVu6ie359Xatd5HEVyRI7JKfHIJamRO1InDcJJQp7JK3lzUufFeXc+5q0FJ585JH/gfP4AZw+R8A==</latexit>

Egap

Semiclassical

QuantumQuantum

<latexit sha1_base64="Q9UaUe/grs4P9LzKU75l6Re8/XA=">AAACCHicbVDJSgNBEO2JW4xb1KMHG4PgQcKMiHoMevGYgFkgk4SeTiVp0rPQXSOGYY5e/BUvHhTx6id482/sLAdNfFDweK+KqnpeJIVG2/62MkvLK6tr2fXcxubW9k5+d6+mw1hxqPJQhqrhMQ1SBFBFgRIakQLmexLq3vBm7NfvQWkRBnc4iqDls34geoIzNFInf1hpJ7zjIjxgIsN+mlL3lEI7cSNBK+2ztJMv2EV7ArpInBkpkBnKnfyX2w157EOAXDKtm44dYSthCgWXkObcWEPE+JD1oWlowHzQrWTySEqPjdKlvVCZCpBO1N8TCfO1Hvme6fQZDvS8Nxb/85ox9q5aiQiiGCHg00W9WFIM6TgV2hUKOMqRIYwrYW6lfMAU42iyy5kQnPmXF0ntrOhcFM8r54XS9SyOLDkgR+SEOOSSlMgtKZMq4eSRPJNX8mY9WS/Wu/Uxbc1Ys5l98gfW5w8iN5ln</latexit>

Qclog e⇡Q
2

• Note: decoupling justifies microscopic counting of 
BPS states in string theory.

<latexit sha1_base64="jimxt235AllvLnI/poVYRxgzpas=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0WoKCWpQV0W3bhsoS9o0jKZTtqhkwczE7GE/ogbf8WNC0VcuBH/xkmbhbYeGDj33Hu4c48bMSqkYXxruZXVtfWN/GZha3tnd0/fP2iJMOaYNHHIQt5xkSCMBqQpqWSkE3GCfJeRtju+Tfvte8IFDYOGnETE8dEwoB7FSCqpr1s2eYhslw5ZyY4orPcq8Aza59CCqlRFvXcBGzDVBqEUMJ3kp329aJSNGeAyMTNSBBlqff1T2XHsk0BihoTomkYknQRxSTEj04IdCxIhPEZD0lU0QD4RTjK7bgpPlDKAXsjVCyScqb8dCfKFmPiumvSRHInFXir+1+vG0rt2EhpEsSQBni/yYgZlCNOo4IBygiWbKIIwp+qvEI8QR1iqQAsqBHPx5GXSqpTNy7JVt4rVmyyOPDgCx6AETHAFquAO1EATYPAInsEreNOetBftXfuYj+a0zHMI/kD7+gE9jJ5J</latexit>

exp
�
⇡Q2 + 4⇡2Q3T + . . .

�
<latexit sha1_base64="Icj+OuovytTHL+pvgmWtYZyHyAc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRi8cW7Ae0MWy2m3bpZhN2J8US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IBFcg+N8W6W19Y3NrfJ2ZWd3b//APjxq6zhVlLVoLGLVDYhmgkvWAg6CdRPFSBQI1gnGdzO/M2FK81g+wDRhXkSGkoecEjCSb9vNx4z6fWBPkIl4mOe+XXVqzhx4lbgFqaICDd/+6g9imkZMAhVE657rJOBlRAGnguWVfqpZQuiYDFnPUEkipr1sfnmOz4wywGGsTEnAc/X3REYiradRYDojAiO97M3E/7xeCuGNl3GZpMAkXSwKU4EhxrMY8IArRkFMDSFUcXMrpiOiCAUTVsWE4C6/vEraFzX3qnbZvKzWb4s4yugEnaJz5KJrVEf3qIFaiKIJekav6M3KrBfr3fpYtJasYuYY/YH1+QNHepQY</latexit>

Qclog<latexit sha1_base64="Rdmu9ODO6s6BMIFnOdsSXMbk5iQ=">AAAB/3icbVDJSgNBEO1xjXEbFbx4aQxChBBmJKgXIcRLjglkw8wQejqdpEnPQneNGMYc/BUvHhTx6m9482/sLAdNfFDweK+KqnpeJLgCy/o2VlbX1jc2U1vp7Z3dvX3z4LChwlhSVqehCGXLI4oJHrA6cBCsFUlGfE+wpje8nfjNeyYVD4MajCLm+qQf8B6nBLTUMY/vOg6wB0hK5XG2mqudOzl8g3HHzFh5awq8TOw5yaA5Kh3zy+mGNPZZAFQQpdq2FYGbEAmcCjZOO7FiEaFD0mdtTQPiM+Um0/vH+EwrXdwLpa4A8FT9PZEQX6mR7+lOn8BALXoT8T+vHUPv2k14EMXAAjpb1IsFhhBPwsBdLhkFMdKEUMn1rZgOiCQUdGRpHYK9+PIyaVzk7ct8oVrIFEvzOFLoBJ2iLLLRFSqiMqqgOqLoET2jV/RmPBkvxrvxMWtdMeYzR+gPjM8fFiqUMw==</latexit>

ZBH(Q,T ) =

[Iliesiu, Turiaci ’20; Iliesiu, S.M. Turiaci ’22]

<latexit sha1_base64="2DfdF1l21+C75cp/xOVABOCQskw=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqreZbV2X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuRmPPQ==</latexit>⇥
<latexit sha1_base64="DSs/otLGM3tGcbw7Y+b2owP1uy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfYuMvg==</latexit>

1



Applications of 
quantum near-

extremal physics



1a. Exact entropy of supersymmetric BHs
• Exact formulas from localization in sugra 

(e.g. ⅛-BPS BHs in N=8 string theory).

<latexit sha1_base64="TeefBFGY4+otWlPbdAs05HTWL/0=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gOaUDbbTbt0swm7E6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tju5nfeeLaiEQ94iTlQUyHSkSCUbSS70eastyb5mxK+tWaW3fnIKvEK0gNCjT71S9/kLAs5gqZpMb0PDfFIKcaBZN8WvEzw1PKxnTIe5YqGnMT5PObp+TMKgMSJdqWQjJXf0/kNDZmEoe2M6Y4MsveTPzP62UY3QS5UGmGXLHFoiiTBBMyC4AMhOYM5cQSyrSwtxI2ojYGtDFVbAje8surpH1R967qlw+XtcZtEUcZTuAUzsGDa2jAPTShBQxSeIZXeHMy58V5dz4WrSWnmDmGP3A+fwDgl5GX</latexit>

1

c

<latexit sha1_base64="PSWTHclFLKxCi8pnK8pVUXv8ZNc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJexKUI9BL4KXBMwDkiXMTjrJkNnZZWZWCEs+wosHRbz6Pd78GyfJHjSxoKGo6qa7K4gF18Z1v5219Y3Nre3cTn53b//gsHB03NRRohg2WCQi1Q6oRsElNgw3AtuxQhoGAlvB+G7mt55QaR7JRzOJ0Q/pUPIBZ9RYqfXQY6X6BekVim7ZnYOsEi8jRchQ6xW+uv2IJSFKwwTVuuO5sfFTqgxnAqf5bqIxpmxMh9ixVNIQtZ/Oz52Sc6v0ySBStqQhc/X3REpDrSdhYDtDakZ62ZuJ/3mdxAxu/JTLODEo2WLRIBHERGT2O+lzhcyIiSWUKW5vJWxEFWXGJpS3IXjLL6+S5mXZuypX6pVi9TaLIwencAYl8OAaqnAPNWgAgzE8wyu8ObHz4rw7H4vWNSebOYE/cD5/ANUSjpg=</latexit>

Kc(Q)

<latexit sha1_base64="lhJ13fAT28u9+tFbCGs7I8XBPy0=">AAACGXicbVBNS8NAEN3U7/oV9ehlsQh6aZNSVPAietGbglWhqWGzmbRLN5uwu1FKyN/w4l/x4kERj3ry37itOfj1YODx3gwz84KUM6Ud58OqTExOTc/MzlXnFxaXlu2V1QuVZJJCmyY8kVcBUcCZgLZmmsNVKoHEAYfLYHA08i9vQCqWiHM9TKEbk55gEaNEG8m3HS+ShOZukdPrfLfRLArs7WPvloWgGQ8Bn/hjectLGT5r0G3frjl1Zwz8l7glqaESp7795oUJzWIQmnKiVMd1Ut3NidSMciiqXqYgJXRAetAxVJAYVDcff1bgTaOEOEqkKaHxWP0+kZNYqWEcmM6Y6L767Y3E/7xOpqO9bs5EmmkQ9GtRlHGsEzyKCYdMAtV8aAihkplbMe0TE5U2YVZNCO7vl/+Si2bd3am3zlq1g8Myjlm0jjbQFnLRLjpAx+gUtRFFd+gBPaFn6956tF6s16/WilXOrKEfsN4/AahEns0=</latexit>

1

c7/2
eI7/2(⇡Q/c)

[microscopic formula from analytic Number theory: Hardy-Ramanujan-Rademacher]

<latexit sha1_base64="awcJ5ytUhYdpAhTPYxgRpL+Rekc=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQi6kYounFZwT6giWEynbRDZyZhZiKGkF9x40IRt/6IO//GaZuFth64cDjnXu69J0wYVdpxvq3Kyura+kZ1s7a1vbO7Z+/XuypOJSYdHLNY9kOkCKOCdDTVjPQTSRAPGemFk5up33skUtFY3OssIT5HI0EjipE2UmDXoadSHuT4yi0ePCoinQV2w2k6M8Bl4pakAUq0A/vLG8Y45URozJBSA9dJtJ8jqSlmpKh5qSIJwhM0IgNDBeJE+fns9gIeG2UIo1iaEhrO1N8TOeJKZTw0nRzpsVr0puJ/3iDV0aWfU5Gkmgg8XxSlDOoYToOAQyoJ1iwzBGFJza0Qj5FEWJu4aiYEd/HlZdI9bbrnzbO7s0bruoyjCg7BETgBLrgALXAL2qADMHgCz+AVvFmF9WK9Wx/z1opVzhyAP7A+fwC+sZRF</latexit> 1X

c=1

<latexit sha1_base64="iJOGlRFcf9OtgatbJI2njtowdgc=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRS1GXRjcsW7APaECaTSTt08mDmRlpCfsWNC0Xc+iPu/BunbRbaeuDC4Zx7ufceLxFcgWV9GxubW9s7u6W98v7B4dGxeVLpqjiVlHVoLGLZ94higkesAxwE6yeSkdATrOdN7ud+74lJxePoEWYJc0IyinjAKQEtuWbFd4fAppCFnMo4r7UvsWtWrbq1AF4ndkGqqEDLNb+GfkzTkEVABVFqYFsJOBmRwKlgeXmYKpYQOiEjNtA0IiFTTra4PccXWvFxEEtdEeCF+nsiI6FSs9DTnSGBsVr15uJ/3iCF4NbJeJSkwCK6XBSkAkOM50Fgn0tGQcw0IVRyfSumYyIJBR1XWYdgr768TrpXdfu63mg3qs27Io4SOkPnqIZsdIOa6AG1UAdRNEXP6BW9GbnxYrwbH8vWDaOYOUV/YHz+AI3rlCA=</latexit>

dmicro(Q) <latexit sha1_base64="8LVrqJucQl9xNwsjgr7UF8xAfX0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP4+7jMo=</latexit>=

[Dabholkar, Gomes, 
S.M.’11-’14]



1a. Exact entropy of supersymmetric BHs
• Exact formulas from localization in sugra 

(e.g. ⅛-BPS BHs in N=8 string theory).

<latexit sha1_base64="TeefBFGY4+otWlPbdAs05HTWL/0=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gOaUDbbTbt0swm7E6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tju5nfeeLaiEQ94iTlQUyHSkSCUbSS70eastyb5mxK+tWaW3fnIKvEK0gNCjT71S9/kLAs5gqZpMb0PDfFIKcaBZN8WvEzw1PKxnTIe5YqGnMT5PObp+TMKgMSJdqWQjJXf0/kNDZmEoe2M6Y4MsveTPzP62UY3QS5UGmGXLHFoiiTBBMyC4AMhOYM5cQSyrSwtxI2ojYGtDFVbAje8surpH1R967qlw+XtcZtEUcZTuAUzsGDa2jAPTShBQxSeIZXeHMy58V5dz4WrSWnmDmGP3A+fwDgl5GX</latexit>

1

c

<latexit sha1_base64="PSWTHclFLKxCi8pnK8pVUXv8ZNc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJexKUI9BL4KXBMwDkiXMTjrJkNnZZWZWCEs+wosHRbz6Pd78GyfJHjSxoKGo6qa7K4gF18Z1v5219Y3Nre3cTn53b//gsHB03NRRohg2WCQi1Q6oRsElNgw3AtuxQhoGAlvB+G7mt55QaR7JRzOJ0Q/pUPIBZ9RYqfXQY6X6BekVim7ZnYOsEi8jRchQ6xW+uv2IJSFKwwTVuuO5sfFTqgxnAqf5bqIxpmxMh9ixVNIQtZ/Oz52Sc6v0ySBStqQhc/X3REpDrSdhYDtDakZ62ZuJ/3mdxAxu/JTLODEo2WLRIBHERGT2O+lzhcyIiSWUKW5vJWxEFWXGJpS3IXjLL6+S5mXZuypX6pVi9TaLIwencAYl8OAaqnAPNWgAgzE8wyu8ObHz4rw7H4vWNSebOYE/cD5/ANUSjpg=</latexit>

Kc(Q)

<latexit sha1_base64="lhJ13fAT28u9+tFbCGs7I8XBPy0=">AAACGXicbVBNS8NAEN3U7/oV9ehlsQh6aZNSVPAietGbglWhqWGzmbRLN5uwu1FKyN/w4l/x4kERj3ry37itOfj1YODx3gwz84KUM6Ud58OqTExOTc/MzlXnFxaXlu2V1QuVZJJCmyY8kVcBUcCZgLZmmsNVKoHEAYfLYHA08i9vQCqWiHM9TKEbk55gEaNEG8m3HS+ShOZukdPrfLfRLArs7WPvloWgGQ8Bn/hjectLGT5r0G3frjl1Zwz8l7glqaESp7795oUJzWIQmnKiVMd1Ut3NidSMciiqXqYgJXRAetAxVJAYVDcff1bgTaOEOEqkKaHxWP0+kZNYqWEcmM6Y6L767Y3E/7xOpqO9bs5EmmkQ9GtRlHGsEzyKCYdMAtV8aAihkplbMe0TE5U2YVZNCO7vl/+Si2bd3am3zlq1g8Myjlm0jjbQFnLRLjpAx+gUtRFFd+gBPaFn6956tF6s16/WilXOrKEfsN4/AahEns0=</latexit>

1

c7/2
eI7/2(⇡Q/c)

[microscopic formula from analytic Number theory: Hardy-Ramanujan-Rademacher]

<latexit sha1_base64="awcJ5ytUhYdpAhTPYxgRpL+Rekc=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQi6kYounFZwT6giWEynbRDZyZhZiKGkF9x40IRt/6IO//GaZuFth64cDjnXu69J0wYVdpxvq3Kyura+kZ1s7a1vbO7Z+/XuypOJSYdHLNY9kOkCKOCdDTVjPQTSRAPGemFk5up33skUtFY3OssIT5HI0EjipE2UmDXoadSHuT4yi0ePCoinQV2w2k6M8Bl4pakAUq0A/vLG8Y45URozJBSA9dJtJ8jqSlmpKh5qSIJwhM0IgNDBeJE+fns9gIeG2UIo1iaEhrO1N8TOeJKZTw0nRzpsVr0puJ/3iDV0aWfU5Gkmgg8XxSlDOoYToOAQyoJ1iwzBGFJza0Qj5FEWJu4aiYEd/HlZdI9bbrnzbO7s0bruoyjCg7BETgBLrgALXAL2qADMHgCz+AVvFmF9WK9Wx/z1opVzhyAP7A+fwC+sZRF</latexit> 1X

c=1

<latexit sha1_base64="iJOGlRFcf9OtgatbJI2njtowdgc=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRS1GXRjcsW7APaECaTSTt08mDmRlpCfsWNC0Xc+iPu/BunbRbaeuDC4Zx7ufceLxFcgWV9GxubW9s7u6W98v7B4dGxeVLpqjiVlHVoLGLZ94higkesAxwE6yeSkdATrOdN7ud+74lJxePoEWYJc0IyinjAKQEtuWbFd4fAppCFnMo4r7UvsWtWrbq1AF4ndkGqqEDLNb+GfkzTkEVABVFqYFsJOBmRwKlgeXmYKpYQOiEjNtA0IiFTTra4PccXWvFxEEtdEeCF+nsiI6FSs9DTnSGBsVr15uJ/3iCF4NbJeJSkwCK6XBSkAkOM50Fgn0tGQcw0IVRyfSumYyIJBR1XWYdgr768TrpXdfu63mg3qs27Io4SOkPnqIZsdIOa6AG1UAdRNEXP6BW9GbnxYrwbH8vWDaOYOUV/YHz+AI3rlCA=</latexit>

dmicro(Q)

<latexit sha1_base64="8LVrqJucQl9xNwsjgr7UF8xAfX0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP4+7jMo=</latexit>=
<latexit sha1_base64="YehANTK6OfKPgzwGfK7KZyWAMN8=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAYhXsKuBPUihHjJMQHzwGRZZiezyZDZBzO9wbDkT7x4UMSrf+LNv3GS7EETCxqKqm66u7xYcAWW9W3kNja3tnfyu4W9/YPDI/P4pK2iRFLWopGIZNcjigkeshZwEKwbS0YCT7CON76f+50Jk4pH4QNMY+YEZBhyn1MCWnJN8+7R7QN7grRWn5Wal9g1i1bZWgCvEzsjRZSh4Zpf/UFEk4CFQAVRqmdbMTgpkcCpYLNCP1EsJnRMhqynaUgCppx0cfkMX2hlgP1I6goBL9TfEykJlJoGnu4MCIzUqjcX//N6Cfi3TsrDOAEW0uUiPxEYIjyPAQ+4ZBTEVBNCJde3YjoiklDQYRV0CPbqy+ukfVW2r8uVZqVYrWVx5NEZOkclZKMbVEV11EAtRNEEPaNX9GakxovxbnwsW3NGNnOK/sD4/AEfypKv</latexit>

= ZBH(Q)

[Dabholkar, Gomes, 
S.M.’11-’14]



1a. Exact entropy of supersymmetric BHs
• Exact formulas from localization in sugra 

(e.g. ⅛-BPS BHs in N=8 string theory).

<latexit sha1_base64="TeefBFGY4+otWlPbdAs05HTWL/0=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gOaUDbbTbt0swm7E6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tju5nfeeLaiEQ94iTlQUyHSkSCUbSS70eastyb5mxK+tWaW3fnIKvEK0gNCjT71S9/kLAs5gqZpMb0PDfFIKcaBZN8WvEzw1PKxnTIe5YqGnMT5PObp+TMKgMSJdqWQjJXf0/kNDZmEoe2M6Y4MsveTPzP62UY3QS5UGmGXLHFoiiTBBMyC4AMhOYM5cQSyrSwtxI2ojYGtDFVbAje8surpH1R967qlw+XtcZtEUcZTuAUzsGDa2jAPTShBQxSeIZXeHMy58V5dz4WrSWnmDmGP3A+fwDgl5GX</latexit>

1

c

<latexit sha1_base64="PSWTHclFLKxCi8pnK8pVUXv8ZNc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJexKUI9BL4KXBMwDkiXMTjrJkNnZZWZWCEs+wosHRbz6Pd78GyfJHjSxoKGo6qa7K4gF18Z1v5219Y3Nre3cTn53b//gsHB03NRRohg2WCQi1Q6oRsElNgw3AtuxQhoGAlvB+G7mt55QaR7JRzOJ0Q/pUPIBZ9RYqfXQY6X6BekVim7ZnYOsEi8jRchQ6xW+uv2IJSFKwwTVuuO5sfFTqgxnAqf5bqIxpmxMh9ixVNIQtZ/Oz52Sc6v0ySBStqQhc/X3REpDrSdhYDtDakZ62ZuJ/3mdxAxu/JTLODEo2WLRIBHERGT2O+lzhcyIiSWUKW5vJWxEFWXGJpS3IXjLL6+S5mXZuypX6pVi9TaLIwencAYl8OAaqnAPNWgAgzE8wyu8ObHz4rw7H4vWNSebOYE/cD5/ANUSjpg=</latexit>

Kc(Q)

<latexit sha1_base64="lhJ13fAT28u9+tFbCGs7I8XBPy0=">AAACGXicbVBNS8NAEN3U7/oV9ehlsQh6aZNSVPAietGbglWhqWGzmbRLN5uwu1FKyN/w4l/x4kERj3ry37itOfj1YODx3gwz84KUM6Ud58OqTExOTc/MzlXnFxaXlu2V1QuVZJJCmyY8kVcBUcCZgLZmmsNVKoHEAYfLYHA08i9vQCqWiHM9TKEbk55gEaNEG8m3HS+ShOZukdPrfLfRLArs7WPvloWgGQ8Bn/hjectLGT5r0G3frjl1Zwz8l7glqaESp7795oUJzWIQmnKiVMd1Ut3NidSMciiqXqYgJXRAetAxVJAYVDcff1bgTaOEOEqkKaHxWP0+kZNYqWEcmM6Y6L767Y3E/7xOpqO9bs5EmmkQ9GtRlHGsEzyKCYdMAtV8aAihkplbMe0TE5U2YVZNCO7vl/+Si2bd3am3zlq1g8Myjlm0jjbQFnLRLjpAx+gUtRFFd+gBPaFn6956tF6s16/WilXOrKEfsN4/AahEns0=</latexit>

1

c7/2
eI7/2(⇡Q/c)

[microscopic formula from analytic Number theory: Hardy-Ramanujan-Rademacher]

<latexit sha1_base64="awcJ5ytUhYdpAhTPYxgRpL+Rekc=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQi6kYounFZwT6giWEynbRDZyZhZiKGkF9x40IRt/6IO//GaZuFth64cDjnXu69J0wYVdpxvq3Kyura+kZ1s7a1vbO7Z+/XuypOJSYdHLNY9kOkCKOCdDTVjPQTSRAPGemFk5up33skUtFY3OssIT5HI0EjipE2UmDXoadSHuT4yi0ePCoinQV2w2k6M8Bl4pakAUq0A/vLG8Y45URozJBSA9dJtJ8jqSlmpKh5qSIJwhM0IgNDBeJE+fns9gIeG2UIo1iaEhrO1N8TOeJKZTw0nRzpsVr0puJ/3iDV0aWfU5Gkmgg8XxSlDOoYToOAQyoJ1iwzBGFJza0Qj5FEWJu4aiYEd/HlZdI9bbrnzbO7s0bruoyjCg7BETgBLrgALXAL2qADMHgCz+AVvFmF9WK9Wx/z1opVzhyAP7A+fwC+sZRF</latexit> 1X

c=1

<latexit sha1_base64="iJOGlRFcf9OtgatbJI2njtowdgc=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRS1GXRjcsW7APaECaTSTt08mDmRlpCfsWNC0Xc+iPu/BunbRbaeuDC4Zx7ufceLxFcgWV9GxubW9s7u6W98v7B4dGxeVLpqjiVlHVoLGLZ94higkesAxwE6yeSkdATrOdN7ud+74lJxePoEWYJc0IyinjAKQEtuWbFd4fAppCFnMo4r7UvsWtWrbq1AF4ndkGqqEDLNb+GfkzTkEVABVFqYFsJOBmRwKlgeXmYKpYQOiEjNtA0IiFTTra4PccXWvFxEEtdEeCF+nsiI6FSs9DTnSGBsVr15uJ/3iCF4NbJeJSkwCK6XBSkAkOM50Fgn0tGQcw0IVRyfSumYyIJBR1XWYdgr768TrpXdfu63mg3qs27Io4SOkPnqIZsdIOa6AG1UAdRNEXP6BW9GbnxYrwbH8vWDaOYOUV/YHz+AI3rlCA=</latexit>

dmicro(Q)

<latexit sha1_base64="8LVrqJucQl9xNwsjgr7UF8xAfX0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP4+7jMo=</latexit>=

I-Bessel function

all-order quantum 
fluctuations of bulk modes 

[Iliesiu, S.M., Turiaci ’22]

[Dabholkar, Gomes, 
S.M.’11-’14]

[…]

<latexit sha1_base64="YehANTK6OfKPgzwGfK7KZyWAMN8=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAYhXsKuBPUihHjJMQHzwGRZZiezyZDZBzO9wbDkT7x4UMSrf+LNv3GS7EETCxqKqm66u7xYcAWW9W3kNja3tnfyu4W9/YPDI/P4pK2iRFLWopGIZNcjigkeshZwEKwbS0YCT7CON76f+50Jk4pH4QNMY+YEZBhyn1MCWnJN8+7R7QN7grRWn5Wal9g1i1bZWgCvEzsjRZSh4Zpf/UFEk4CFQAVRqmdbMTgpkcCpYLNCP1EsJnRMhqynaUgCppx0cfkMX2hlgP1I6goBL9TfEykJlJoGnu4MCIzUqjcX//N6Cfi3TsrDOAEW0uUiPxEYIjyPAQ+4ZBTEVBNCJde3YjoiklDQYRV0CPbqy+ukfVW2r8uVZqVYrWVx5NEZOkclZKMbVEV11EAtRNEEPaNX9GakxovxbnwsW3NGNnOK/sD4/AEfypKv</latexit>

= ZBH(Q)

[Dabholkar, Gomes, 
S.M.’11-’14]



1a. Exact entropy of supersymmetric BHs
• Exact formulas from localization in sugra 

(e.g. ⅛-BPS BHs in N=8 string theory).

<latexit sha1_base64="TeefBFGY4+otWlPbdAs05HTWL/0=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gOaUDbbTbt0swm7E6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tju5nfeeLaiEQ94iTlQUyHSkSCUbSS70eastyb5mxK+tWaW3fnIKvEK0gNCjT71S9/kLAs5gqZpMb0PDfFIKcaBZN8WvEzw1PKxnTIe5YqGnMT5PObp+TMKgMSJdqWQjJXf0/kNDZmEoe2M6Y4MsveTPzP62UY3QS5UGmGXLHFoiiTBBMyC4AMhOYM5cQSyrSwtxI2ojYGtDFVbAje8surpH1R967qlw+XtcZtEUcZTuAUzsGDa2jAPTShBQxSeIZXeHMy58V5dz4WrSWnmDmGP3A+fwDgl5GX</latexit>

1

c

<latexit sha1_base64="PSWTHclFLKxCi8pnK8pVUXv8ZNc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJexKUI9BL4KXBMwDkiXMTjrJkNnZZWZWCEs+wosHRbz6Pd78GyfJHjSxoKGo6qa7K4gF18Z1v5219Y3Nre3cTn53b//gsHB03NRRohg2WCQi1Q6oRsElNgw3AtuxQhoGAlvB+G7mt55QaR7JRzOJ0Q/pUPIBZ9RYqfXQY6X6BekVim7ZnYOsEi8jRchQ6xW+uv2IJSFKwwTVuuO5sfFTqgxnAqf5bqIxpmxMh9ixVNIQtZ/Oz52Sc6v0ySBStqQhc/X3REpDrSdhYDtDakZ62ZuJ/3mdxAxu/JTLODEo2WLRIBHERGT2O+lzhcyIiSWUKW5vJWxEFWXGJpS3IXjLL6+S5mXZuypX6pVi9TaLIwencAYl8OAaqnAPNWgAgzE8wyu8ObHz4rw7H4vWNSebOYE/cD5/ANUSjpg=</latexit>

Kc(Q)

<latexit sha1_base64="lhJ13fAT28u9+tFbCGs7I8XBPy0=">AAACGXicbVBNS8NAEN3U7/oV9ehlsQh6aZNSVPAietGbglWhqWGzmbRLN5uwu1FKyN/w4l/x4kERj3ry37itOfj1YODx3gwz84KUM6Ud58OqTExOTc/MzlXnFxaXlu2V1QuVZJJCmyY8kVcBUcCZgLZmmsNVKoHEAYfLYHA08i9vQCqWiHM9TKEbk55gEaNEG8m3HS+ShOZukdPrfLfRLArs7WPvloWgGQ8Bn/hjectLGT5r0G3frjl1Zwz8l7glqaESp7795oUJzWIQmnKiVMd1Ut3NidSMciiqXqYgJXRAetAxVJAYVDcff1bgTaOEOEqkKaHxWP0+kZNYqWEcmM6Y6L767Y3E/7xOpqO9bs5EmmkQ9GtRlHGsEzyKCYdMAtV8aAihkplbMe0TE5U2YVZNCO7vl/+Si2bd3am3zlq1g8Myjlm0jjbQFnLRLjpAx+gUtRFFd+gBPaFn6956tF6s16/WilXOrKEfsN4/AahEns0=</latexit>

1

c7/2
eI7/2(⇡Q/c)

[microscopic formula from analytic Number theory: Hardy-Ramanujan-Rademacher]

[Dabholkar, Gomes, 
S.M.’14]

Orbifolds of AdS2

<latexit sha1_base64="awcJ5ytUhYdpAhTPYxgRpL+Rekc=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQi6kYounFZwT6giWEynbRDZyZhZiKGkF9x40IRt/6IO//GaZuFth64cDjnXu69J0wYVdpxvq3Kyura+kZ1s7a1vbO7Z+/XuypOJSYdHLNY9kOkCKOCdDTVjPQTSRAPGemFk5up33skUtFY3OssIT5HI0EjipE2UmDXoadSHuT4yi0ePCoinQV2w2k6M8Bl4pakAUq0A/vLG8Y45URozJBSA9dJtJ8jqSlmpKh5qSIJwhM0IgNDBeJE+fns9gIeG2UIo1iaEhrO1N8TOeJKZTw0nRzpsVr0puJ/3iDV0aWfU5Gkmgg8XxSlDOoYToOAQyoJ1iwzBGFJza0Qj5FEWJu4aiYEd/HlZdI9bbrnzbO7s0bruoyjCg7BETgBLrgALXAL2qADMHgCz+AVvFmF9WK9Wx/z1opVzhyAP7A+fwC+sZRF</latexit> 1X

c=1

<latexit sha1_base64="iJOGlRFcf9OtgatbJI2njtowdgc=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRS1GXRjcsW7APaECaTSTt08mDmRlpCfsWNC0Xc+iPu/BunbRbaeuDC4Zx7ufceLxFcgWV9GxubW9s7u6W98v7B4dGxeVLpqjiVlHVoLGLZ94higkesAxwE6yeSkdATrOdN7ud+74lJxePoEWYJc0IyinjAKQEtuWbFd4fAppCFnMo4r7UvsWtWrbq1AF4ndkGqqEDLNb+GfkzTkEVABVFqYFsJOBmRwKlgeXmYKpYQOiEjNtA0IiFTTra4PccXWvFxEEtdEeCF+nsiI6FSs9DTnSGBsVr15uJ/3iCF4NbJeJSkwCK6XBSkAkOM50Fgn0tGQcw0IVRyfSumYyIJBR1XWYdgr768TrpXdfu63mg3qs27Io4SOkPnqIZsdIOa6AG1UAdRNEXP6BW9GbnxYrwbH8vWDaOYOUV/YHz+AI3rlCA=</latexit>
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I-Bessel function

all-order quantum 
fluctuations of bulk modes 

[Iliesiu, S.M., Turiaci ’22]

[Dabholkar, Gomes, 
S.M.’11-’14]
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1a. Exact entropy of supersymmetric BHs
• Exact formulas from localization in sugra 

(e.g. ⅛-BPS BHs in N=8 string theory).
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[microscopic formula from analytic Number theory: Hardy-Ramanujan-Rademacher]

[Dabholkar, Gomes, 
S.M.’14]

Orbifolds of AdS2
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CS contribution 
on orbifold

Kloosterman sum 
I-Bessel function

all-order quantum 
fluctuations of bulk modes 

[Iliesiu, S.M., Turiaci ’22]

[Dabholkar, Gomes, 
S.M.’11-’14]
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[Dabholkar, Gomes, 
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• Volume of space of super-
Schwarzian modes on orbifold

[Iliesiu, S.M., Turiaci ’22]

1a. Exact entropy of supersymmetric BHs
• Exact formulas from localization in sugra 

(e.g. ⅛-BPS BHs in N=8 string theory).
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[microscopic formula from analytic Number theory: Hardy-Ramanujan-Rademacher]

[Dabholkar, Gomes, 
S.M.’14]

Orbifolds of AdS2

<latexit sha1_base64="awcJ5ytUhYdpAhTPYxgRpL+Rekc=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQi6kYounFZwT6giWEynbRDZyZhZiKGkF9x40IRt/6IO//GaZuFth64cDjnXu69J0wYVdpxvq3Kyura+kZ1s7a1vbO7Z+/XuypOJSYdHLNY9kOkCKOCdDTVjPQTSRAPGemFk5up33skUtFY3OssIT5HI0EjipE2UmDXoadSHuT4yi0ePCoinQV2w2k6M8Bl4pakAUq0A/vLG8Y45URozJBSA9dJtJ8jqSlmpKh5qSIJwhM0IgNDBeJE+fns9gIeG2UIo1iaEhrO1N8TOeJKZTw0nRzpsVr0puJ/3iDV0aWfU5Gkmgg8XxSlDOoYToOAQyoJ1iwzBGFJza0Qj5FEWJu4aiYEd/HlZdI9bbrnzbO7s0bruoyjCg7BETgBLrgALXAL2qADMHgCz+AVvFmF9WK9Wx/z1opVzhyAP7A+fwC+sZRF</latexit> 1X

c=1

<latexit sha1_base64="iJOGlRFcf9OtgatbJI2njtowdgc=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRS1GXRjcsW7APaECaTSTt08mDmRlpCfsWNC0Xc+iPu/BunbRbaeuDC4Zx7ufceLxFcgWV9GxubW9s7u6W98v7B4dGxeVLpqjiVlHVoLGLZ94higkesAxwE6yeSkdATrOdN7ud+74lJxePoEWYJc0IyinjAKQEtuWbFd4fAppCFnMo4r7UvsWtWrbq1AF4ndkGqqEDLNb+GfkzTkEVABVFqYFsJOBmRwKlgeXmYKpYQOiEjNtA0IiFTTra4PccXWvFxEEtdEeCF+nsiI6FSs9DTnSGBsVr15uJ/3iCF4NbJeJSkwCK6XBSkAkOM50Fgn0tGQcw0IVRyfSumYyIJBR1XWYdgr768TrpXdfu63mg3qs27Io4SOkPnqIZsdIOa6AG1UAdRNEXP6BW9GbnxYrwbH8vWDaOYOUV/YHz+AI3rlCA=</latexit>

dmicro(Q)

<latexit sha1_base64="8LVrqJucQl9xNwsjgr7UF8xAfX0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP4+7jMo=</latexit>=

CS contribution 
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I-Bessel function

all-order quantum 
fluctuations of bulk modes 

[Iliesiu, S.M., Turiaci ’22]
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1b. Black hole degeneracy = index

• 4d supersymmetric black holes are spherically symmetric 
and therefore have zero net angular momentum 
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AdS2•           geometry         microcanonical ensemble          
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•Quantum effects alter the spectrum of radiation at low 
temperatures, and resolve apparent paradoxes posed in 
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3. More developments
• Extract a signal of Schwarzian modes from the one-loop 

string worldsheet amplitude (slightly indirectly).  

[S.M., Rangamani ’24, ’25]
Bosonic on          ;  Superstrings on
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<latexit sha1_base64="+pUCA38/yr/wTWjM9DdCNS5Z3wI=">AAACCHicbZC7SgNBFIZnvcZ4W7W0cDAIVmFXg1pGbSwjMRdI4jI7O5sMmb0wc1YMS0obX8XGQhFbH8HOt3GSLKKJPwx8/OcczpzfjQVXYFlfxtz8wuLScm4lv7q2vrFpbm3XVZRIymo0EpFsukQxwUNWAw6CNWPJSOAK1nD7l6N6445JxaPwBgYx6wSkG3KfUwLacsy9NrB7SM+96tA5xm3gAVO4evuDjlmwitZYeBbsDAooU8UxP9teRJOAhUAFUaplWzF0UiKBU8GG+XaiWExon3RZS2NI9JZOOj5kiA+042E/kvqFgMfu74mUBEoNAld3BgR6aro2Mv+rtRLwzzopD+MEWEgni/xEYIjwKBXscckoiIEGQiXXf8W0RyShoLPL6xDs6ZNnoX5UtE+KpetSoXyRxZFDu2gfHSIbnaIyukIVVEMUPaAn9IJejUfj2Xgz3ietc0Y2s4P+yPj4BmEtmO0=</latexit>

AdS3 ⇥ S3⇥
<latexit sha1_base64="u62nFknIVZzh+qGY3WsL3296ZhM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4j5gXJGmYnvcmQ2dllZlYIIZ/gxYMiXv0ib/6Nk2QPmljQUFR1090VJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfmtJ1Sax7Juxgn6ER1IHnJGjZUe6o+VXrHklt05yCrxMlKCDLVe8avbj1kaoTRMUK07npsYf0KV4UzgtNBNNSaUjegAO5ZKGqH2J/NTp+TMKn0SxsqWNGSu/p6Y0EjrcRTYzoiaoV72ZuJ/Xic14bU/4TJJDUq2WBSmgpiYzP4mfa6QGTG2hDLF7a2EDamizNh0CjYEb/nlVdK8KHuX5cp9pVS9yeLIwwmcwjl4cAVVuIMaNIDBAJ7hFd4c4bw4787HojXnZDPH8AfO5w/avo2H</latexit>

T 4
<latexit sha1_base64="LzXwghfJBZ8wBZHD4kOqmcUqXDg=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHxRHaVqEeiF48Y5JHAQmaHWZgw+3Cml4QQvsOLB43x6sd4828cYA8KVtJJpao73V1eLIVG2/62MmvrG5tb2e3czu7e/kH+8Kiuo0QxXmORjFTTo5pLEfIaCpS8GStOA0/yhje8m/mNEVdaROEjjmPuBrQfCl8wikZyq53LNoqAa1LtON18wS7ac5BV4qSkACkq3fxXuxexJOAhMkm1bjl2jO6EKhRM8mmunWgeUzakfd4yNKRmkTuZHz0lZ0bpET9SpkIkc/X3xIQGWo8Dz3QGFAd62ZuJ/3mtBP0bdyLCOEEessUiP5EEIzJLgPSE4gzl2BDKlDC3EjagijI0OeVMCM7yy6ukflF0roqlh1KhfJvGkYUTOIVzcOAaynAPFagBgyd4hld4s0bWi/VufSxaM1Y6cwx/YH3+ALHhkWk=</latexit>

S3 ⇥ S1
<latexit sha1_base64="cOXWUSVqdLW+jYBLiHF1ZF0N4e4=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKexqUI9RLx4jmgdklzA7O0mGzD6Y6RXDkt/w4kERr/6MN//GSbIHjRY0FFXddHf5iRQabfvLKiwtr6yuFddLG5tb2zvl3b2WjlPFeJPFMlYdn2ouRcSbKFDyTqI4DX3J2/7oeuq3H7jSIo7ucZxwL6SDSPQFo2gk10X+iNllcDfpnfbKFbtqz0D+EicnFcjR6JU/3SBmacgjZJJq3XXsBL2MKhRM8knJTTVPKBvRAe8aGtGQay+b3TwhR0YJSD9WpiIkM/XnREZDrcehbzpDikO96E3F/7xuiv0LLxNRkiKP2HxRP5UEYzINgARCcYZybAhlSphbCRtSRRmamEomBGfx5b+kdVJ1zqq121qlfpXHUYQDOIRjcOAc6nADDWgCgwSe4AVerdR6tt6s93lrwcpn9uEXrI9v7AORng==</latexit>

AdS3

[Castro, Mancilla, Papadimitrou ’25]
• Schwarzian far from BH [Kolanowski, Marolf, Rakic, Rangamani,

Turiaci ’24]; 



3. More developments

[Heydeman, Shi, Turiaci ’25]
• Which superalgebras can arise as the BH near-horizon 

symmetry? Interpret 1-loop result     . 
<latexit sha1_base64="Arfa5O7G0SqKcuOtxYHwUsFuEWg=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4j5AXJGnons8mQ2dl1ZlYIIT/hxYMiXv0db/6Nk2QPmljQUFR1090VJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqyho0FrFqB6iZ4JI1DDeCtRPFMAoEawWj25nfemJK81jWzThhfoQDyUNO0VipXX/ookiG2CuW3LI7B1klXkZKkKHWK351+zFNIyYNFah1x3MT409QGU4Fmxa6qWYJ0hEOWMdSiRHT/mR+75ScWaVPwljZkobM1d8TE4y0HkeB7YzQDPWyNxP/8zqpCa/9CZdJapiki0VhKoiJyex50ueKUSPGliBV3N5K6BAVUmMjKtgQvOWXV0nzouxdliv3lVL1JosjDydwCufgwRVU4Q5q0AAKAp7hFd6cR+fFeXc+Fq05J5s5hj9wPn8A6qSP5w==</latexit>

T↵

• Extract a signal of Schwarzian modes from the one-loop 
string worldsheet amplitude (slightly indirectly).  

[S.M., Rangamani ’24, ’25]
Bosonic on          ;  Superstrings on

<latexit sha1_base64="+pUCA38/yr/wTWjM9DdCNS5Z3wI=">AAACCHicbZC7SgNBFIZnvcZ4W7W0cDAIVmFXg1pGbSwjMRdI4jI7O5sMmb0wc1YMS0obX8XGQhFbH8HOt3GSLKKJPwx8/OcczpzfjQVXYFlfxtz8wuLScm4lv7q2vrFpbm3XVZRIymo0EpFsukQxwUNWAw6CNWPJSOAK1nD7l6N6445JxaPwBgYx6wSkG3KfUwLacsy9NrB7SM+96tA5xm3gAVO4evuDjlmwitZYeBbsDAooU8UxP9teRJOAhUAFUaplWzF0UiKBU8GG+XaiWExon3RZS2NI9JZOOj5kiA+042E/kvqFgMfu74mUBEoNAld3BgR6aro2Mv+rtRLwzzopD+MEWEgni/xEYIjwKBXscckoiIEGQiXXf8W0RyShoLPL6xDs6ZNnoX5UtE+KpetSoXyRxZFDu2gfHSIbnaIyukIVVEMUPaAn9IJejUfj2Xgz3ietc0Y2s4P+yPj4BmEtmO0=</latexit>

AdS3 ⇥ S3⇥
<latexit sha1_base64="u62nFknIVZzh+qGY3WsL3296ZhM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4j5gXJGmYnvcmQ2dllZlYIIZ/gxYMiXv0ib/6Nk2QPmljQUFR1090VJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfmtJ1Sax7Juxgn6ER1IHnJGjZUe6o+VXrHklt05yCrxMlKCDLVe8avbj1kaoTRMUK07npsYf0KV4UzgtNBNNSaUjegAO5ZKGqH2J/NTp+TMKn0SxsqWNGSu/p6Y0EjrcRTYzoiaoV72ZuJ/Xic14bU/4TJJDUq2WBSmgpiYzP4mfa6QGTG2hDLF7a2EDamizNh0CjYEb/nlVdK8KHuX5cp9pVS9yeLIwwmcwjl4cAVVuIMaNIDBAJ7hFd4c4bw4787HojXnZDPH8AfO5w/avo2H</latexit>

T 4
<latexit sha1_base64="LzXwghfJBZ8wBZHD4kOqmcUqXDg=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHxRHaVqEeiF48Y5JHAQmaHWZgw+3Cml4QQvsOLB43x6sd4828cYA8KVtJJpao73V1eLIVG2/62MmvrG5tb2e3czu7e/kH+8Kiuo0QxXmORjFTTo5pLEfIaCpS8GStOA0/yhje8m/mNEVdaROEjjmPuBrQfCl8wikZyq53LNoqAa1LtON18wS7ac5BV4qSkACkq3fxXuxexJOAhMkm1bjl2jO6EKhRM8mmunWgeUzakfd4yNKRmkTuZHz0lZ0bpET9SpkIkc/X3xIQGWo8Dz3QGFAd62ZuJ/3mtBP0bdyLCOEEessUiP5EEIzJLgPSE4gzl2BDKlDC3EjagijI0OeVMCM7yy6ukflF0roqlh1KhfJvGkYUTOIVzcOAaynAPFagBgyd4hld4s0bWi/VufSxaM1Y6cwx/YH3+ALHhkWk=</latexit>

S3 ⇥ S1
<latexit sha1_base64="cOXWUSVqdLW+jYBLiHF1ZF0N4e4=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKexqUI9RLx4jmgdklzA7O0mGzD6Y6RXDkt/w4kERr/6MN//GSbIHjRY0FFXddHf5iRQabfvLKiwtr6yuFddLG5tb2zvl3b2WjlPFeJPFMlYdn2ouRcSbKFDyTqI4DX3J2/7oeuq3H7jSIo7ucZxwL6SDSPQFo2gk10X+iNllcDfpnfbKFbtqz0D+EicnFcjR6JU/3SBmacgjZJJq3XXsBL2MKhRM8knJTTVPKBvRAe8aGtGQay+b3TwhR0YJSD9WpiIkM/XnREZDrcehbzpDikO96E3F/7xuiv0LLxNRkiKP2HxRP5UEYzINgARCcYZybAhlSphbCRtSRRmamEomBGfx5b+kdVJ1zqq121qlfpXHUYQDOIRjcOAc6nADDWgCgwSe4AVerdR6tt6s93lrwcpn9uEXrI9v7AORng==</latexit>

AdS3

[Castro, Mancilla, Papadimitrou ’25]
• Schwarzian far from BH [Kolanowski, Marolf, Rakic, Rangamani,

Turiaci ’24]; 

• Highly spinning BHs.
Rakic, Rangamani Turiaci ’23; Arnaudo, Bonelli, Tanzini ’25]

[Kapec, Sheta, Toldo, Strominger ’23; 



3. More developments

[Heydeman, Shi, Turiaci ’25]
• Which superalgebras can arise as the BH near-horizon 

symmetry? Interpret 1-loop result     . 
<latexit sha1_base64="Arfa5O7G0SqKcuOtxYHwUsFuEWg=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4j5AXJGnons8mQ2dl1ZlYIIT/hxYMiXv0db/6Nk2QPmljQUFR1090VJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqyho0FrFqB6iZ4JI1DDeCtRPFMAoEawWj25nfemJK81jWzThhfoQDyUNO0VipXX/ookiG2CuW3LI7B1klXkZKkKHWK351+zFNIyYNFah1x3MT409QGU4Fmxa6qWYJ0hEOWMdSiRHT/mR+75ScWaVPwljZkobM1d8TE4y0HkeB7YzQDPWyNxP/8zqpCa/9CZdJapiki0VhKoiJyex50ueKUSPGliBV3N5K6BAVUmMjKtgQvOWXV0nzouxdliv3lVL1JosjDydwCufgwRVU4Q5q0AAKAp7hFd6cR+fFeXc+Fq05J5s5hj9wPn8A6qSP5w==</latexit>

T↵

• Extract a signal of Schwarzian modes from the one-loop 
string worldsheet amplitude (slightly indirectly).  

[S.M., Rangamani ’24, ’25]
Bosonic on          ;  Superstrings on

<latexit sha1_base64="+pUCA38/yr/wTWjM9DdCNS5Z3wI=">AAACCHicbZC7SgNBFIZnvcZ4W7W0cDAIVmFXg1pGbSwjMRdI4jI7O5sMmb0wc1YMS0obX8XGQhFbH8HOt3GSLKKJPwx8/OcczpzfjQVXYFlfxtz8wuLScm4lv7q2vrFpbm3XVZRIymo0EpFsukQxwUNWAw6CNWPJSOAK1nD7l6N6445JxaPwBgYx6wSkG3KfUwLacsy9NrB7SM+96tA5xm3gAVO4evuDjlmwitZYeBbsDAooU8UxP9teRJOAhUAFUaplWzF0UiKBU8GG+XaiWExon3RZS2NI9JZOOj5kiA+042E/kvqFgMfu74mUBEoNAld3BgR6aro2Mv+rtRLwzzopD+MEWEgni/xEYIjwKBXscckoiIEGQiXXf8W0RyShoLPL6xDs6ZNnoX5UtE+KpetSoXyRxZFDu2gfHSIbnaIyukIVVEMUPaAn9IJejUfj2Xgz3ietc0Y2s4P+yPj4BmEtmO0=</latexit>

AdS3 ⇥ S3⇥
<latexit sha1_base64="u62nFknIVZzh+qGY3WsL3296ZhM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4j5gXJGmYnvcmQ2dllZlYIIZ/gxYMiXv0ib/6Nk2QPmljQUFR1090VJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfmtJ1Sax7Juxgn6ER1IHnJGjZUe6o+VXrHklt05yCrxMlKCDLVe8avbj1kaoTRMUK07npsYf0KV4UzgtNBNNSaUjegAO5ZKGqH2J/NTp+TMKn0SxsqWNGSu/p6Y0EjrcRTYzoiaoV72ZuJ/Xic14bU/4TJJDUq2WBSmgpiYzP4mfa6QGTG2hDLF7a2EDamizNh0CjYEb/nlVdK8KHuX5cp9pVS9yeLIwwmcwjl4cAVVuIMaNIDBAJ7hFd4c4bw4787HojXnZDPH8AfO5w/avo2H</latexit>

T 4
<latexit sha1_base64="LzXwghfJBZ8wBZHD4kOqmcUqXDg=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHxRHaVqEeiF48Y5JHAQmaHWZgw+3Cml4QQvsOLB43x6sd4828cYA8KVtJJpao73V1eLIVG2/62MmvrG5tb2e3czu7e/kH+8Kiuo0QxXmORjFTTo5pLEfIaCpS8GStOA0/yhje8m/mNEVdaROEjjmPuBrQfCl8wikZyq53LNoqAa1LtON18wS7ac5BV4qSkACkq3fxXuxexJOAhMkm1bjl2jO6EKhRM8mmunWgeUzakfd4yNKRmkTuZHz0lZ0bpET9SpkIkc/X3xIQGWo8Dz3QGFAd62ZuJ/3mtBP0bdyLCOEEessUiP5EEIzJLgPSE4gzl2BDKlDC3EjagijI0OeVMCM7yy6ukflF0roqlh1KhfJvGkYUTOIVzcOAaynAPFagBgyd4hld4s0bWi/VufSxaM1Y6cwx/YH3+ALHhkWk=</latexit>

S3 ⇥ S1
<latexit sha1_base64="cOXWUSVqdLW+jYBLiHF1ZF0N4e4=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKexqUI9RLx4jmgdklzA7O0mGzD6Y6RXDkt/w4kERr/6MN//GSbIHjRY0FFXddHf5iRQabfvLKiwtr6yuFddLG5tb2zvl3b2WjlPFeJPFMlYdn2ouRcSbKFDyTqI4DX3J2/7oeuq3H7jSIo7ucZxwL6SDSPQFo2gk10X+iNllcDfpnfbKFbtqz0D+EicnFcjR6JU/3SBmacgjZJJq3XXsBL2MKhRM8knJTTVPKBvRAe8aGtGQay+b3TwhR0YJSD9WpiIkM/XnREZDrcehbzpDikO96E3F/7xuiv0LLxNRkiKP2HxRP5UEYzINgARCcYZybAhlSphbCRtSRRmamEomBGfx5b+kdVJ1zqq121qlfpXHUYQDOIRjcOAc6nADDWgCgwSe4AVerdR6tt6s93lrwcpn9uEXrI9v7AORng==</latexit>

AdS3

[Castro, Mancilla, Papadimitrou ’25]
• Schwarzian far from BH [Kolanowski, Marolf, Rakic, Rangamani,

Turiaci ’24]; 

[Maldacena-S.M., ’23 unpublished]

(Classical) super-radiant instability takes BH away from 
extremality. Time-scale of decay comparable to 
Schwarzian time-scale.

• Highly spinning BHs.
Rakic, Rangamani Turiaci ’23; Arnaudo, Bonelli, Tanzini ’25]

[Kapec, Sheta, Toldo, Strominger ’23; 



Microstates of 
supersymmetric BHs 

in string theory
Macroscopic

<latexit sha1_base64="kZ3oIrSTZUMER9FYm1e8hQogbIk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2A9oQ5lsN+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0DNBI9Yw3AjWDtRDGUgWCsY3Uz91hNTmsfRgxknzJc4iHjIKRortbu3KCUS0itX3Ko7A1kmXk4qkKPeK391+zFNJYsMFah1x3MT42eoDKeCTUrdVLME6QgHrGNphJJpP5vdOyEnVumTMFa2IkNm6u+JDKXWYxnYTolmqBe9qfif10lNeOVnPEpSwyI6XxSmgpiYTJ8nfa4YNWJsCVLF7a2EDlEhNTaikg3BW3x5mTTPqt5F9fz+vFK7zuMowhEcwyl4cAk1uIM6NICCgGd4hTfn0Xlx3p2PeWvByWcO4Q+czx8IZI9S</latexit>

�

Bekenstein-Hawking ’74

Microscopic

gs

Strominger-Vafa ’96

<latexit sha1_base64="4SKAmcuiPNdE8F8RNi5JsBrI9GM=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRgx4r2A9oQphsN+nS3STsbgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5YcaZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Coo9JcEtomKU9lLwRFOUtoWzPNaS+TFETIaTcc3c387phKxdLkSU8y6guIExYxAtpIgW3HgcLePQgB2Itj7AZ23Wk4c+BV4pakjkq0AvvLG6QkFzTRhINSfdfJtF+A1IxwOq15uaIZkBHEtG9oAoIqv5hfPsVnRhngKJWmEo3n6u+JAoRSExGaTgF6qJa9mfif1891dOMXLMlyTROyWBTlHOsUz2LAAyYp0XxiCBDJzK2YDEEC0SasmgnBXX55lXQuGu5V4/Lxst68LeOoohN0is6Ri65REz2gFmojgsboGb2iN6uwXqx362PRWrHKmWP0B9bnD+C8koc=</latexit>

gs� � 1
<latexit sha1_base64="ZQAOz31EoAFbYb/xlUZoRr2GeRc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRgx4r2A9oQplsN+3S3U3Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzopQzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRSyeZIrRJEp6oTgSaciZp0zDDaSdVFETEaTsa3c389pgqzRL5ZCYpDQUMJIsZAWOlnusOehoH9yAE4IBz7Pfcqlfz5sCrxC9IFRVo9NyvoJ+QTFBpCAetu76XmjAHZRjhdFoJMk1TICMY0K6lEgTVYT6/fIrPrNLHcaJsSYPn6u+JHITWExHZTgFmqJe9mfif181MfBPmTKaZoZIsFsUZxybBsxhwnylKDJ9YAkQxeysmQ1BAjA2rYkPwl19eJa2Lmn9Vu3y8rNZvizjK6ASdonPko2tURw+ogZqIoDF6Rq/ozcmdF+fd+Vi0lpxi5hj9gfP5A+/9kpE=</latexit>

gs� ⌧ 1

<latexit sha1_base64="kZ3oIrSTZUMER9FYm1e8hQogbIk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2A9oQ5lsN+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0DNBI9Yw3AjWDtRDGUgWCsY3Uz91hNTmsfRgxknzJc4iHjIKRortbu3KCUS0itX3Ko7A1kmXk4qkKPeK391+zFNJYsMFah1x3MT42eoDKeCTUrdVLME6QgHrGNphJJpP5vdOyEnVumTMFa2IkNm6u+JDKXWYxnYTolmqBe9qfif10lNeOVnPEpSwyI6XxSmgpiYTJ8nfa4YNWJsCVLF7a2EDlEhNTaikg3BW3x5mTTPqt5F9fz+vFK7zuMowhEcwyl4cAk1uIM6NICCgGd4hTfn0Xlx3p2PeWvByWcO4Q+czx8IZI9S</latexit>

�



When “counting” susy microstates in string 
theory, one really calculates the index
• Important success of string theory.  Proceeds through 

a sequence of steps:

<latexit sha1_base64="kZ3oIrSTZUMER9FYm1e8hQogbIk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2A9oQ5lsN+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0DNBI9Yw3AjWDtRDGUgWCsY3Uz91hNTmsfRgxknzJc4iHjIKRortbu3KCUS0itX3Ko7A1kmXk4qkKPeK391+zFNJYsMFah1x3MT42eoDKeCTUrdVLME6QgHrGNphJJpP5vdOyEnVumTMFa2IkNm6u+JDKXWYxnYTolmqBe9qfif10lNeOVnPEpSwyI6XxSmgpiYTJ8nfa4YNWJsCVLF7a2EDlEhNTaikg3BW3x5mTTPqt5F9fz+vFK7zuMowhEcwyl4cAk1uIM6NICCgGd4hTfn0Xlx3p2PeWvByWcO4Q+czx8IZI9S</latexit>

�

Macroscopic

Bekenstein-Hawking ’74

Microscopic

gs

Strominger-Vafa ’96

<latexit sha1_base64="4SKAmcuiPNdE8F8RNi5JsBrI9GM=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRgx4r2A9oQphsN+nS3STsbgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5YcaZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Coo9JcEtomKU9lLwRFOUtoWzPNaS+TFETIaTcc3c387phKxdLkSU8y6guIExYxAtpIgW3HgcLePQgB2Itj7AZ23Wk4c+BV4pakjkq0AvvLG6QkFzTRhINSfdfJtF+A1IxwOq15uaIZkBHEtG9oAoIqv5hfPsVnRhngKJWmEo3n6u+JAoRSExGaTgF6qJa9mfif1891dOMXLMlyTROyWBTlHOsUz2LAAyYp0XxiCBDJzK2YDEEC0SasmgnBXX55lXQuGu5V4/Lxst68LeOoohN0is6Ri65REz2gFmojgsboGb2iN6uwXqx362PRWrHKmWP0B9bnD+C8koc=</latexit>

gs� � 1
<latexit sha1_base64="ZQAOz31EoAFbYb/xlUZoRr2GeRc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRgx4r2A9oQplsN+3S3U3Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzopQzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRSyeZIrRJEp6oTgSaciZp0zDDaSdVFETEaTsa3c389pgqzRL5ZCYpDQUMJIsZAWOlnusOehoH9yAE4IBz7Pfcqlfz5sCrxC9IFRVo9NyvoJ+QTFBpCAetu76XmjAHZRjhdFoJMk1TICMY0K6lEgTVYT6/fIrPrNLHcaJsSYPn6u+JHITWExHZTgFmqJe9mfif181MfBPmTKaZoZIsFsUZxybBsxhwnylKDJ9YAkQxeysmQ1BAjA2rYkPwl19eJa2Lmn9Vu3y8rNZvizjK6ASdonPko2tURw+ogZqIoDF6Rq/ozcmdF+fd+Vi0lpxi5hj9gfP5A+/9kpE=</latexit>

gs� ⌧ 1

<latexit sha1_base64="kZ3oIrSTZUMER9FYm1e8hQogbIk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2A9oQ5lsN+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0DNBI9Yw3AjWDtRDGUgWCsY3Uz91hNTmsfRgxknzJc4iHjIKRortbu3KCUS0itX3Ko7A1kmXk4qkKPeK391+zFNJYsMFah1x3MT42eoDKeCTUrdVLME6QgHrGNphJJpP5vdOyEnVumTMFa2IkNm6u+JDKXWYxnYTolmqBe9qfif10lNeOVnPEpSwyI6XxSmgpiYTJ8nfa4YNWJsCVLF7a2EDlEhNTaikg3BW3x5mTTPqt5F9fz+vFK7zuMowhEcwyl4cAk1uIM6NICCgGd4hTfn0Xlx3p2PeWvByWcO4Q+czx8IZI9S</latexit>

�



When “counting” susy microstates in string 
theory, one really calculates the index

❖ In gravitational theory, focus on BPS BH solution, 
and calculate its (quantum) BH entropy.

• Important success of string theory.  Proceeds through 
a sequence of steps:

<latexit sha1_base64="kZ3oIrSTZUMER9FYm1e8hQogbIk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2A9oQ5lsN+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0DNBI9Yw3AjWDtRDGUgWCsY3Uz91hNTmsfRgxknzJc4iHjIKRortbu3KCUS0itX3Ko7A1kmXk4qkKPeK391+zFNJYsMFah1x3MT42eoDKeCTUrdVLME6QgHrGNphJJpP5vdOyEnVumTMFa2IkNm6u+JDKXWYxnYTolmqBe9qfif10lNeOVnPEpSwyI6XxSmgpiYTJ8nfa4YNWJsCVLF7a2EDlEhNTaikg3BW3x5mTTPqt5F9fz+vFK7zuMowhEcwyl4cAk1uIM6NICCgGd4hTfn0Xlx3p2PeWvByWcO4Q+czx8IZI9S</latexit>

�

Macroscopic

Bekenstein-Hawking ’74

Microscopic

gs

Strominger-Vafa ’96

<latexit sha1_base64="4SKAmcuiPNdE8F8RNi5JsBrI9GM=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRgx4r2A9oQphsN+nS3STsbgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5YcaZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Coo9JcEtomKU9lLwRFOUtoWzPNaS+TFETIaTcc3c387phKxdLkSU8y6guIExYxAtpIgW3HgcLePQgB2Itj7AZ23Wk4c+BV4pakjkq0AvvLG6QkFzTRhINSfdfJtF+A1IxwOq15uaIZkBHEtG9oAoIqv5hfPsVnRhngKJWmEo3n6u+JAoRSExGaTgF6qJa9mfif1891dOMXLMlyTROyWBTlHOsUz2LAAyYp0XxiCBDJzK2YDEEC0SasmgnBXX55lXQuGu5V4/Lxst68LeOoohN0is6Ri65REz2gFmojgsboGb2iN6uwXqx362PRWrHKmWP0B9bnD+C8koc=</latexit>

gs� � 1
<latexit sha1_base64="ZQAOz31EoAFbYb/xlUZoRr2GeRc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRgx4r2A9oQplsN+3S3U3Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzopQzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRSyeZIrRJEp6oTgSaciZp0zDDaSdVFETEaTsa3c389pgqzRL5ZCYpDQUMJIsZAWOlnusOehoH9yAE4IBz7Pfcqlfz5sCrxC9IFRVo9NyvoJ+QTFBpCAetu76XmjAHZRjhdFoJMk1TICMY0K6lEgTVYT6/fIrPrNLHcaJsSYPn6u+JHITWExHZTgFmqJe9mfif181MfBPmTKaZoZIsFsUZxybBsxhwnylKDJ9YAkQxeysmQ1BAjA2rYkPwl19eJa2Lmn9Vu3y8rNZvizjK6ASdonPko2tURw+ogZqIoDF6Rq/ozcmdF+fd+Vi0lpxi5hj9gfP5A+/9kpE=</latexit>

gs� ⌧ 1

<latexit sha1_base64="kZ3oIrSTZUMER9FYm1e8hQogbIk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2A9oQ5lsN+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0DNBI9Yw3AjWDtRDGUgWCsY3Uz91hNTmsfRgxknzJc4iHjIKRortbu3KCUS0itX3Ko7A1kmXk4qkKPeK391+zFNJYsMFah1x3MT42eoDKeCTUrdVLME6QgHrGNphJJpP5vdOyEnVumTMFa2IkNm6u+JDKXWYxnYTolmqBe9qfif10lNeOVnPEpSwyI6XxSmgpiYTJ8nfa4YNWJsCVLF7a2EDlEhNTaikg3BW3x5mTTPqt5F9fz+vFK7zuMowhEcwyl4cAk1uIM6NICCgGd4hTfn0Xlx3p2PeWvByWcO4Q+czx8IZI9S</latexit>

�



When “counting” susy microstates in string 
theory, one really calculates the index

❖ In gravitational theory, focus on BPS BH solution, 
and calculate its (quantum) BH entropy.

• Important success of string theory.  Proceeds through 
a sequence of steps:

<latexit sha1_base64="kZ3oIrSTZUMER9FYm1e8hQogbIk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2A9oQ5lsN+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0DNBI9Yw3AjWDtRDGUgWCsY3Uz91hNTmsfRgxknzJc4iHjIKRortbu3KCUS0itX3Ko7A1kmXk4qkKPeK391+zFNJYsMFah1x3MT42eoDKeCTUrdVLME6QgHrGNphJJpP5vdOyEnVumTMFa2IkNm6u+JDKXWYxnYTolmqBe9qfif10lNeOVnPEpSwyI6XxSmgpiYTJ8nfa4YNWJsCVLF7a2EDlEhNTaikg3BW3x5mTTPqt5F9fz+vFK7zuMowhEcwyl4cAk1uIM6NICCgGd4hTfn0Xlx3p2PeWvByWcO4Q+czx8IZI9S</latexit>

�

Macroscopic

Bekenstein-Hawking ’74

Microscopic

gs

Strominger-Vafa ’96

<latexit sha1_base64="4SKAmcuiPNdE8F8RNi5JsBrI9GM=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRgx4r2A9oQphsN+nS3STsbgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5YcaZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Coo9JcEtomKU9lLwRFOUtoWzPNaS+TFETIaTcc3c387phKxdLkSU8y6guIExYxAtpIgW3HgcLePQgB2Itj7AZ23Wk4c+BV4pakjkq0AvvLG6QkFzTRhINSfdfJtF+A1IxwOq15uaIZkBHEtG9oAoIqv5hfPsVnRhngKJWmEo3n6u+JAoRSExGaTgF6qJa9mfif1891dOMXLMlyTROyWBTlHOsUz2LAAyYp0XxiCBDJzK2YDEEC0SasmgnBXX55lXQuGu5V4/Lxst68LeOoohN0is6Ri65REz2gFmojgsboGb2iN6uwXqx362PRWrHKmWP0B9bnD+C8koc=</latexit>

gs� � 1
<latexit sha1_base64="ZQAOz31EoAFbYb/xlUZoRr2GeRc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRgx4r2A9oQplsN+3S3U3Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzopQzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRSyeZIrRJEp6oTgSaciZp0zDDaSdVFETEaTsa3c389pgqzRL5ZCYpDQUMJIsZAWOlnusOehoH9yAE4IBz7Pfcqlfz5sCrxC9IFRVo9NyvoJ+QTFBpCAetu76XmjAHZRjhdFoJMk1TICMY0K6lEgTVYT6/fIrPrNLHcaJsSYPn6u+JHITWExHZTgFmqJe9mfif181MfBPmTKaZoZIsFsUZxybBsxhwnylKDJ9YAkQxeysmQ1BAjA2rYkPwl19eJa2Lmn9Vu3y8rNZvizjK6ASdonPko2tURw+ogZqIoDF6Rq/ozcmdF+fd+Vi0lpxi5hj9gfP5A+/9kpE=</latexit>

gs� ⌧ 1

<latexit sha1_base64="kZ3oIrSTZUMER9FYm1e8hQogbIk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2A9oQ5lsN+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0DNBI9Yw3AjWDtRDGUgWCsY3Uz91hNTmsfRgxknzJc4iHjIKRortbu3KCUS0itX3Ko7A1kmXk4qkKPeK391+zFNJYsMFah1x3MT42eoDKeCTUrdVLME6QgHrGNphJJpP5vdOyEnVumTMFa2IkNm6u+JDKXWYxnYTolmqBe9qfif10lNeOVnPEpSwyI6XxSmgpiYTJ8nfa4YNWJsCVLF7a2EDlEhNTaikg3BW3x5mTTPqt5F9fz+vFK7zuMowhEcwyl4cAk1uIM6NICCgGd4hTfn0Xlx3p2PeWvByWcO4Q+czx8IZI9S</latexit>

�

❖  Calculate index in weakly-coupled (micro) string theory
<latexit sha1_base64="zbR6YFTGr+EiAsfsBd6SdiNgOeU=">AAACHnicbVDLSgMxFM3Ud31VXboJFqGCLTOi6EYQBXGpYFXstCWT3rahmQfJHbEM8yVu/BU3LhQRXOnfmKkFtXog4eSce7m5x4uk0GjbH1ZubHxicmp6Jj87N7+wWFhavtBhrDhUeShDdeUxDVIEUEWBEq4iBcz3JFx6vaPMv7wBpUUYnGM/grrPOoFoC87QSM3CzjV1N+l+drkIt5icqzR7lMrORuP4W4a0kZSp6wEyepI2C0W7Yg9A/xJnSIpkiNNm4c1thTz2IUAumdY1x46wnjCFgktI826sIWK8xzpQMzRgPuh6MlgvpetGadF2qMwJkA7Unx0J87Xu+56p9Bl29aiXif95tRjbe/VEBFGMEPCvQe1YUgxplhVtCQUcZd8QxpUwf6W8yxTjaBLNmxCc0ZX/koutirNTsc+2iweHwzimySpZIyXikF1yQE7IKakSTu7IA3kiz9a99Wi9WK9fpTlr2LNCfsF6/wSqpp8r</latexit>

Z = Tr (�1)F e��H
<latexit sha1_base64="Splk4W5lI+B4On+nUQZrulbCv8U=">AAAB+HicbVDLSgMxFL3js9ZHR126CRbBjWVGiroRSgVxWcE+oJ0OmTTThmYyQ5IRaumXuHGhiFs/xZ1/Y9rOQlsPXO7hnHvJzQkSzpR2nG9rZXVtfWMzt5Xf3tndK9j7Bw0Vp5LQOol5LFsBVpQzQeuaaU5biaQ4CjhtBsObqd98pFKxWDzoUUK9CPcFCxnB2ki+XbhGwq92HXRm+m3X8e2iU3JmQMvEzUgRMtR8+6vTi0kaUaEJx0q1XSfR3hhLzQink3wnVTTBZIj7tG2owBFV3nh2+ASdGKWHwliaEhrN1N8bYxwpNYoCMxlhPVCL3lT8z2unOrzyxkwkqaaCzB8KU450jKYpoB6TlGg+MgQTycytiAywxESbrPImBHfxy8ukcV5yL0rl+3KxUs3iyMERHMMpuHAJFbiDGtSBQArP8Apv1pP1Yr1bH/PRFSvbOYQ/sD5/AOikkVI=</latexit>

= n0
B � n0

F (count of BPS states)
[Strominger-Vafa ’96] 



<latexit sha1_base64="SEG5htx5l71lhAoJe4rWIuBNggA=">AAAB/nicbVDJSgNBEO1xjXEbFU9eGoMQL2FGgnoRQrzkGNEsmBmGnk5P0qRnobtGDEPAX/HiQRGvfoc3/8bOctDEBwWP96qoqucngiuwrG9jaXlldW09t5Hf3Nre2TX39psqTiVlDRqLWLZ9opjgEWsAB8HaiWQk9AVr+YPrsd96YFLxOLqDYcLckPQiHnBKQEueeeiIuFe8P8VX+NZzgD1CVq2NPLNglawJ8CKxZ6SAZqh75pfTjWkasgioIEp1bCsBNyMSOBVslHdSxRJCB6THOppGJGTKzSbnj/CJVro4iKWuCPBE/T2RkVCpYejrzpBAX817Y/E/r5NCcOlmPEpSYBGdLgpSgSHG4yxwl0tGQQw1IVRyfSumfSIJBZ1YXodgz7+8SJpnJfu8VL4pFyrVWRw5dISOURHZ6AJVUA3VUQNRlKFn9IrejCfjxXg3PqatS8Zs5gD9gfH5A5fdlKE=</latexit>

log(Z) = SBH

When “counting” susy microstates in string 
theory, one really calculates the index

❖ In gravitational theory, focus on BPS BH solution, 
and calculate its (quantum) BH entropy.

• Important success of string theory.  Proceeds through 
a sequence of steps:

<latexit sha1_base64="kZ3oIrSTZUMER9FYm1e8hQogbIk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2A9oQ5lsN+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0DNBI9Yw3AjWDtRDGUgWCsY3Uz91hNTmsfRgxknzJc4iHjIKRortbu3KCUS0itX3Ko7A1kmXk4qkKPeK391+zFNJYsMFah1x3MT42eoDKeCTUrdVLME6QgHrGNphJJpP5vdOyEnVumTMFa2IkNm6u+JDKXWYxnYTolmqBe9qfif10lNeOVnPEpSwyI6XxSmgpiYTJ8nfa4YNWJsCVLF7a2EDlEhNTaikg3BW3x5mTTPqt5F9fz+vFK7zuMowhEcwyl4cAk1uIM6NICCgGd4hTfn0Xlx3p2PeWvByWcO4Q+czx8IZI9S</latexit>

�

Macroscopic

Bekenstein-Hawking ’74

Microscopic

gs

Strominger-Vafa ’96

<latexit sha1_base64="4SKAmcuiPNdE8F8RNi5JsBrI9GM=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRgx4r2A9oQphsN+nS3STsbgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5YcaZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Coo9JcEtomKU9lLwRFOUtoWzPNaS+TFETIaTcc3c387phKxdLkSU8y6guIExYxAtpIgW3HgcLePQgB2Itj7AZ23Wk4c+BV4pakjkq0AvvLG6QkFzTRhINSfdfJtF+A1IxwOq15uaIZkBHEtG9oAoIqv5hfPsVnRhngKJWmEo3n6u+JAoRSExGaTgF6qJa9mfif1891dOMXLMlyTROyWBTlHOsUz2LAAyYp0XxiCBDJzK2YDEEC0SasmgnBXX55lXQuGu5V4/Lxst68LeOoohN0is6Ri65REz2gFmojgsboGb2iN6uwXqx362PRWrHKmWP0B9bnD+C8koc=</latexit>

gs� � 1
<latexit sha1_base64="ZQAOz31EoAFbYb/xlUZoRr2GeRc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRgx4r2A9oQplsN+3S3U3Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzopQzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRSyeZIrRJEp6oTgSaciZp0zDDaSdVFETEaTsa3c389pgqzRL5ZCYpDQUMJIsZAWOlnusOehoH9yAE4IBz7Pfcqlfz5sCrxC9IFRVo9NyvoJ+QTFBpCAetu76XmjAHZRjhdFoJMk1TICMY0K6lEgTVYT6/fIrPrNLHcaJsSYPn6u+JHITWExHZTgFmqJe9mfif181MfBPmTKaZoZIsFsUZxybBsxhwnylKDJ9YAkQxeysmQ1BAjA2rYkPwl19eJa2Lmn9Vu3y8rNZvizjK6ASdonPko2tURw+ogZqIoDF6Rq/ozcmdF+fd+Vi0lpxi5hj9gfP5A+/9kpE=</latexit>

gs� ⌧ 1

<latexit sha1_base64="kZ3oIrSTZUMER9FYm1e8hQogbIk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2A9oQ5lsN+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0DNBI9Yw3AjWDtRDGUgWCsY3Uz91hNTmsfRgxknzJc4iHjIKRortbu3KCUS0itX3Ko7A1kmXk4qkKPeK391+zFNJYsMFah1x3MT42eoDKeCTUrdVLME6QgHrGNphJJpP5vdOyEnVumTMFa2IkNm6u+JDKXWYxnYTolmqBe9qfif10lNeOVnPEpSwyI6XxSmgpiYTJ8nfa4YNWJsCVLF7a2EDlEhNTaikg3BW3x5mTTPqt5F9fz+vFK7zuMowhEcwyl4cAk1uIM6NICCgGd4hTfn0Xlx3p2PeWvByWcO4Q+czx8IZI9S</latexit>

�

❖  Calculate index in weakly-coupled (micro) string theory
<latexit sha1_base64="zbR6YFTGr+EiAsfsBd6SdiNgOeU=">AAACHnicbVDLSgMxFM3Ud31VXboJFqGCLTOi6EYQBXGpYFXstCWT3rahmQfJHbEM8yVu/BU3LhQRXOnfmKkFtXog4eSce7m5x4uk0GjbH1ZubHxicmp6Jj87N7+wWFhavtBhrDhUeShDdeUxDVIEUEWBEq4iBcz3JFx6vaPMv7wBpUUYnGM/grrPOoFoC87QSM3CzjV1N+l+drkIt5icqzR7lMrORuP4W4a0kZSp6wEyepI2C0W7Yg9A/xJnSIpkiNNm4c1thTz2IUAumdY1x46wnjCFgktI826sIWK8xzpQMzRgPuh6MlgvpetGadF2qMwJkA7Unx0J87Xu+56p9Bl29aiXif95tRjbe/VEBFGMEPCvQe1YUgxplhVtCQUcZd8QxpUwf6W8yxTjaBLNmxCc0ZX/koutirNTsc+2iweHwzimySpZIyXikF1yQE7IKakSTu7IA3kiz9a99Wi9WK9fpTlr2LNCfsF6/wSqpp8r</latexit>

Z = Tr (�1)F e��H
<latexit sha1_base64="Splk4W5lI+B4On+nUQZrulbCv8U=">AAAB+HicbVDLSgMxFL3js9ZHR126CRbBjWVGiroRSgVxWcE+oJ0OmTTThmYyQ5IRaumXuHGhiFs/xZ1/Y9rOQlsPXO7hnHvJzQkSzpR2nG9rZXVtfWMzt5Xf3tndK9j7Bw0Vp5LQOol5LFsBVpQzQeuaaU5biaQ4CjhtBsObqd98pFKxWDzoUUK9CPcFCxnB2ki+XbhGwq92HXRm+m3X8e2iU3JmQMvEzUgRMtR8+6vTi0kaUaEJx0q1XSfR3hhLzQink3wnVTTBZIj7tG2owBFV3nh2+ASdGKWHwliaEhrN1N8bYxwpNYoCMxlhPVCL3lT8z2unOrzyxkwkqaaCzB8KU450jKYpoB6TlGg+MgQTycytiAywxESbrPImBHfxy8ukcV5yL0rl+3KxUs3iyMERHMMpuHAJFbiDGtSBQArP8Apv1pP1Yr1bH/PRFSvbOYQ/sD5/AOikkVI=</latexit>

= n0
B � n0

F (count of BPS states)
[Strominger-Vafa ’96] 



How can we justify this agreement between 
microscopic index and grav. entropy?

[Sen ’09;  
Dabholkar, Gomes, S.M, Sen ’10]

 [Iliesiu, S.M. Turiaci,’22]

(ii) BH Index = BH degeneracy
(i) Quantum decoupling

• For a single BH, we can use
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• Is there a direct explanation from asymptotic theory?

How can we justify this agreement between 
microscopic index and grav. entropy?

[Sen ’09;  
Dabholkar, Gomes, S.M, Sen ’10]

 [Iliesiu, S.M. Turiaci,’22]

(ii) BH Index = BH degeneracy
(i) Quantum decoupling

• For a single BH, we can use

(both discussed above) to justify agreement.
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<latexit sha1_base64="o282f62Q3zHV577SeDYC8c3pmbE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB6DHvQYwTwgWULvZDYZMrO7zswKIeQnvHhQxKu/482/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TRVmDxiJW7QA1EzxiDcONYO1EMZSBYK1gdDPzW09MaR5HD2acMF/iIOIhp2is1O7eopTYq/SKJbfszkFWiZeREmSo94pf3X5MU8kiQwVq3fHcxPgTVIZTwaaFbqpZgnSEA9axNELJtD+Z3zslZ1bpkzBWtiJD5urviQlKrccysJ0SzVAvezPxP6+TmvDKn/AoSQ2L6GJRmApiYjJ7nvS5YtSIsSVIFbe3EjpEhdTYiAo2BG/55VXSrJS9i3L1vlqqXWdx5OEETuEcPLiEGtxBHRpAQcAzvMKb8+i8OO/Ox6I152Qzx/AHzucPg2ePow==</latexit>

�2

<latexit sha1_base64="duJz3a4HESI1hzqv4L7oY/mF6KY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2A9oQ5lsN+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0DNBI9Yw3AjWDtRDGUgWCsY3Uz91hNTmsfRgxknzJc4iHjIKRortbu3KCX2vF654lbdGcgy8XJSgRz1Xvmr249pKllkqECtO56bGD9DZTgVbFLqppolSEc4YB1LI5RM+9ns3gk5sUqfhLGyFRkyU39PZCi1HsvAdko0Q73oTcX/vE5qwis/41GSGhbR+aIwFcTEZPo86XPFqBFjS5Aqbm8ldIgKqbERlWwI3uLLy6R5VvUuquf355XadR5HEY7gGE7Bg0uowR3UoQEUBDzDK7w5j86L8+58zFsLTj5zCH/gfP4AgeOPog==</latexit>

�1

• Microscopic index also captures multi-BH bound states 
when calculable
[Manschot, Pioline, Sen, ’10-’14]

<latexit sha1_base64="TmAbMeMhS471D5f71B1X0nuHHzQ=">AAACK3icbVBNS8NAEN34WetX1KOXxSJ4KomIehS9eKxgq9CEsNlOdXGzCbsTsYT8Hy/+FQ968AOv/g83bQ5+PRh4vDfDzLw4k8Kg5705U9Mzs3PzjYXm4tLyyqq7tt4zaa45dHkqU30ZMwNSKOiiQAmXmQaWxBIu4puTyr+4BW1Eqs5xlEGYsCslhoIztFLkHgcJw2vOZHFaRj4NUhQJGPpd3f1XDRDusAB1W0Zuy2t7Y9C/xK9Ji9ToRO5TMEh5noBCLpkxfd/LMCyYRsEllM0gN5AxfsOuoG+pYnZ3WIx/Lem2VQZ0mGpbCulY/T5RsMSYURLbzupa89urxP+8fo7Dw7AQKssRFJ8sGuaSYkqr4OhAaOAoR5YwroW9lfJrphlHG2/ThuD/fvkv6e22/f323tle6+i4jqNBNskW2SE+OSBH5JR0SJdwck8eyQt5dR6cZ+fd+Zi0Tjn1zAb5AefzCyMmqOY=</latexit>

H1 ⌦H2 ⌦Henv

[Dabholkar, S.M., Zagier, ’11]



❖ Cannot decouple both BHs while keeping bnd state!

• Is there a direct explanation from asymptotic theory?

How can we justify this agreement between 
microscopic index and grav. entropy?

[Sen ’09;  
Dabholkar, Gomes, S.M, Sen ’10]

 [Iliesiu, S.M. Turiaci,’22]

(ii) BH Index = BH degeneracy
(i) Quantum decoupling

• For a single BH, we can use

(both discussed above) to justify agreement.
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• Microscopic index also captures multi-BH bound states 
when calculable
[Manschot, Pioline, Sen, ’10-’14]
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H1 ⌦H2 ⌦Henv

[Dabholkar, S.M., Zagier, ’11]



New picture: direct gravitational version of 
index as Gibbons-Hawking path integral
Define index using non-zero temperature as regulator, 
keeping supersymmetry manifest. 
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Z index
micro = Tr (�1)F e��H

[Witten ’82]



New picture: direct gravitational version of 
index as Gibbons-Hawking path integral
Define index using non-zero temperature as regulator, 
keeping supersymmetry manifest. 

<latexit sha1_base64="oUmpFDCM2LlQ0kEiMYH4zoq7308=">AAACBHicbVDJSgNBEO1xjXEb9ZhLYxAShDAjbhchKILHCGaBZBh6Oj1Jk56F7hohDDl48Ve8eFDEqx/hzb+xk4ygiQ8KHu9VUVXPiwVXYFlfxsLi0vLKam4tv76xubVt7uw2VJRIyuo0EpFseUQxwUNWBw6CtWLJSOAJ1vQGV2O/ec+k4lF4B8OYOQHphdznlICWXLPQifu8BO71YcdjQMr4Av8oZdcsWhVrAjxP7IwUUYaaa352uhFNAhYCFUSptm3F4KREAqeCjfKdRLGY0AHpsbamIQmYctLJEyN8oJUu9iOpKwQ8UX9PpCRQahh4ujMg0Fez3lj8z2sn4J87KQ/jBFhIp4v8RGCI8DgR3OWSURBDTQiVXN+KaZ9IQkHnltch2LMvz5PGUcU+rZzcHherl1kcOVRA+6iEbHSGqugG1VAdUfSAntALejUejWfjzXifti4Y2cwe+gPj4xsJ1JZv</latexit>

�(tE + �) = �(tE)
<latexit sha1_base64="0kavsnk9izKhDtlWp1dhOst9MMo=">AAACBHicbVDJSgNBEO1xjXEb9ZhLYxAShDAjQb0IQRE8RjALZIahp9OTNOlZ6K4RwpCDF3/FiwdFvPoR3vwbO4ugiQ8KHu9VUVXPTwRXYFlfxtLyyuraem4jv7m1vbNr7u03VZxKyho0FrFs+0QxwSPWAA6CtRPJSOgL1vIHV2O/dc+k4nF0B8OEuSHpRTzglICWPLPgJIqXwLs+dnwGpIwv8I9S9syiVbEmwIvEnpEimqHumZ9ON6ZpyCKggijVsa0E3IxI4FSwUd5JFUsIHZAe62gakZApN5s8McJHWuniIJa6IsAT9fdERkKlhqGvO0MCfTXvjcX/vE4Kwbmb8ShJgUV0uihIBYYYjxPBXS4ZBTHUhFDJ9a2Y9okkFHRueR2CPf/yImmeVOzTSvW2WqxdzuLIoQI6RCVkozNUQzeojhqIogf0hF7Qq/FoPBtvxvu0dcmYzRygPzA+vgEsJJaE</latexit>
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=

Z
D�D e�S(�, )

0

H

F B

Susy states

Non-susy states
<latexit sha1_base64="SfCkMxK9bOuMk9gzGMdkv6zXhtE="></latexit>

Z index
micro = Tr (�1)F e��H

[Witten ’82]



New picture: direct gravitational version of 
index as Gibbons-Hawking path integral
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keeping supersymmetry manifest. 
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<latexit sha1_base64="aj3pQlvKKVaa3pRHHPB4KHxUNlM="></latexit>

Z index
grav =

Z
DGMN D M e�Sgrav(GMN , M )

What are the saddles of 
the gravitational index?

<latexit sha1_base64="z/xohiU9vgiHdZRqj7C+GIooKzw=">AAACCHicbVDLSgNBEJyNrxhfqx49OBiEBCHsSlAvQlAEL0IE84DsssxOJsmQ2QczvUIIOXrxV7x4UMSrn+DNv3GSLKiJBQ1FVTfdXX4suALL+jIyC4tLyyvZ1dza+sbmlrm9U1dRIimr0UhEsukTxQQPWQ04CNaMJSOBL1jD71+O/cY9k4pH4R0MYuYGpBvyDqcEtOSZ+06suHdTAO/qyPEZkCI+xz9a0TPzVsmaAM8TOyV5lKLqmZ9OO6JJwEKggijVsq0Y3CGRwKlgo5yTKBYT2idd1tI0JAFT7nDyyAgfaqWNO5HUFQKeqL8nhiRQahD4ujMg0FOz3lj8z2sl0DlzhzyME2AhnS7qJAJDhMep4DaXjIIYaEKo5PpWTHtEEgo6u5wOwZ59eZ7Uj0v2Sal8W85XLtI4smgPHaACstEpqqBrVEU1RNEDekIv6NV4NJ6NN+N92pox0pld9AfGxzfxcpgE</latexit>

 M (tE + �) =  M (tE)



There is a tension between supersymmetric 
BH and the gravitational index

-S
Horizon
--

Ss, Sh

-"

In gravity:<latexit sha1_base64="aj3pQlvKKVaa3pRHHPB4KHxUNlM="></latexit>

Z index
grav =

Z
DGMN D M e�Sgrav(GMN , M )

<latexit sha1_base64="z/xohiU9vgiHdZRqj7C+GIooKzw=">AAACCHicbVDLSgNBEJyNrxhfqx49OBiEBCHsSlAvQlAEL0IE84DsssxOJsmQ2QczvUIIOXrxV7x4UMSrn+DNv3GSLKiJBQ1FVTfdXX4suALL+jIyC4tLyyvZ1dza+sbmlrm9U1dRIimr0UhEsukTxQQPWQ04CNaMJSOBL1jD71+O/cY9k4pH4R0MYuYGpBvyDqcEtOSZ+06suHdTAO/qyPEZkCI+xz9a0TPzVsmaAM8TOyV5lKLqmZ9OO6JJwEKggijVsq0Y3CGRwKlgo5yTKBYT2idd1tI0JAFT7nDyyAgfaqWNO5HUFQKeqL8nhiRQahD4ujMg0FOz3lj8z2sl0DlzhzyME2AhnS7qJAJDhMep4DaXjIIYaEKo5PpWTHtEEgo6u5wOwZ59eZ7Uj0v2Sal8W85XLtI4smgPHaACstEpqqBrVEU1RNEDekIv6NV4NJ6NN+N92pox0pld9AfGxzfxcpgE</latexit>

 M (tE + �) =  M (tE)



There is a tension between supersymmetric 
BH and the gravitational index

<latexit sha1_base64="z3fSZhQd0ElA8KAp0OAq6CESVzc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKxhbaUDbbSbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6nfqtJ1SaJ/LBjFMMYjqQPOKMGiv53RAN7VVrbt2dgSwTryA1KNDsVb+6/YRlMUrDBNW647mpCXKqDGcCJ5VupjGlbEQH2LFU0hh1kM+OnZATq/RJlChb0pCZ+nsip7HW4zi0nTE1Q73oTcX/vE5mousg5zLNDEo2XxRlgpiETD8nfa6QGTG2hDLF7a2EDamizNh8KjYEb/HlZfJ4Vvcu6xf357XGTRFHGY7gGE7BgytowB00wQcGHJ7hFd4c6bw4787HvLXkFDOH8AfO5w/HFo6u</latexit>

�Incompatible with finite    [Hawking, Horowitz, Ross ’94] 

• Susy BHs are extremal,  
Infinite throat in the interior.

<latexit sha1_base64="onbHJgj3WfEzhw9DG2GiFqp/ybk=">AAAB+XicbVDJSgNBEO2JW4zbqEcvjUHwFGbE7Rj04jGCWSATQk+nJmnS0zN01wTCkD/x4kERr/6JN//GznLQxAcFj/eqqKoXplIY9Lxvp7C2vrG5Vdwu7ezu7R+4h0cNk2SaQ50nMtGtkBmQQkEdBUpopRpYHEpohsP7qd8cgTYiUU84TqETs74SkeAMrdR13SAEZDTAhAZCRTjuumWv4s1AV4m/IGWyQK3rfgW9hGcxKOSSGdP2vRQ7OdMouIRJKcgMpIwPWR/alioWg+nks8sn9MwqPRol2pZCOlN/T+QsNmYch7YzZjgwy95U/M9rZxjddnKh0gxB8fmiKJPU/jmNgfaEBo5ybAnjWthbKR8wzTjasEo2BH/55VXSuKj415Wrx8ty9W4RR5GckFNyTnxyQ6rkgdRInXAyIs/klbw5ufPivDsf89aCs5g5Jn/gfP4AFR6TUg==</latexit>

� ! 1
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In gravity:<latexit sha1_base64="aj3pQlvKKVaa3pRHHPB4KHxUNlM="></latexit>

Z index
grav =

Z
DGMN D M e�Sgrav(GMN , M )

<latexit sha1_base64="z/xohiU9vgiHdZRqj7C+GIooKzw=">AAACCHicbVDLSgNBEJyNrxhfqx49OBiEBCHsSlAvQlAEL0IE84DsssxOJsmQ2QczvUIIOXrxV7x4UMSrn+DNv3GSLKiJBQ1FVTfdXX4suALL+jIyC4tLyyvZ1dza+sbmlrm9U1dRIimr0UhEsukTxQQPWQ04CNaMJSOBL1jD71+O/cY9k4pH4R0MYuYGpBvyDqcEtOSZ+06suHdTAO/qyPEZkCI+xz9a0TPzVsmaAM8TOyV5lKLqmZ9OO6JJwEKggijVsq0Y3CGRwKlgo5yTKBYT2idd1tI0JAFT7nDyyAgfaqWNO5HUFQKeqL8nhiRQahD4ujMg0FOz3lj8z2sl0DlzhzyME2AhnS7qJAJDhMep4DaXjIIYaEKo5PpWTHtEEgo6u5wOwZ59eZ7Uj0v2Sal8W85XLtI4smgPHaACstEpqqBrVEU1RNEDekIv6NV4NJ6NN+N92pox0pld9AfGxzfxcpgE</latexit>

 M (tE + �) =  M (tE)



• Periodic fermions vs smooth spin structure.

There is a tension between supersymmetric 
BH and the gravitational index

<latexit sha1_base64="z3fSZhQd0ElA8KAp0OAq6CESVzc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKxhbaUDbbSbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6nfqtJ1SaJ/LBjFMMYjqQPOKMGiv53RAN7VVrbt2dgSwTryA1KNDsVb+6/YRlMUrDBNW647mpCXKqDGcCJ5VupjGlbEQH2LFU0hh1kM+OnZATq/RJlChb0pCZ+nsip7HW4zi0nTE1Q73oTcX/vE5mousg5zLNDEo2XxRlgpiETD8nfa6QGTG2hDLF7a2EDamizNh8KjYEb/HlZfJ4Vvcu6xf357XGTRFHGY7gGE7BgytowB00wQcGHJ7hFd4c6bw4787HvLXkFDOH8AfO5w/HFo6u</latexit>

�Incompatible with finite    [Hawking, Horowitz, Ross ’94] 

• Susy BHs are extremal,  
Infinite throat in the interior.

<latexit sha1_base64="onbHJgj3WfEzhw9DG2GiFqp/ybk=">AAAB+XicbVDJSgNBEO2JW4zbqEcvjUHwFGbE7Rj04jGCWSATQk+nJmnS0zN01wTCkD/x4kERr/6JN//GznLQxAcFj/eqqKoXplIY9Lxvp7C2vrG5Vdwu7ezu7R+4h0cNk2SaQ50nMtGtkBmQQkEdBUpopRpYHEpohsP7qd8cgTYiUU84TqETs74SkeAMrdR13SAEZDTAhAZCRTjuumWv4s1AV4m/IGWyQK3rfgW9hGcxKOSSGdP2vRQ7OdMouIRJKcgMpIwPWR/alioWg+nks8sn9MwqPRol2pZCOlN/T+QsNmYch7YzZjgwy95U/M9rZxjddnKh0gxB8fmiKJPU/jmNgfaEBo5ybAnjWthbKR8wzTjasEo2BH/55VXSuKj415Wrx8ty9W4RR5GckFNyTnxyQ6rkgdRInXAyIs/klbw5ufPivDsf89aCs5g5Jn/gfP4AFR6TUg==</latexit>

� ! 1

-S
Horizon
--

Ss, Sh

-"

In gravity:<latexit sha1_base64="aj3pQlvKKVaa3pRHHPB4KHxUNlM="></latexit>

Z index
grav =

Z
DGMN D M e�Sgrav(GMN , M )

<latexit sha1_base64="z/xohiU9vgiHdZRqj7C+GIooKzw=">AAACCHicbVDLSgNBEJyNrxhfqx49OBiEBCHsSlAvQlAEL0IE84DsssxOJsmQ2QczvUIIOXrxV7x4UMSrn+DNv3GSLKiJBQ1FVTfdXX4suALL+jIyC4tLyyvZ1dza+sbmlrm9U1dRIimr0UhEsukTxQQPWQ04CNaMJSOBL1jD71+O/cY9k4pH4R0MYuYGpBvyDqcEtOSZ+06suHdTAO/qyPEZkCI+xz9a0TPzVsmaAM8TOyV5lKLqmZ9OO6JJwEKggijVsq0Y3CGRwKlgo5yTKBYT2idd1tI0JAFT7nDyyAgfaqWNO5HUFQKeqL8nhiRQahD4ujMg0FOz3lj8z2sl0DlzhzyME2AhnS7qJAJDhMep4DaXjIIYaEKo5PpWTHtEEgo6u5wOwZ59eZ7Uj0v2Sal8W85XLtI4smgPHaACstEpqqBrVEU1RNEDekIv6NV4NJ6NN+N92pox0pld9AfGxzfxcpgE</latexit>

 M (tE + �) =  M (tE)



Resolution: true saddles of the gravitational 
index are Euclidean susy non-extremal BHs

Cabo-Bizet, Cassani, 
Martelli, S.M. ’18  
in AdS5

• Family of non-extremal susy configurations
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Resolution: true saddles of the gravitational 
index are Euclidean susy non-extremal BHs

Cabo-Bizet, Cassani, 
Martelli, S.M. ’18  
in AdS5

• Family of non-extremal susy configurations
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-TP
Horizon 53
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s
-

<latexit sha1_base64="oLZHeFVNWyk7b2Mly3VLOxqVsxY=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4NBiAfDbgjqRQgK4jGKeUCyCbOT3mTI7IOZWSGsOfgrXjwo4tXf8ObfOEn2oNGChqKqm+4uN+JMKsv6MjILi0vLK9nV3Nr6xuaWub1Tl2EsKNRoyEPRdIkEzgKoKaY4NCMBxHc5NNzh5cRv3IOQLAzu1CgCxyf9gHmMEqWlrrlXOLaPOlf4HEMnKeF2xDDDt+OumbeK1hT4L7FTkkcpql3zs90LaexDoCgnUrZsK1JOQoRilMM4144lRIQOSR9amgbEB+kk0/vH+FArPeyFQleg8FT9OZEQX8qR7+pOn6iBnPcm4n9eK1bemZOwIIoVBHS2yIs5ViGehIF7TABVfKQJoYLpWzEdEEGo0pHldAj2/Mt/Sb1UtE+K5ZtyvnKRxpFF++gAFZCNTlEFXaMqqiGKHtATekGvxqPxbLwZ77PWjJHO7KJfMD6+ARk9k50=</latexit>

(�1)F = e2⇡iR❖                      converts problem to finding  
 bosonic (complex) solutions

<latexit sha1_base64="sPk6WZ7A5UvrP+PpiJRspXIcwLQ=">AAACDXicbVC7TsMwFHV4lvIKMLJYFCSmKqkqYEEqsDAWRB9SEyrHdVqrdhzZDlIV5QdY+BUWBhBiZWfjb3DaDtByJEtH59wrn3uCmFGlHefbWlhcWl5ZLawV1zc2t7btnd2mEonEpIEFE7IdIEUYjUhDU81IO5YE8YCRVjC8yv3WA5GKiuhOj2Lic9SPaEgx0kbq2oeeoJGGqceRHmDE4EV2fwvPYQV6MTWy5JBmXbvklJ0x4Dxxp6QEpqh37S+vJ3DCSaQxQ0p1XCfWfoqkppiRrOglisQID1GfdAyNECfKT8fXZPDIKD0YCmmeiTZWf2+kiCs14oGZzEOrWS8X//M6iQ7P/JRGcaJJhCcfhQmDWsC8GtijkmDNRoYgLKnJCvEASYS1KbBoSnBnT54nzUrZPSlXb6ql2uW0jgLYBwfgGLjgFNTANaiDBsDgETyDV/BmPVkv1rv1MRldsKY7e+APrM8fTq2acQ==</latexit>I
AR = 2⇡i



Resolution: true saddles of the gravitational 
index are Euclidean susy non-extremal BHs

Cabo-Bizet, Cassani, 
Martelli, S.M. ’18  
in AdS5

❖ smooth geometry with cigar-like topology,   
 non-zero “temperature” 

<latexit sha1_base64="MYix/glRrv3l/xmvmTsuT2utHTA=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU02kqMeiF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzU9i56ARraL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m587JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U4GXCEzYmIJZYrbWwkbUUWZsQmVbAje8surpHVZ9a6qtYdapX6bx1GEEziFc/DgGupwDw1oAoMxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP6Q+jyE=</latexit>

1/�

• Family of non-extremal susy configurations
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<latexit sha1_base64="oLZHeFVNWyk7b2Mly3VLOxqVsxY=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4NBiAfDbgjqRQgK4jGKeUCyCbOT3mTI7IOZWSGsOfgrXjwo4tXf8ObfOEn2oNGChqKqm+4uN+JMKsv6MjILi0vLK9nV3Nr6xuaWub1Tl2EsKNRoyEPRdIkEzgKoKaY4NCMBxHc5NNzh5cRv3IOQLAzu1CgCxyf9gHmMEqWlrrlXOLaPOlf4HEMnKeF2xDDDt+OumbeK1hT4L7FTkkcpql3zs90LaexDoCgnUrZsK1JOQoRilMM4144lRIQOSR9amgbEB+kk0/vH+FArPeyFQleg8FT9OZEQX8qR7+pOn6iBnPcm4n9eK1bemZOwIIoVBHS2yIs5ViGehIF7TABVfKQJoYLpWzEdEEGo0pHldAj2/Mt/Sb1UtE+K5ZtyvnKRxpFF++gAFZCNTlEFXaMqqiGKHtATekGvxqPxbLwZ77PWjJHO7KJfMD6+ARk9k50=</latexit>

(�1)F = e2⇡iR❖                      converts problem to finding  
 bosonic (complex) solutions

<latexit sha1_base64="sPk6WZ7A5UvrP+PpiJRspXIcwLQ=">AAACDXicbVC7TsMwFHV4lvIKMLJYFCSmKqkqYEEqsDAWRB9SEyrHdVqrdhzZDlIV5QdY+BUWBhBiZWfjb3DaDtByJEtH59wrn3uCmFGlHefbWlhcWl5ZLawV1zc2t7btnd2mEonEpIEFE7IdIEUYjUhDU81IO5YE8YCRVjC8yv3WA5GKiuhOj2Lic9SPaEgx0kbq2oeeoJGGqceRHmDE4EV2fwvPYQV6MTWy5JBmXbvklJ0x4Dxxp6QEpqh37S+vJ3DCSaQxQ0p1XCfWfoqkppiRrOglisQID1GfdAyNECfKT8fXZPDIKD0YCmmeiTZWf2+kiCs14oGZzEOrWS8X//M6iQ7P/JRGcaJJhCcfhQmDWsC8GtijkmDNRoYgLKnJCvEASYS1KbBoSnBnT54nzUrZPSlXb6ql2uW0jgLYBwfgGLjgFNTANaiDBsDgETyDV/BmPVkv1rv1MRldsKY7e+APrM8fTq2acQ==</latexit>I
AR = 2⇡i



Resolution: true saddles of the gravitational 
index are Euclidean susy non-extremal BHs

❖ Extremal susy BH recovered as            
<latexit sha1_base64="mbPPhxghSpqeC/LAZi8mJJ0c4VU=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBU9iVoB6DXjxGMA/IhjA7mU2GzM4uM72BsORPvHhQxKt/4s2/cfI4aGJBQ1HVTXdXmEph0PO+ncLG5tb2TnG3tLd/cHjkHp80TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4Wj+5nfGnNtRKKecJLybkwHSkSCUbRSz3WDkCMlASYkECrCSc8texVvDrJO/CUpwxL1nvsV9BOWxVwhk9SYju+l2M2pRsEkn5aCzPCUshEd8I6lisbcdPP55VNyYZU+iRJtSyGZq78nchobM4lD2xlTHJpVbyb+53UyjG67uVBphlyxxaIok8T+OYuB9IXmDOXEEsq0sLcSNqSaMrRhlWwI/urL66R5VfGvK9XHarl2t4yjCGdwDpfgww3U4AHq0AAGY3iGV3hzcufFeXc+Fq0FZzlzCn/gfP4AFMyTUQ==</latexit>

� ! 1
Cabo-Bizet, Cassani, 
Martelli, S.M. ’18  
in AdS5

❖ smooth geometry with cigar-like topology,   
 non-zero “temperature” 

<latexit sha1_base64="MYix/glRrv3l/xmvmTsuT2utHTA=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU02kqMeiF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzU9i56ARraL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m587JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U4GXCEzYmIJZYrbWwkbUUWZsQmVbAje8surpHVZ9a6qtYdapX6bx1GEEziFc/DgGupwDw1oAoMxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP6Q+jyE=</latexit>
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• Family of non-extremal susy configurations
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<latexit sha1_base64="oLZHeFVNWyk7b2Mly3VLOxqVsxY=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4NBiAfDbgjqRQgK4jGKeUCyCbOT3mTI7IOZWSGsOfgrXjwo4tXf8ObfOEn2oNGChqKqm+4uN+JMKsv6MjILi0vLK9nV3Nr6xuaWub1Tl2EsKNRoyEPRdIkEzgKoKaY4NCMBxHc5NNzh5cRv3IOQLAzu1CgCxyf9gHmMEqWlrrlXOLaPOlf4HEMnKeF2xDDDt+OumbeK1hT4L7FTkkcpql3zs90LaexDoCgnUrZsK1JOQoRilMM4144lRIQOSR9amgbEB+kk0/vH+FArPeyFQleg8FT9OZEQX8qR7+pOn6iBnPcm4n9eK1bemZOwIIoVBHS2yIs5ViGehIF7TABVfKQJoYLpWzEdEEGo0pHldAj2/Mt/Sb1UtE+K5ZtyvnKRxpFF++gAFZCNTlEFXaMqqiGKHtATekGvxqPxbLwZ77PWjJHO7KJfMD6+ARk9k50=</latexit>

(�1)F = e2⇡iR❖                      converts problem to finding  
 bosonic (complex) solutions

<latexit sha1_base64="sPk6WZ7A5UvrP+PpiJRspXIcwLQ=">AAACDXicbVC7TsMwFHV4lvIKMLJYFCSmKqkqYEEqsDAWRB9SEyrHdVqrdhzZDlIV5QdY+BUWBhBiZWfjb3DaDtByJEtH59wrn3uCmFGlHefbWlhcWl5ZLawV1zc2t7btnd2mEonEpIEFE7IdIEUYjUhDU81IO5YE8YCRVjC8yv3WA5GKiuhOj2Lic9SPaEgx0kbq2oeeoJGGqceRHmDE4EV2fwvPYQV6MTWy5JBmXbvklJ0x4Dxxp6QEpqh37S+vJ3DCSaQxQ0p1XCfWfoqkppiRrOglisQID1GfdAyNECfKT8fXZPDIKD0YCmmeiTZWf2+kiCs14oGZzEOrWS8X//M6iQ7P/JRGcaJJhCcfhQmDWsC8GtijkmDNRoYgLKnJCvEASYS1KbBoSnBnT54nzUrZPSlXb6ql2uW0jgLYBwfgGLjgFNTANaiDBsDgETyDV/BmPVkv1rv1MRldsKY7e+APrM8fTq2acQ==</latexit>I
AR = 2⇡i



<latexit sha1_base64="UIyWLvTcQwdqoWRJIFfC4DrvEUg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJ74Ucab9ac+vuHGSVeAWpQYFmv/rVGyQsi7lCJqkxXc9NMcipRsEkn1Z6meEpZWM65F1LFY25CfL5sVNyZpUBiRJtSyGZq78nchobM4lD2xlTHJllbyb+53UzjG6CXKg0Q67YYlGUSYIJmX1OBkJzhnJiCWVa2FsJG1FNGdp8KjYEb/nlVdK6qHtX9cuHy1rjtoijDCdwCufgwTU04B6a4AMDAc/wCm+Ocl6cd+dj0Vpyiplj+APn8wfGxI6t</latexit>

�

❖ Legendre transform of action is indepen-
dent of     and gives extremal BH entropy!

Resolution: true saddles of the gravitational 
index are Euclidean susy non-extremal BHs

❖ Extremal susy BH recovered as            
<latexit sha1_base64="mbPPhxghSpqeC/LAZi8mJJ0c4VU=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBU9iVoB6DXjxGMA/IhjA7mU2GzM4uM72BsORPvHhQxKt/4s2/cfI4aGJBQ1HVTXdXmEph0PO+ncLG5tb2TnG3tLd/cHjkHp80TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4Wj+5nfGnNtRKKecJLybkwHSkSCUbRSz3WDkCMlASYkECrCSc8texVvDrJO/CUpwxL1nvsV9BOWxVwhk9SYju+l2M2pRsEkn5aCzPCUshEd8I6lisbcdPP55VNyYZU+iRJtSyGZq78nchobM4lD2xlTHJpVbyb+53UyjG67uVBphlyxxaIok8T+OYuB9IXmDOXEEsq0sLcSNqSaMrRhlWwI/urL66R5VfGvK9XHarl2t4yjCGdwDpfgww3U4AHq0AAGY3iGV3hzcufFeXc+Fq0FZzlzCn/gfP4AFMyTUQ==</latexit>

� ! 1
Cabo-Bizet, Cassani, 
Martelli, S.M. ’18  
in AdS5

❖ smooth geometry with cigar-like topology,   
 non-zero “temperature” 

<latexit sha1_base64="MYix/glRrv3l/xmvmTsuT2utHTA=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU02kqMeiF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzU9i56ARraL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m587JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U4GXCEzYmIJZYrbWwkbUUWZsQmVbAje8surpHVZ9a6qtYdapX6bx1GEEziFc/DgGupwDw1oAoMxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP6Q+jyE=</latexit>
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❖ Legendre transform of action is indepen-
dent of     and gives extremal BH entropy!

Resolution: true saddles of the gravitational 
index are Euclidean susy non-extremal BHs

[P. Benetti-Genolini, S.M. ’25]
• Note: all these complex saddles allowed by the 

Konstevich-Segal-Witten criterion
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di↵erent harmonic functions, V and eV (r2V = r2 eV = 0) [12],

ds2 =
1

V eV
(dtE + !E)

2 + V eV d~x2 . (2.3)

Such a solution carries a non-trivial angular velocity that can be characterized in terms of

a three-dimensional gauge field !E on the base space x that satisfies

r⇥ !E = eVrV � VreV . (2.4)

The field strength in this case, is given by,
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The above solution was discovered by Perjés, Israel, and Wilson [8, 9]. Its analytic con-

tinuation to Euclidean signature has been extensively studied in [13]. The simplest such

solution, which has total charge Q, has

V = 1 +
Q

|x� xN | ,
eV = 1 +

Q

|x� xS |
. (2.6)

for two points in base space xN and xS . This solution is asymptotically flat, and when

V 6= eV (or xN 6= xS), it is non-extremal and has a non-trivial profile for !E (seen from

(2.4)). The solution has an electric field, whose electric flux around any smooth closed

surface enclosing xN and xS determines the charge of the black hole, as well as a magnetic

field, whose magnetic flux around any smooth closed surface vanishes. Far away from

either xN or xS , the electric field looks like that of a point charge (decaying like 1/r2),

while the magnetic field behaves like that of a magnetic dipole (decaying like 1/r3). Along

the axis between xN and xS the magnetic field points away from xN , which can therefore

be identified as the north pole of the solution, and towards xS , which is therefore identified

as the south pole of the solution.6

In the following presentation we perform, for simplicity, a di↵eomorphism such that

xN = (0, 0,↵) and xS = (0, 0,�↵), and we denote by � the 2⇡-periodic angular coordinate

around the z-axis passing through the north and south pole.

The above solution is actually a Euclidean black hole solution. We make this more

explicit below using a mapping to a more familiar set of coordinates, but before doing so, we

extract various properties of this solution in the above coordinates. These manipulations

turn out to very useful, especially in more general Euclidean configurations that we discuss

in a future publication [Check OK and REF – SM] .

Firstly, we identify the horizon of this Euclidean solution [REF – LVI] . Consider

a closed surface that is infinitesimally close in base space to the line joining xN and xS .

Although it looks like a degenerate surface in the flat coordinates, the proper area of this

surface is non-zero, and therefore the line connecting xN and xS is actually a bubble. In

fact [Should we say ”It is clear”? – SM] , this surface minimizes the area of surfaces joining

6Here, we consider the case Q > 0. For Q < 0, the two poles are switched.
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• Solution determined by two harmonic functions

[Tod ’93, Perjés ’71, Israel+Wilson ’72], [Whitt ’85, Yuille ’87]

Simple example: 4d Einstein-Maxwell theory
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Simple example: 4d Einstein-Maxwell theory
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Simple example: 4d Einstein-Maxwell theory
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Simple example: 4d Einstein-Maxwell theory
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di↵erent harmonic functions, V and eV (r2V = r2 eV = 0) [12],

ds2 =
1

V eV
(dtE + !E)

2 + V eV d~x2 . (2.3)

Such a solution carries a non-trivial angular velocity that can be characterized in terms of

a three-dimensional gauge field !E on the base space x that satisfies

r⇥ !E = eVrV � VreV . (2.4)

The field strength in this case, is given by,
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The above solution was discovered by Perjés, Israel, and Wilson [8, 9]. Its analytic con-

tinuation to Euclidean signature has been extensively studied in [13]. The simplest such

solution, which has total charge Q, has

V = 1 +
Q

|x� xN | ,
eV = 1 +

Q

|x� xS |
. (2.6)

for two points in base space xN and xS . This solution is asymptotically flat, and when

V 6= eV (or xN 6= xS), it is non-extremal and has a non-trivial profile for !E (seen from

(2.4)). The solution has an electric field, whose electric flux around any smooth closed

surface enclosing xN and xS determines the charge of the black hole, as well as a magnetic

field, whose magnetic flux around any smooth closed surface vanishes. Far away from

either xN or xS , the electric field looks like that of a point charge (decaying like 1/r2),

while the magnetic field behaves like that of a magnetic dipole (decaying like 1/r3). Along

the axis between xN and xS the magnetic field points away from xN , which can therefore

be identified as the north pole of the solution, and towards xS , which is therefore identified

as the south pole of the solution.6

In the following presentation we perform, for simplicity, a di↵eomorphism such that

xN = (0, 0,↵) and xS = (0, 0,�↵), and we denote by � the 2⇡-periodic angular coordinate

around the z-axis passing through the north and south pole.

The above solution is actually a Euclidean black hole solution. We make this more

explicit below using a mapping to a more familiar set of coordinates, but before doing so, we

extract various properties of this solution in the above coordinates. These manipulations

turn out to very useful, especially in more general Euclidean configurations that we discuss

in a future publication [Check OK and REF – SM] .

Firstly, we identify the horizon of this Euclidean solution [REF – LVI] . Consider

a closed surface that is infinitesimally close in base space to the line joining xN and xS .

Although it looks like a degenerate surface in the flat coordinates, the proper area of this

surface is non-zero, and therefore the line connecting xN and xS is actually a bubble. In

fact [Should we say ”It is clear”? – SM] , this surface minimizes the area of surfaces joining

6Here, we consider the case Q > 0. For Q < 0, the two poles are switched.
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[Tod ’93, Perjés ’71, Israel+Wilson ’72], [Whitt ’85, Yuille ’87]

• Well-defined Euclidean continua-
tion of Kerr-Newman soln.

N

wow,[Hartle-
Hawking ’72]

Simple example: 4d Einstein-Maxwell theory

we need to ensure that the transformation (2.10) is consistent with the periodicities of the

� as well as of the tE coordinate. Since for any tE , (tE ,�) ⇠ (tE ,�+ 2⇡), (2.10) is only a

valid gauge transformation if []

⌦E = �i⌦ =
2⇡

�
. (2.12)

Finally, the equations (2.8) and (2.12) together determine the base-space distance between

the north and south pole to be

↵ =
2⇡Q2

� � 4⇡Q
. (2.13)

To summarize, by separating the poles in the extremal solution (2.3), we have found

a rotating solution whose boundary conditions are those necessary in the saddle-point

computation of an index. Smoothness completely fixes all parameters of this solution,

i.e. the angular velocity of the black hole ⌦ and the distance in base-space between xN

and xS , in terms of � and Q.

The expression (2.12) is precisely the boundary condition that leads to the inser-

tion e⇡iJ in the index (1.1). Phrased di↵erently, the most general [ZZZ – SM] Euclidean so-

lution in Einstein-Maxwell theory in asymptotically flat space that supports Killing spinors

is only smooth for boundary conditions corresponding to the gravitational index. Note that

the Wick rotation of the extremal metric (2.2), which also admits globally defined Killing

spinors is only consistent with the limit � ! 1, ⌦E ! 0.

A reason why it was previously thought that the index is not directly captured by a

saddle associated with a black hole solution is due to the boundary condition for fermionic

fields at the asymptotic boundary.7 Due to the insertion of (�1)F fermionic fields should

be periodic around the thermal circle. Since this Euclidean time circle is contractible in

typically contractible for a Euclidean black hole geometry, such spacetimes cannot seem-

ingly have a well–defined spin-structure. This is not the case for the solution (2.3). The

time circle tE is non-contractible without shifting any other coordinates. Instead, the time

circle defined by the vector @tE + �

2⇡
@� is contractible. Thus, all fermionic fields satisfy,

 (tE ,�) = � (tE + �,�+ 2⇡) ,  (tE ,�) =  (tE + �,�) , (2.14)

consistent with the fermionic boundary conditions needed in computing an index and with

the spacetime have a well-defined spin-structure.

Before we proceed to evaluate the Einstein-Maxwell action at the saddle point, it is

useful to perform a coordinate change that puts the metric (2.3) in a more recognizable

form. Defining, the new coordinates r, ✓, and � through [15],

a ⌘ i↵ , x+ iy ⌘
p

(r �Q)2 + a2 sin ✓ ei� , z ⌘ (r �Q) cos ✓ . (2.15)

7For instance, see [14] for an early discussion in the context of AdS/CFT.
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Smoothness
[Boruch, Iliesiu, S.M., Turiaci, ’23]
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Such a solution carries a non-trivial angular velocity that can be characterized in terms of
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The above solution was discovered by Perjés, Israel, and Wilson [8, 9]. Its analytic con-

tinuation to Euclidean signature has been extensively studied in [13]. The simplest such

solution, which has total charge Q, has

V = 1 +
Q

|x� xN | ,
eV = 1 +

Q

|x� xS |
. (2.6)

for two points in base space xN and xS . This solution is asymptotically flat, and when

V 6= eV (or xN 6= xS), it is non-extremal and has a non-trivial profile for !E (seen from

(2.4)). The solution has an electric field, whose electric flux around any smooth closed

surface enclosing xN and xS determines the charge of the black hole, as well as a magnetic

field, whose magnetic flux around any smooth closed surface vanishes. Far away from

either xN or xS , the electric field looks like that of a point charge (decaying like 1/r2),

while the magnetic field behaves like that of a magnetic dipole (decaying like 1/r3). Along

the axis between xN and xS the magnetic field points away from xN , which can therefore

be identified as the north pole of the solution, and towards xS , which is therefore identified

as the south pole of the solution.6

In the following presentation we perform, for simplicity, a di↵eomorphism such that

xN = (0, 0,↵) and xS = (0, 0,�↵), and we denote by � the 2⇡-periodic angular coordinate

around the z-axis passing through the north and south pole.

The above solution is actually a Euclidean black hole solution. We make this more

explicit below using a mapping to a more familiar set of coordinates, but before doing so, we

extract various properties of this solution in the above coordinates. These manipulations

turn out to very useful, especially in more general Euclidean configurations that we discuss

in a future publication [Check OK and REF – SM] .

Firstly, we identify the horizon of this Euclidean solution [REF – LVI] . Consider

a closed surface that is infinitesimally close in base space to the line joining xN and xS .

Although it looks like a degenerate surface in the flat coordinates, the proper area of this

surface is non-zero, and therefore the line connecting xN and xS is actually a bubble. In

fact [Should we say ”It is clear”? – SM] , this surface minimizes the area of surfaces joining

6Here, we consider the case Q > 0. For Q < 0, the two poles are switched.
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[Tod ’93, Perjés ’71, Israel+Wilson ’72], [Whitt ’85, Yuille ’87]

• Well-defined Euclidean continua-
tion of Kerr-Newman soln.

N

wow,[Hartle-
Hawking ’72]

Simple example: 4d Einstein-Maxwell theory

we need to ensure that the transformation (2.10) is consistent with the periodicities of the

� as well as of the tE coordinate. Since for any tE , (tE ,�) ⇠ (tE ,�+ 2⇡), (2.10) is only a

valid gauge transformation if []

⌦E = �i⌦ =
2⇡

�
. (2.12)

Finally, the equations (2.8) and (2.12) together determine the base-space distance between

the north and south pole to be

↵ =
2⇡Q2

� � 4⇡Q
. (2.13)

To summarize, by separating the poles in the extremal solution (2.3), we have found

a rotating solution whose boundary conditions are those necessary in the saddle-point

computation of an index. Smoothness completely fixes all parameters of this solution,

i.e. the angular velocity of the black hole ⌦ and the distance in base-space between xN

and xS , in terms of � and Q.

The expression (2.12) is precisely the boundary condition that leads to the inser-

tion e⇡iJ in the index (1.1). Phrased di↵erently, the most general [ZZZ – SM] Euclidean so-

lution in Einstein-Maxwell theory in asymptotically flat space that supports Killing spinors

is only smooth for boundary conditions corresponding to the gravitational index. Note that

the Wick rotation of the extremal metric (2.2), which also admits globally defined Killing

spinors is only consistent with the limit � ! 1, ⌦E ! 0.

A reason why it was previously thought that the index is not directly captured by a

saddle associated with a black hole solution is due to the boundary condition for fermionic

fields at the asymptotic boundary.7 Due to the insertion of (�1)F fermionic fields should

be periodic around the thermal circle. Since this Euclidean time circle is contractible in

typically contractible for a Euclidean black hole geometry, such spacetimes cannot seem-

ingly have a well–defined spin-structure. This is not the case for the solution (2.3). The

time circle tE is non-contractible without shifting any other coordinates. Instead, the time

circle defined by the vector @tE + �

2⇡
@� is contractible. Thus, all fermionic fields satisfy,

 (tE ,�) = � (tE + �,�+ 2⇡) ,  (tE ,�) =  (tE + �,�) , (2.14)

consistent with the fermionic boundary conditions needed in computing an index and with

the spacetime have a well-defined spin-structure.

Before we proceed to evaluate the Einstein-Maxwell action at the saddle point, it is

useful to perform a coordinate change that puts the metric (2.3) in a more recognizable

form. Defining, the new coordinates r, ✓, and � through [15],

a ⌘ i↵ , x+ iy ⌘
p

(r �Q)2 + a2 sin ✓ ei� , z ⌘ (r �Q) cos ✓ . (2.15)

7For instance, see [14] for an early discussion in the context of AdS/CFT.
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Figure 1: The finite temperature moduli space of the bound state saddle. The arrows point
from the south poles to the north poles of individual black holes. The edges of the moduli space
correspond to parallel and anti-parallel configurations of the arrows. As we move away from
the edges, the arrows rotate with respect to each other along parallel planes. All the distances
captured in the figures vary as a function of x12. Importantly, the dashed line represent the
values of x12 equal to the original zero temperature bound state distance x⇤

12
= rBatesDenef

12
. This

implies that the finite temperature moduli space reduces to the zero temperature moduli space
in the extremal limit. {fig:bound_state_configurations}

regularity conditions (4.8)-(4.10) can be realized in two ways in terms of the configuration of
points in R3.

The dashed line in the figures sets a special value for the distance x12 as we discussed
around (4.30). In fact, all the distances take special values on dashed line:

x⇤
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= x⇤
1̄2

= x⇤
12̄
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h�1, hi
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This corresponds to two possible configurations of points,
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• 5d AF space: BH bnd states, Black Rings
[Boruch, Emparan, Iliesiu, S.M., Turiaci, To appear.]

[Cassani, Ruipérez,
Turetta, ’25]

• 5d AF sugra: BHs and black strings

[Boruch, Emparan, Iliesiu, S.M. ’25]
[Cassani, Ruipérez, Turetta, ’24;  Adhikari, Dharanipragada, Goswami, Virmani ’24]

• 4d asymptotic flat supergravity: Rotating IWP solutions. 
New attractor mechanism

A systematic application of this idea leads 
to new solutions for the gravitational index

[Boruch, Iliesiu, 
S.M., Turiaci, ’23]
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Figure 1: The finite temperature moduli space of the bound state saddle. The arrows point
from the south poles to the north poles of individual black holes. The edges of the moduli space
correspond to parallel and anti-parallel configurations of the arrows. As we move away from
the edges, the arrows rotate with respect to each other along parallel planes. All the distances
captured in the figures vary as a function of x12. Importantly, the dashed line represent the
values of x12 equal to the original zero temperature bound state distance x⇤

12
= rBatesDenef

12
. This

implies that the finite temperature moduli space reduces to the zero temperature moduli space
in the extremal limit. {fig:bound_state_configurations}

regularity conditions (4.8)-(4.10) can be realized in two ways in terms of the configuration of
points in R3.

The dashed line in the figures sets a special value for the distance x12 as we discussed
around (4.30). In fact, all the distances take special values on dashed line:
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This corresponds to two possible configurations of points,
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• 4d AF space: multi-BH bound states, wall-crossing
[Boruch, Iliesiu, 
S.M., Turiaci, ’25]
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Summary and Outlook
• Near-extremal BHs develop a nearly-gapless mode close 

to the horizon, which lead to large quantum effects.

• Drastically changes the semiclassical results for density 
of states, Hawking radiation, scattering,…

• Leads to decoupling of supersymmetric BHs, crucial 
ingredient in micro-macro matching (index = entropy).

Thank you! Questions?





New attractors 
for the 4d index

[J.Boruch, L.V.Iliesiu, S.M., G.J.Turiaci, ’23]
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New parameters (dipole)
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|xN � xS |

IWP saddles can be generalized to the full 
Type II string theory/CY3

• Multiple gauge fields in string theory. For every gauge 
field, split the harmonic function source into N/S

4 The new attractor mechanism

4.1 Supersymmetric Euclidean black holes in supergravity

[Make sure that the “new” aspect is written below. – SM]

To find the finite temperature supersymmetric solutions of a general supergravity the-

ory, we parallel the reasoning presented for Einstein-Maxwell theory in Section 2. We begin

with the most general local solution of supergravity that admits Killing spinors (3.16):

ds2 = e2U (dtE + !E)
2 + e�2Udx2, ⇤d!E = ihdH,Hi, (4.1)

with e2U = ⌃(H(x)) determined by the generalized stabilizer equations for each Calabi-Yau

[?? – SM] and for a given symplectic vector H of harmonic functions.

As reviewed in Section 3.3 the harmonic functions H(x) specifying the classic extremal

attractor solution all share the same pole location at x = xBH. This results in the em-

blackening factor ⌃(x) = ⌃[H(x)] having a double pole at x = xBH. Just as in Section 2,

this double pole implies � ! 1 and is inconsistent with a smooth saddle for an index with

any finite �.5

To obtain the supersymmetric finite temperature black hole solutions, we imagine

splitting the double pole in ⌃(x) associated to single black hole into two poles. Thus,

we will split the charges of the black hole between two poles, with a vector of charges

associated with the north pole (�N ), and a vector of charges at the south pole (�S), such

that the flux measured through a closed surface away from the north and south pole is

fixed and yields the total charge of the black hole. This implies, that we can parametrize

the vector of charges
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– JB] where, for now, we place no constraint on the reality of nI and mI .

The harmonic function of the corresponding solution will therefore now be of the form

H(x) = h+
�N

|x� xN | +
�S

|x� xS |
, (4.4)

with ⌃(h) = 1, which can be compared to the harmonic function (3.23) of the extremal

solution.

By splitting the original center, we have therefore introduced the following new pa-

rameters in the solution: (2nv +2)-component dipole charge vector �� �̃ and the distance

between the center and anticenter |xN� x̃S |. To fix the values of these parameters, we shall

once again impose that the geometry should be regular. This means the metric should have

no conical singularities and that it should have a finite throat near the horizon in order

for the solution to be consistent with a periodic identification of Euclidean time. For the

metric written in the form (4.1), these conditions translate to
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• Smoothness condition: Dirac-Misner string must be 
absorbed by smooth coordinate transformations
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with ⌃(h) = 1, which can be compared to the harmonic function (3.23) of the extremal
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By splitting the original center, we have therefore introduced the following new pa-

rameters in the solution: (2nv +2)-component dipole charge vector �� �̃ and the distance

between the center and anticenter |xN� x̃S |. To fix the values of these parameters, we shall

once again impose that the geometry should be regular. This means the metric should have

no conical singularities and that it should have a finite throat near the horizon in order

for the solution to be consistent with a periodic identification of Euclidean time. For the

metric written in the form (4.1), these conditions translate to
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• Susy + smoothness fixes all parameters in terms of 
monopole charges and temperature
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• Scalars constant 
on horizon
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Y I
ext � (Y I

ext)
⇤ = iP I

<latexit sha1_base64="3y7JX0M0888I9TQLHU9klLIPO7A=">AAACIHicbVDLSgMxFM3UV62vqks3wSJU0TIj0roRii60uxbsA9o6ZNK0Dc08SO6IZZhPceOvuHGhiO70a0wfC209cMPhnHu5uccJBFdgml9GYmFxaXkluZpaW9/Y3Epv79SUH0rKqtQXvmw4RDHBPVYFDoI1AsmI6whWdwZXI79+z6TivncLw4C1XdLzeJdTAlqy04VrOyrhFrAHiHTFMT7B2Vnt8O4I49Yxvhg9HOOKXbLTGTNnjoHniTUlGTRF2U5/tjo+DV3mARVEqaZlBtCOiAROBYtTrVCxgNAB6bGmph5xmWpH4wNjfKCVDu76UpcHeKz+noiIq9TQdXSnS6CvZr2R+J/XDKF73o64F4TAPDpZ1A0FBh+P0sIdLhkFMdSEUMn1XzHtE0ko6ExTOgRr9uR5UjvNWflcvnKWKV5O40iiPbSPsshCBVREN6iMqoiiR/SMXtGb8WS8GO/Gx6Q1YUxndtEfGN8/Zdygkw==</latexit>

GIext � (GIext)
⇤ = iQI

Attractor 
eqns



New attractors

• Scalars depend on 
angle, moduli, 

<latexit sha1_base64="70lLMPLx7Mn8duaeTWcRM/zSQaw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDVh8MPN6bYWZemEph0HW/nNLa+sbmVnm7srO7t39QPTxqmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ7dzvPHJtRKIecJryIKYjJSLBKFrJ74cc6aBac+vuAuQv8QpSgwKtQfWzP0xYFnOFTFJjep6bYpBTjYJJPqv0M8NTyiZ0xHuWKhpzE+SLY2fkzCpDEiXalkKyUH9O5DQ2ZhqHtjOmODar3lz8z+tlGF0HuVBphlyx5aIokwQTMv+cDIXmDOXUEsq0sLcSNqaaMrT5VGwI3urLf0n7ou416o37y1rzpoijDCdwCufgwRU04Q5a4AMDAU/wAq+Ocp6dN+d92Vpyiplj+AXn4xvHaI6v</latexit>

�
<latexit sha1_base64="bJeoQQ5NlngZ0/wnlVqz05ar4NE=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyyCqzIjUt0IRTe6q2Af0o4lk2ba0ExmSDJKGfspblwo4tYvceffmLaz0NYDgcM593Bvjh9zprTjfFu5peWV1bX8emFjc2t7xy7uNlSUSELrJOKRbPlYUc4ErWumOW3FkuLQ57TpDy8nfvOBSsUicatHMfVC3BcsYARrI3XtYicy9iSd3t1fj9G507VLTtmZAi0SNyMlyFDr2l+dXkSSkApNOFaq7Tqx9lIsNSOcjgudRNEYkyHu07ahAodUeen09DE6NEoPBZE0T2g0VX8nUhwqNQp9MxliPVDz3kT8z2snOjjzUibiRFNBZouChCMdoUkPqMckJZqPDMFEMnMrIgMsMdGmrYIpwZ3/8iJpHJfdSrlyc1KqXmR15GEfDuAIXDiFKlxBDepA4BGe4RXerCfrxXq3PmajOSvL7MEfWJ8/s6mTpQ==</latexit>

Y I = 0NP
<latexit sha1_base64="k3JAAunJ9nvif7+U6y+DYseHDy8=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwVWZEqhuh6EZ3FexD2nHIpGkbmskMyR2xDsVfceNCEbf+hzv/xrSdhbYeuOFwzr3cmxPEgmtwnG9rbn5hcWk5t5JfXVvf2LS3tms6ShRlVRqJSDUCopngklWBg2CNWDESBoLVg/7FyK/fM6V5JG9gEDMvJF3JO5wSMJJv797eXeEzbF6/BewBUlND3y44RWcMPEvcjBRQhopvf7XaEU1CJoEKonXTdWLwUqKAU8GG+VaiWUxon3RZ01BJQqa9dHz9EB8YpY07kTIlAY/V3xMpCbUehIHpDAn09LQ3Ev/zmgl0Tr2UyzgBJulkUScRGCI8igK3uWIUxMAQQhU3t2LaI4pQMIHlTQju9JdnSe2o6JaKpevjQvk8iyOH9tA+OkQuOkFldIkqqIooekTP6BW9WU/Wi/VufUxa56xsZgf9gfX5A63ClMQ=</latexit>

Y I = Y I
ext

<latexit sha1_base64="EvGl+yxdGpgryN9VJNF6LQCIvAQ=">AAACDHicbVC7SgNBFJ2NrxhfUUubwSBEi7ArEm2EoI12EcxDspswO5lNhsw+mLkrhiUfYOOv2FgoYusH2Pk3TpItNPHCZQ7n3MOde9xIcAWm+W1kFhaXlleyq7m19Y3Nrfz2Tl2FsaSsRkMRyqZLFBM8YDXgIFgzkoz4rmANd3A51hv3TCoeBrcwjJjjk17APU4JaKqTL9ihlsfu5K59PcLnuKjfjg3sARLdo8P2kZ4yS+ak8DywUlBAaVU7+S+7G9LYZwFQQZRqWWYETkIkcCrYKGfHikWEDkiPtTQMiM+Uk0yOGeEDzXSxF0rdAeAJ+9uREF+poe/qSZ9AX81qY/I/rRWDd+YkPIhiYAGdLvJigSHE42Rwl0tGQQw1IFRy/VdM+0QSCjq/nA7Bmj15HtSPS1a5VL45KVQu0jiyaA/toyKy0CmqoCtURTVE0SN6Rq/ozXgyXox342M6mjFSzy76U8bnD+7Bmus=</latexit>

Y I = (Y I
ext)

⇤
<latexit sha1_base64="SBFTnfJtUKa2LfWMbFWwfEYEPtg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IveIpiHJGuYnXSSIbOzy8ysEJZ8hBcPinj1e7z5N06SPWi0oKGo6qa7K4gF18Z1v5zc0vLK6lp+vbCxubW9U9zda+goUQzrLBKRagVUo+AS64Ybga1YIQ0Dgc1gdDX1m4+oNI/knRnH6Id0IHmfM2qs1Lx/uCEXxO0WS27ZnYH8JV5GSpCh1i1+dnoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dnTshR1bpkX6kbElDZurPiZSGWo/DwHaG1Az1ojcV//Paiemf+ymXcWJQsvmifiKIicj0d9LjCpkRY0soU9zeStiQKsqMTahgQ/AWX/5LGidlr1Ku3J6WqpdZHHk4gEM4Bg/OoArXUIM6MBjBE7zAqxM7z86b8z5vzTnZzD78gvPxDaHMjng=</latexit>

Y I = 0SP

<latexit sha1_base64="muzUIeYxUeBoMDCCLI2QqUEOOxU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1ekrQIe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDWrV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPk8OPJg==</latexit>!

Free energy is determined by new attractor 
mechanism [J.Boruch, L.V.Iliesiu, S.M., G.J.Turiaci, ’23] -S

Horizon
--

Ss, Sh

-"Extremal attractors
[Ferrara, Kallosh, 
Strominger ’95]

• Scalars constant 
on horizon

<latexit sha1_base64="3+GYotJurdEmgSxd9HNsTD5s/Gg=">AAACHHicbVDLSgMxFM3UV62vqks3wSJU0TKjUt0IRTe6q2Af0heZNG1DMw+SO2IZ+iFu/BU3LhRx40Lwb8y0s7CtB244nHMvN/fYvuAKTPPHSMzNLywuJZdTK6tr6xvpza2y8gJJWYl6wpNVmygmuMtKwEGwqi8ZcWzBKnb/KvIrD0wq7rl3MPBZwyFdl3c4JaClVvrkvnnTqgN7hFDXEB/h7KSy3zzAuH6IL6KHY1zUbjpj5swR8CyxYpJBMYqt9Fe97dHAYS5QQZSqWaYPjZBI4FSwYaoeKOYT2iddVtPUJQ5TjXB03BDvaaWNO57U5QIeqX8nQuIoNXBs3ekQ6KlpLxL/82oBdM4bIXf9AJhLx4s6gcDg4Sgp3OaSURADTQiVXP8V0x6RhILOM6VDsKZPniXl45yVz+VvTzOFyziOJNpBuyiLLHSGCugaFVEJUfSEXtAbejeejVfjw/gctyaMeGYbTcD4/gWK3J8Z</latexit>

Y I
ext � (Y I

ext)
⇤ = iP I

<latexit sha1_base64="3y7JX0M0888I9TQLHU9klLIPO7A=">AAACIHicbVDLSgMxFM3UV62vqks3wSJU0TIj0roRii60uxbsA9o6ZNK0Dc08SO6IZZhPceOvuHGhiO70a0wfC209cMPhnHu5uccJBFdgml9GYmFxaXkluZpaW9/Y3Epv79SUH0rKqtQXvmw4RDHBPVYFDoI1AsmI6whWdwZXI79+z6TivncLw4C1XdLzeJdTAlqy04VrOyrhFrAHiHTFMT7B2Vnt8O4I49Yxvhg9HOOKXbLTGTNnjoHniTUlGTRF2U5/tjo+DV3mARVEqaZlBtCOiAROBYtTrVCxgNAB6bGmph5xmWpH4wNjfKCVDu76UpcHeKz+noiIq9TQdXSnS6CvZr2R+J/XDKF73o64F4TAPDpZ1A0FBh+P0sIdLhkFMdSEUMn1XzHtE0ko6ExTOgRr9uR5UjvNWflcvnKWKV5O40iiPbSPsshCBVREN6iMqoiiR/SMXtGb8WS8GO/Gx6Q1YUxndtEfGN8/Zdygkw==</latexit>

GIext � (GIext)
⇤ = iQI

Attractor 
eqns

• On-shell action gives extremal entropy

<latexit sha1_base64="gB+FLyHxHs0PwA8qziGiNpF00eo="></latexit>

= ��MBPS + Sextremal

BH
(�)

[cf Ooguri-Stromin-
ger-Vafa ’04]

<latexit sha1_base64="ipY9ziHOiypWOxmec5B3GhbVriM="></latexit>

�Ion-shell = ⇡(qIY
I + 2iF )

��
N
+ ⇡(qIY

I � 2iF )
��
S



BH bound states and 
wall-crossing

[J.Boruch, L.V.Iliesiu, S. M., G.J.Turiaci, ’25]



Multiple grav. configurations can exist with 
same charges

Phase I

[Bates-Denef ’00; Denef-Moore ’07] 

<latexit sha1_base64="2wN7r443WEusxFVMnwdUh0yTU7M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiBz1WsB/QhjLZbtqlu0nY3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epoqxJYxGrToCaCR6xpuFGsE6iGMpAsHYwvp357SemNI+jRzNJmC9xGPGQUzRWavfuUEok/XLFrbpzkFXi5aQCORr98ldvENNUsshQgVp3PTcxfobKcCrYtNRLNUuQjnHIupZGKJn2s/m5U3JmlQEJY2UrMmSu/p7IUGo9kYHtlGhGetmbif953dSE137GoyQ1LKKLRWEqiInJ7Hcy4IpRIyaWIFXc3kroCBVSYxMq2RC85ZdXSeui6l1Waw+1Sv0mj6MIJ3AK5+DBFdThHhrQBApjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwCwho8o</latexit>

�

<latexit sha1_base64="2wN7r443WEusxFVMnwdUh0yTU7M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiBz1WsB/QhjLZbtqlu0nY3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epoqxJYxGrToCaCR6xpuFGsE6iGMpAsHYwvp357SemNI+jRzNJmC9xGPGQUzRWavfuUEok/XLFrbpzkFXi5aQCORr98ldvENNUsshQgVp3PTcxfobKcCrYtNRLNUuQjnHIupZGKJn2s/m5U3JmlQEJY2UrMmSu/p7IUGo9kYHtlGhGetmbif953dSE137GoyQ1LKKLRWEqiInJ7Hcy4IpRIyaWIFXc3kroCBVSYxMq2RC85ZdXSeui6l1Waw+1Sv0mj6MIJ3AK5+DBFdThHhrQBApjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwCwho8o</latexit>

�
<latexit sha1_base64="/uPiCJb/AHU/TXBgPjSQdV9lWwQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9KDHivZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo+up33qiSrNIPphxTH2BB5KFjGBjpcf7cvcGC4FPe8WSW3FnQMvEy0gJMtR7xa9uPyKJoNIQjrXueG5s/BQrwwink0I30TTGZIQHtGOpxIJqP50dPEEnVumjMFK2pEEz9fdEioXWYxHYToHNUC96U/E/r5OY8NJPmYwTQyWZLwoTjkyEpt+jPlOUGD62BBPF7K2IDLHCxNiMCjYEb/HlZdI8q3jnlepdtVS7yuLIwxEcQxk8uIAa3EIdGkBAwDO8wpujnBfn3fmYt+acbOYQ/sD5/AHGN4/A</latexit>

S(�)



Multiple grav. configurations can exist with 
same charges

Phase I

[Bates-Denef ’00; Denef-Moore ’07] 

+

Phase II

<latexit sha1_base64="o282f62Q3zHV577SeDYC8c3pmbE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB6DHvQYwTwgWULvZDYZMrO7zswKIeQnvHhQxKu/482/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TRVmDxiJW7QA1EzxiDcONYO1EMZSBYK1gdDPzW09MaR5HD2acMF/iIOIhp2is1O7eopTYq/SKJbfszkFWiZeREmSo94pf3X5MU8kiQwVq3fHcxPgTVIZTwaaFbqpZgnSEA9axNELJtD+Z3zslZ1bpkzBWtiJD5urviQlKrccysJ0SzVAvezPxP6+TmvDKn/AoSQ2L6GJRmApiYjJ7nvS5YtSIsSVIFbe3EjpEhdTYiAo2BG/55VXSrJS9i3L1vlqqXWdx5OEETuEcPLiEGtxBHRpAQcAzvMKb8+i8OO/Ox6I152Qzx/AHzucPg2ePow==</latexit>

�2

<latexit sha1_base64="duJz3a4HESI1hzqv4L7oY/mF6KY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2A9oQ5lsN+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0DNBI9Yw3AjWDtRDGUgWCsY3Uz91hNTmsfRgxknzJc4iHjIKRortbu3KCX2vF654lbdGcgy8XJSgRz1Xvmr249pKllkqECtO56bGD9DZTgVbFLqppolSEc4YB1LI5RM+9ns3gk5sUqfhLGyFRkyU39PZCi1HsvAdko0Q73oTcX/vE5qwis/41GSGhbR+aIwFcTEZPo86XPFqBFjS5Aqbm8ldIgKqbERlWwI3uLLy6R5VvUuquf355XadR5HEY7gGE7Bg0uowR3UoQEUBDzDK7w5j86L8+58zFsLTj5zCH/gfP4AgeOPog==</latexit>

�1

<latexit sha1_base64="koef1wkpb5MlpYYKK6x/Hgvlouo=">AAACA3icbZDLSsNAFIZP6q3WW9SdbgaLIAglKUXdCEUXuqxgL9CGMJlO2qEzSZiZCKUU3Pgqblwo4taXcOfbOG2z0NYfBj7+cw5nzh8knCntON9Wbml5ZXUtv17Y2Nza3rF39xoqTiWhdRLzWLYCrChnEa1rpjltJZJiEXDaDAbXk3rzgUrF4uheDxPqCdyLWMgI1sby7YPODRYCo0s0A989zaDs20Wn5EyFFsHNoAiZar791enGJBU00oRjpdquk2hvhKVmhNNxoZMqmmAywD3aNhhhQZU3mt4wRsfG6aIwluZFGk3d3xMjLJQaisB0Cqz7ar42Mf+rtVMdXngjFiWpphGZLQpTjnSMJoGgLpOUaD40gIlk5q+I9LHERJvYCiYEd/7kRWiUS+5ZqXJXKVavsjjycAhHcAIunEMVbqEGdSDwCM/wCm/Wk/VivVsfs9aclc3swx9Znz+fCZY+</latexit>

� = �1 + �2

<latexit sha1_base64="2wN7r443WEusxFVMnwdUh0yTU7M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiBz1WsB/QhjLZbtqlu0nY3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epoqxJYxGrToCaCR6xpuFGsE6iGMpAsHYwvp357SemNI+jRzNJmC9xGPGQUzRWavfuUEok/XLFrbpzkFXi5aQCORr98ldvENNUsshQgVp3PTcxfobKcCrYtNRLNUuQjnHIupZGKJn2s/m5U3JmlQEJY2UrMmSu/p7IUGo9kYHtlGhGetmbif953dSE137GoyQ1LKKLRWEqiInJ7Hcy4IpRIyaWIFXc3kroCBVSYxMq2RC85ZdXSeui6l1Waw+1Sv0mj6MIJ3AK5+DBFdThHhrQBApjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwCwho8o</latexit>

�

<latexit sha1_base64="2wN7r443WEusxFVMnwdUh0yTU7M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiBz1WsB/QhjLZbtqlu0nY3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epoqxJYxGrToCaCR6xpuFGsE6iGMpAsHYwvp357SemNI+jRzNJmC9xGPGQUzRWavfuUEok/XLFrbpzkFXi5aQCORr98ldvENNUsshQgVp3PTcxfobKcCrYtNRLNUuQjnHIupZGKJn2s/m5U3JmlQEJY2UrMmSu/p7IUGo9kYHtlGhGetmbif953dSE137GoyQ1LKKLRWEqiInJ7Hcy4IpRIyaWIFXc3kroCBVSYxMq2RC85ZdXSeui6l1Waw+1Sv0mj6MIJ3AK5+DBFdThHhrQBApjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwCwho8o</latexit>

�
<latexit sha1_base64="/uPiCJb/AHU/TXBgPjSQdV9lWwQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9KDHivZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo+up33qiSrNIPphxTH2BB5KFjGBjpcf7cvcGC4FPe8WSW3FnQMvEy0gJMtR7xa9uPyKJoNIQjrXueG5s/BQrwwink0I30TTGZIQHtGOpxIJqP50dPEEnVumjMFK2pEEz9fdEioXWYxHYToHNUC96U/E/r5OY8NJPmYwTQyWZLwoTjkyEpt+jPlOUGD62BBPF7K2IDLHCxNiMCjYEb/HlZdI8q3jnlepdtVS7yuLIwxEcQxk8uIAa3EIdGkBAwDO8wpujnBfn3fmYt+acbOYQ/sD5/AHGN4/A</latexit>

S(�)



Multiple grav. configurations can exist with 
same charges

Phase I

[Bates-Denef ’00; Denef-Moore ’07] 

+

Phase II

<latexit sha1_base64="o282f62Q3zHV577SeDYC8c3pmbE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB6DHvQYwTwgWULvZDYZMrO7zswKIeQnvHhQxKu/482/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TRVmDxiJW7QA1EzxiDcONYO1EMZSBYK1gdDPzW09MaR5HD2acMF/iIOIhp2is1O7eopTYq/SKJbfszkFWiZeREmSo94pf3X5MU8kiQwVq3fHcxPgTVIZTwaaFbqpZgnSEA9axNELJtD+Z3zslZ1bpkzBWtiJD5urviQlKrccysJ0SzVAvezPxP6+TmvDKn/AoSQ2L6GJRmApiYjJ7nvS5YtSIsSVIFbe3EjpEhdTYiAo2BG/55VXSrJS9i3L1vlqqXWdx5OEETuEcPLiEGtxBHRpAQcAzvMKb8+i8OO/Ox6I152Qzx/AHzucPg2ePow==</latexit>

�2

<latexit sha1_base64="duJz3a4HESI1hzqv4L7oY/mF6KY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2A9oQ5lsN+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0DNBI9Yw3AjWDtRDGUgWCsY3Uz91hNTmsfRgxknzJc4iHjIKRortbu3KCX2vF654lbdGcgy8XJSgRz1Xvmr249pKllkqECtO56bGD9DZTgVbFLqppolSEc4YB1LI5RM+9ns3gk5sUqfhLGyFRkyU39PZCi1HsvAdko0Q73oTcX/vE5qwis/41GSGhbR+aIwFcTEZPo86XPFqBFjS5Aqbm8ldIgKqbERlWwI3uLLy6R5VvUuquf355XadR5HEY7gGE7Bg0uowR3UoQEUBDzDK7w5j86L8+58zFsLTj5zCH/gfP4AgeOPog==</latexit>

�1

<latexit sha1_base64="koef1wkpb5MlpYYKK6x/Hgvlouo=">AAACA3icbZDLSsNAFIZP6q3WW9SdbgaLIAglKUXdCEUXuqxgL9CGMJlO2qEzSZiZCKUU3Pgqblwo4taXcOfbOG2z0NYfBj7+cw5nzh8knCntON9Wbml5ZXUtv17Y2Nza3rF39xoqTiWhdRLzWLYCrChnEa1rpjltJZJiEXDaDAbXk3rzgUrF4uheDxPqCdyLWMgI1sby7YPODRYCo0s0A989zaDs20Wn5EyFFsHNoAiZar791enGJBU00oRjpdquk2hvhKVmhNNxoZMqmmAywD3aNhhhQZU3mt4wRsfG6aIwluZFGk3d3xMjLJQaisB0Cqz7ar42Mf+rtVMdXngjFiWpphGZLQpTjnSMJoGgLpOUaD40gIlk5q+I9LHERJvYCiYEd/7kRWiUS+5ZqXJXKVavsjjycAhHcAIunEMVbqEGdSDwCM/wCm/Wk/VivVsfs9aclc3swx9Znz+fCZY+</latexit>

� = �1 + �2

<latexit sha1_base64="2wN7r443WEusxFVMnwdUh0yTU7M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiBz1WsB/QhjLZbtqlu0nY3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epoqxJYxGrToCaCR6xpuFGsE6iGMpAsHYwvp357SemNI+jRzNJmC9xGPGQUzRWavfuUEok/XLFrbpzkFXi5aQCORr98ldvENNUsshQgVp3PTcxfobKcCrYtNRLNUuQjnHIupZGKJn2s/m5U3JmlQEJY2UrMmSu/p7IUGo9kYHtlGhGetmbif953dSE137GoyQ1LKKLRWEqiInJ7Hcy4IpRIyaWIFXc3kroCBVSYxMq2RC85ZdXSeui6l1Waw+1Sv0mj6MIJ3AK5+DBFdThHhrQBApjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwCwho8o</latexit>

�

<latexit sha1_base64="2wN7r443WEusxFVMnwdUh0yTU7M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiBz1WsB/QhjLZbtqlu0nY3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epoqxJYxGrToCaCR6xpuFGsE6iGMpAsHYwvp357SemNI+jRzNJmC9xGPGQUzRWavfuUEok/XLFrbpzkFXi5aQCORr98ldvENNUsshQgVp3PTcxfobKcCrYtNRLNUuQjnHIupZGKJn2s/m5U3JmlQEJY2UrMmSu/p7IUGo9kYHtlGhGetmbif953dSE137GoyQ1LKKLRWEqiInJ7Hcy4IpRIyaWIFXc3kroCBVSYxMq2RC85ZdXSeui6l1Waw+1Sv0mj6MIJ3AK5+DBFdThHhrQBApjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwCwho8o</latexit>

�
<latexit sha1_base64="/uPiCJb/AHU/TXBgPjSQdV9lWwQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9KDHivZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo+up33qiSrNIPphxTH2BB5KFjGBjpcf7cvcGC4FPe8WSW3FnQMvEy0gJMtR7xa9uPyKJoNIQjrXueG5s/BQrwwink0I30TTGZIQHtGOpxIJqP50dPEEnVumjMFK2pEEz9fdEioXWYxHYToHNUC96U/E/r5OY8NJPmYwTQyWZLwoTjkyEpt+jPlOUGD62BBPF7K2IDLHCxNiMCjYEb/HlZdI8q3jnlepdtVS7yuLIwxEcQxk8uIAa3EIdGkBAwDO8wpujnBfn3fmYt+acbOYQ/sD5/AHGN4/A</latexit>

S(�)

ΔS

<latexit sha1_base64="/uPiCJb/AHU/TXBgPjSQdV9lWwQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9KDHivZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo+up33qiSrNIPphxTH2BB5KFjGBjpcf7cvcGC4FPe8WSW3FnQMvEy0gJMtR7xa9uPyKJoNIQjrXueG5s/BQrwwink0I30TTGZIQHtGOpxIJqP50dPEEnVumjMFK2pEEz9fdEioXWYxHYToHNUC96U/E/r5OY8NJPmYwTQyWZLwoTjkyEpt+jPlOUGD62BBPF7K2IDLHCxNiMCjYEb/HlZdI8q3jnlepdtVS7yuLIwxEcQxk8uIAa3EIdGkBAwDO8wpujnBfn3fmYt+acbOYQ/sD5/AHGN4/A</latexit>

S(�)

<latexit sha1_base64="NQjBoX5ETYeS4hknJJzsDTVG9gI=">AAACAHicbZDLSgMxFIYzXmu9jbpw4SZYhBahzJSiLosudFnRXqAdhkyaaUOTzJBkhDJ046u4caGIWx/DnW9j2g6irT8EPv5zDifnD2JGlXacL2tpeWV1bT23kd/c2t7Ztff2mypKJCYNHLFItgOkCKOCNDTVjLRjSRAPGGkFw6tJvfVApKKRuNejmHgc9QUNKUbaWL59eFfsXiPOke+WTn+4UvLtglN2poKL4GZQAJnqvv3Z7UU44URozJBSHdeJtZciqSlmZJzvJorECA9Rn3QMCsSJ8tLpAWN4YpweDCNpntBw6v6eSBFXasQD08mRHqj52sT8r9ZJdHjhpVTEiSYCzxaFCYM6gpM0YI9KgjUbGUBYUvNXiAdIIqxNZnkTgjt/8iI0K2X3rFy9rRZql1kcOXAEjkERuOAc1MANqIMGwGAMnsALeLUerWfrzXqftS5Z2cwB+CPr4xvf+pSs</latexit>

S(�1) + S(�2)



2-BH bound states in N=2 sugra are rigid, 
and exist only in regions of moduli space

<latexit sha1_base64="rhIjaW/Ze/ERrRVvQCq/cPJIivY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oY9lsN+3SzSbsTsQS+je8eFDEq3/Gm//GpM1BWx8MPN6bYWaeF0lh0La/rcLa+sbmVnG7tLO7t39QPjxqmzDWjLdYKEPd9ajhUijeQoGSdyPNaeBJ3vEmN5nfeeTaiFDd4zTibkBHSviCUUyl/tMgcWqzhz41WBqUK3bVnoOsEicnFcjRHJS/+sOQxQFXyCQ1pufYEboJ1SiY5LNSPzY8omxCR7yXUkUDbtxkfvOMnKXKkPihTkshmau/JxIaGDMNvLQzoDg2y14m/uf1YvSv3ESoKEau2GKRH0uCIckCIEOhOUM5TQllWqS3EjammjJMY8pCcJZfXiXtWtW5qNbv6pXGdR5HEU7gFM7BgUtowC00oQUMIniGV3izYuvFerc+Fq0FK585hj+wPn8AULmROQ==</latexit>

x⇤
12

<latexit sha1_base64="yzgq3TORezbIR3TGpuEdn7kKnik=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiSlqCBC0Y3LCvYBTQyT6bQdOnkwcyOGUH/FjQtF3Poh7vwbp20W2nrgXg7n3MvcOX4suALL+jYKK6tr6xvFzdLW9s7unrl/0FZRIilr0UhEsusTxQQPWQs4CNaNJSOBL1jHH19P/c4Dk4pH4R2kMXMDMgz5gFMCWvLM8qOX2bXJvUMUOBf4EuvmmRWras2Al4mdkwrK0fTML6cf0SRgIVBBlOrZVgxuRiRwKtik5CSKxYSOyZD1NA1JwJSbzY6f4GOt9PEgkrpCwDP190ZGAqXSwNeTAYGRWvSm4n9eL4HBuZvxME6AhXT+0CARGCI8TQL3uWQURKoJoZLrWzEdEUko6LxKOgR78cvLpF2r2qfV+m290rjK4yiiQ3SETpCNzlAD3aAmaiGKUvSMXtGb8WS8GO/Gx3y0YOQ7ZfQHxucPmOOTcQ==</latexit>

x⇤
12 =

figure, we find an allowed region as shown in the following plot:

Here we have plotted only the determinant of the largest matrix CM(X1, . . . , X4). However,
we also checked that the determinants of all the relevant minors (two of them because of the
identifications following from the solutions) are all positive in the above region and do not lead
to any stronger restrictions on the above moduli space.

Now we vary the value of � and find that, as we take � to be larger and larger, the finite
temperature moduli space gets more and more concentrated near the dashed line as shown below:

The dashed vertical line in the middle is important. It marks the special value of x12 = x⇤
12

where the distance between the north poles of the two black holes is exactly equal to the zero
temperature bound state distance between the centers of the two black holes,

x⇤
12

⌘ rBatesDenef

12
= �h�1,�2i

h�1, hi
. (4.30) {eq:x12_gray_line_Bates_Denef}{eq:x12_gray_line_Bates_Denef}

As we take � ! 1 the north-south distances of both black holes go to zero x11̄, x22̄ ! 0 and in
the limit the distance between the north poles becomes the distance between the centers of the
black holes x12 ! rBatesDenef

12
. What we are seeing is that the zero temperature (� ! 1) bound

state solution is “contained” in the new finite temperature moduli space.

From this numerical analysis, one can expect that the solution given by x12 = x⇤
12

will always
belong to the finite temperature moduli space (up to the subtleties appearing at high enough
temperature, which we discuss more at the end of this section). This turns out to indeed be
the case, as we verify analytically in the discussion below. Pictorially, we can view this as the
finite temperature moduli space being e↵ectively “carried around” by the bound state distance
rBatesDenef

12
. This will play an important role in the next section when we analyze wall-crossing.
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<latexit sha1_base64="xsjbEnQArV+Acg0DB549mMx+MXk=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBg5TdUtRj0YMeK9gP6C4lm2bb0CS7JFmhLP0bXjwo4tU/481/Y9ruQVsfDDzem2FmXphwpo3rfjuFtfWNza3idmlnd2//oHx41NZxqghtkZjHqhtiTTmTtGWY4bSbKIpFyGknHN/O/M4TVZrF8tFMEhoIPJQsYgQbK/n+HRYC9zPvojbtlytu1Z0DrRIvJxXI0eyXv/xBTFJBpSEca93z3MQEGVaGEU6nJT/VNMFkjIe0Z6nEguogm988RWdWGaAoVrakQXP190SGhdYTEdpOgc1IL3sz8T+vl5roOsiYTFJDJVksilKOTIxmAaABU5QYPrEEE8XsrYiMsMLE2JhKNgRv+eVV0q5Vvctq/aFeadzkcRThBE7hHDy4ggbcQxNaQCCBZ3iFNyd1Xpx352PRWnDymWP4A+fzBym9kSA=</latexit>

�1,2
<latexit sha1_base64="rTY8A/41fKd2STNcY2eiXTDuu2Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0OeM9Q==</latexit>

h

<latexit sha1_base64="duJz3a4HESI1hzqv4L7oY/mF6KY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2A9oQ5lsN+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0DNBI9Yw3AjWDtRDGUgWCsY3Uz91hNTmsfRgxknzJc4iHjIKRortbu3KCX2vF654lbdGcgy8XJSgRz1Xvmr249pKllkqECtO56bGD9DZTgVbFLqppolSEc4YB1LI5RM+9ns3gk5sUqfhLGyFRkyU39PZCi1HsvAdko0Q73oTcX/vE5qwis/41GSGhbR+aIwFcTEZPo86XPFqBFjS5Aqbm8ldIgKqbERlWwI3uLLy6R5VvUuquf355XadR5HEY7gGE7Bg0uowR3UoQEUBDzDK7w5j86L8+58zFsLTj5zCH/gfP4AgeOPog==</latexit>

�1

<latexit sha1_base64="o282f62Q3zHV577SeDYC8c3pmbE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB6DHvQYwTwgWULvZDYZMrO7zswKIeQnvHhQxKu/482/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TRVmDxiJW7QA1EzxiDcONYO1EMZSBYK1gdDPzW09MaR5HD2acMF/iIOIhp2is1O7eopTYq/SKJbfszkFWiZeREmSo94pf3X5MU8kiQwVq3fHcxPgTVIZTwaaFbqpZgnSEA9axNELJtD+Z3zslZ1bpkzBWtiJD5urviQlKrccysJ0SzVAvezPxP6+TmvDKn/AoSQ2L6GJRmApiYjJ7nvS5YtSIsSVIFbe3EjpEhdTYiAo2BG/55VXSrJS9i3L1vlqqXWdx5OEETuEcPLiEGtxBHRpAQcAzvMKb8+i8OO/Ox6I152Qzx/AHzucPg2ePow==</latexit>

�2



2-BH bound states in N=2 sugra are rigid, 
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<latexit sha1_base64="rhIjaW/Ze/ERrRVvQCq/cPJIivY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oY9lsN+3SzSbsTsQS+je8eFDEq3/Gm//GpM1BWx8MPN6bYWaeF0lh0La/rcLa+sbmVnG7tLO7t39QPjxqmzDWjLdYKEPd9ajhUijeQoGSdyPNaeBJ3vEmN5nfeeTaiFDd4zTibkBHSviCUUyl/tMgcWqzhz41WBqUK3bVnoOsEicnFcjRHJS/+sOQxQFXyCQ1pufYEboJ1SiY5LNSPzY8omxCR7yXUkUDbtxkfvOMnKXKkPihTkshmau/JxIaGDMNvLQzoDg2y14m/uf1YvSv3ESoKEau2GKRH0uCIckCIEOhOUM5TQllWqS3EjammjJMY8pCcJZfXiXtWtW5qNbv6pXGdR5HEU7gFM7BgUtowC00oQUMIniGV3izYuvFerc+Fq0FK585hj+wPn8AULmROQ==</latexit>

x⇤
12

<latexit sha1_base64="yzgq3TORezbIR3TGpuEdn7kKnik=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiSlqCBC0Y3LCvYBTQyT6bQdOnkwcyOGUH/FjQtF3Poh7vwbp20W2nrgXg7n3MvcOX4suALL+jYKK6tr6xvFzdLW9s7unrl/0FZRIilr0UhEsusTxQQPWQs4CNaNJSOBL1jHH19P/c4Dk4pH4R2kMXMDMgz5gFMCWvLM8qOX2bXJvUMUOBf4EuvmmRWras2Al4mdkwrK0fTML6cf0SRgIVBBlOrZVgxuRiRwKtik5CSKxYSOyZD1NA1JwJSbzY6f4GOt9PEgkrpCwDP190ZGAqXSwNeTAYGRWvSm4n9eL4HBuZvxME6AhXT+0CARGCI8TQL3uWQURKoJoZLrWzEdEUko6LxKOgR78cvLpF2r2qfV+m290rjK4yiiQ3SETpCNzlAD3aAmaiGKUvSMXtGb8WS8GO/Gx3y0YOQ7ZfQHxucPmOOTcQ==</latexit>

x⇤
12 =

figure, we find an allowed region as shown in the following plot:

Here we have plotted only the determinant of the largest matrix CM(X1, . . . , X4). However,
we also checked that the determinants of all the relevant minors (two of them because of the
identifications following from the solutions) are all positive in the above region and do not lead
to any stronger restrictions on the above moduli space.

Now we vary the value of � and find that, as we take � to be larger and larger, the finite
temperature moduli space gets more and more concentrated near the dashed line as shown below:

The dashed vertical line in the middle is important. It marks the special value of x12 = x⇤
12

where the distance between the north poles of the two black holes is exactly equal to the zero
temperature bound state distance between the centers of the two black holes,

x⇤
12

⌘ rBatesDenef

12
= �h�1,�2i

h�1, hi
. (4.30) {eq:x12_gray_line_Bates_Denef}{eq:x12_gray_line_Bates_Denef}

As we take � ! 1 the north-south distances of both black holes go to zero x11̄, x22̄ ! 0 and in
the limit the distance between the north poles becomes the distance between the centers of the
black holes x12 ! rBatesDenef

12
. What we are seeing is that the zero temperature (� ! 1) bound

state solution is “contained” in the new finite temperature moduli space.

From this numerical analysis, one can expect that the solution given by x12 = x⇤
12

will always
belong to the finite temperature moduli space (up to the subtleties appearing at high enough
temperature, which we discuss more at the end of this section). This turns out to indeed be
the case, as we verify analytically in the discussion below. Pictorially, we can view this as the
finite temperature moduli space being e↵ectively “carried around” by the bound state distance
rBatesDenef

12
. This will play an important role in the next section when we analyze wall-crossing.
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<latexit sha1_base64="xsjbEnQArV+Acg0DB549mMx+MXk=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBg5TdUtRj0YMeK9gP6C4lm2bb0CS7JFmhLP0bXjwo4tU/481/Y9ruQVsfDDzem2FmXphwpo3rfjuFtfWNza3idmlnd2//oHx41NZxqghtkZjHqhtiTTmTtGWY4bSbKIpFyGknHN/O/M4TVZrF8tFMEhoIPJQsYgQbK/n+HRYC9zPvojbtlytu1Z0DrRIvJxXI0eyXv/xBTFJBpSEca93z3MQEGVaGEU6nJT/VNMFkjIe0Z6nEguogm988RWdWGaAoVrakQXP190SGhdYTEdpOgc1IL3sz8T+vl5roOsiYTFJDJVksilKOTIxmAaABU5QYPrEEE8XsrYiMsMLE2JhKNgRv+eVV0q5Vvctq/aFeadzkcRThBE7hHDy4ggbcQxNaQCCBZ3iFNyd1Xpx352PRWnDymWP4A+fzBym9kSA=</latexit>

�1,2
<latexit sha1_base64="rTY8A/41fKd2STNcY2eiXTDuu2Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0OeM9Q==</latexit>

h

<latexit sha1_base64="duJz3a4HESI1hzqv4L7oY/mF6KY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2A9oQ5lsN+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0DNBI9Yw3AjWDtRDGUgWCsY3Uz91hNTmsfRgxknzJc4iHjIKRortbu3KCX2vF654lbdGcgy8XJSgRz1Xvmr249pKllkqECtO56bGD9DZTgVbFLqppolSEc4YB1LI5RM+9ns3gk5sUqfhLGyFRkyU39PZCi1HsvAdko0Q73oTcX/vE5qwis/41GSGhbR+aIwFcTEZPo86XPFqBFjS5Aqbm8ldIgKqbERlWwI3uLLy6R5VvUuquf355XadR5HEY7gGE7Bg0uowR3UoQEUBDzDK7w5j86L8+58zFsLTj5zCH/gfP4AgeOPog==</latexit>

�1

<latexit sha1_base64="o282f62Q3zHV577SeDYC8c3pmbE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB6DHvQYwTwgWULvZDYZMrO7zswKIeQnvHhQxKu/482/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TRVmDxiJW7QA1EzxiDcONYO1EMZSBYK1gdDPzW09MaR5HD2acMF/iIOIhp2is1O7eopTYq/SKJbfszkFWiZeREmSo94pf3X5MU8kiQwVq3fHcxPgTVIZTwaaFbqpZgnSEA9axNELJtD+Z3zslZ1bpkzBWtiJD5urviQlKrccysJ0SzVAvezPxP6+TmvDKn/AoSQ2L6GJRmApiYjJ7nvS5YtSIsSVIFbe3EjpEhdTYiAo2BG/55VXSrJS9i3L1vlqqXWdx5OEETuEcPLiEGtxBHRpAQcAzvMKb8+i8OO/Ox6I152Qzx/AHzucPg2ePow==</latexit>
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Upon crossing the wall, bound state disappears 
(wall-crossing).
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2-BH bound states in N=2 sugra are rigid, 
and exist only in regions of moduli space
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figure, we find an allowed region as shown in the following plot:

Here we have plotted only the determinant of the largest matrix CM(X1, . . . , X4). However,
we also checked that the determinants of all the relevant minors (two of them because of the
identifications following from the solutions) are all positive in the above region and do not lead
to any stronger restrictions on the above moduli space.

Now we vary the value of � and find that, as we take � to be larger and larger, the finite
temperature moduli space gets more and more concentrated near the dashed line as shown below:

The dashed vertical line in the middle is important. It marks the special value of x12 = x⇤
12

where the distance between the north poles of the two black holes is exactly equal to the zero
temperature bound state distance between the centers of the two black holes,

x⇤
12

⌘ rBatesDenef

12
= �h�1,�2i

h�1, hi
. (4.30) {eq:x12_gray_line_Bates_Denef}{eq:x12_gray_line_Bates_Denef}

As we take � ! 1 the north-south distances of both black holes go to zero x11̄, x22̄ ! 0 and in
the limit the distance between the north poles becomes the distance between the centers of the
black holes x12 ! rBatesDenef

12
. What we are seeing is that the zero temperature (� ! 1) bound

state solution is “contained” in the new finite temperature moduli space.

From this numerical analysis, one can expect that the solution given by x12 = x⇤
12

will always
belong to the finite temperature moduli space (up to the subtleties appearing at high enough
temperature, which we discuss more at the end of this section). This turns out to indeed be
the case, as we verify analytically in the discussion below. Pictorially, we can view this as the
finite temperature moduli space being e↵ectively “carried around” by the bound state distance
rBatesDenef

12
. This will play an important role in the next section when we analyze wall-crossing.

25

Bates-Denef ’00

Distance fixed in terms of charges 
and asymptotic scalar moduli    .
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Upon crossing the wall, bound state disappears 
(wall-crossing).
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Figure 1: The finite temperature moduli space of the bound state saddle. The arrows point
from the south poles to the north poles of individual black holes. The edges of the moduli space
correspond to parallel and anti-parallel configurations of the arrows. As we move away from
the edges, the arrows rotate with respect to each other along parallel planes. All the distances
captured in the figures vary as a function of x12. Importantly, the dashed line represent the
values of x12 equal to the original zero temperature bound state distance x⇤

12
= rBatesDenef

12
. This

implies that the finite temperature moduli space reduces to the zero temperature moduli space
in the extremal limit. {fig:bound_state_configurations}

regularity conditions (4.8)-(4.10) can be realized in two ways in terms of the configuration of
points in R3.

The dashed line in the figures sets a special value for the distance x12 as we discussed
around (4.30). In fact, all the distances take special values on dashed line:
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This corresponds to two possible configurations of points,
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Figure 1: The finite temperature moduli space of the bound state saddle. The arrows point
from the south poles to the north poles of individual black holes. The edges of the moduli space
correspond to parallel and anti-parallel configurations of the arrows. As we move away from
the edges, the arrows rotate with respect to each other along parallel planes. All the distances
captured in the figures vary as a function of x12. Importantly, the dashed line represent the
values of x12 equal to the original zero temperature bound state distance x⇤

12
= rBatesDenef

12
. This

implies that the finite temperature moduli space reduces to the zero temperature moduli space
in the extremal limit. {fig:bound_state_configurations}

regularity conditions (4.8)-(4.10) can be realized in two ways in terms of the configuration of
points in R3.

The dashed line in the figures sets a special value for the distance x12 as we discussed
around (4.30). In fact, all the distances take special values on dashed line:

x⇤
12

= x⇤
1̄2

= x⇤
12̄

= x⇤
1̄2̄

= �h�1,�2i
h�1, hi

= rBatesDenef

12
. (4.35)

This corresponds to two possible configurations of points,

x⇤
1
=

⇢
x⇤
11̄

2
, 0, 0

�
, ex⇤

1
=

⇢
�
x⇤
11̄

2
, 0, 0

�
, (4.36)

x⇤
2
=

⇢
0 , �⌘

x⇤
22̄

2
,
1

2

q
4(x⇤

12
)2 � (x⇤

11̄
)2 � (x⇤

22̄
)2
�
, ⌘ = ±1 , (4.37) {eq:gray_line_Cartesian_2}{eq:gray_line_Cartesian_2}

ex⇤
2
=

⇢
0 , ⌘

x⇤
22̄

2
,
1

2

q
4(x⇤

12
)2 � (x⇤

11̄
)2 � (x⇤

22̄
)2
�
, ⌘ = ±1 , (4.38) {eq:gray_line_Cartesian_2bar}{eq:gray_line_Cartesian_2bar}

27

<latexit sha1_base64="1DoPtLGJug7J2KZ/ugpQVo3RF5M=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKexKUI9BL54kgnlgsobeySQZMjO7zMwKYclfePGgiFf/xpt/4yTZgyYWNBRV3XR3hTFn2njet5NbWV1b38hvFra2d3b3ivsHDR0litA6iXikWiFqypmkdcMMp61YURQhp81wdD31m09UaRbJezOOaSBwIFmfETRWeugMUAjs3j763WLJK3szuMvEz0gJMtS6xa9OLyKJoNIQjlq3fS82QYrKMMLppNBJNI2RjHBA25ZKFFQH6eziiXtilZ7bj5QtadyZ+nsiRaH1WIS2U6AZ6kVvKv7ntRPTvwxSJuPEUEnmi/oJd03kTt93e0xRYvjYEiSK2VtdMkSFxNiQCjYEf/HlZdI4K/vn5cpdpVS9yuLIwxEcwyn4cAFVuIEa1IGAhGd4hTdHOy/Ou/Mxb8052cwh/IHz+QMITZCC</latexit>

�1
N

<latexit sha1_base64="8c/3qCTqbYhAIu0JU6Xu0sGnKs4=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIzHxRHYNUY9ELx4xyiPCSnqHASbMzG5mZk3Ihr/w4kFjvPo33vwbB9iDgpV0UqnqTndXGHOmjed9O7mV1bX1jfxmYWt7Z3evuH/Q0FGiCK2TiEeqFaKmnElaN8xw2ooVRRFy2gxH11O/+USVZpG8N+OYBgIHkvUZQWOlh84AhcDu3aPfLZa8sjeDu0z8jJQgQ61b/Or0IpIIKg3hqHXb92ITpKgMI5xOCp1E0xjJCAe0balEQXWQzi6euCdW6bn9SNmSxp2pvydSFFqPRWg7BZqhXvSm4n9eOzH9yyBlMk4MlWS+qJ9w10Tu9H23xxQlho8tQaKYvdUlQ1RIjA2pYEPwF19eJo2zsn9ertxWStWrLI48HMExnIIPF1CFG6hBHQhIeIZXeHO08+K8Ox/z1pyTzRzCHzifPw/rkIc=</latexit>

�1
S

<latexit sha1_base64="SmWU+Z2Zd3lL6FLOqDKOrBcLTd8=">AAAB8XicbVDLTgJBEOz1ifhCPXrZSEw8kV1C1CPRi0eM8oiwkt5hFibMzG5mZk0I4S+8eNAYr/6NN//GAfagYCWdVKq6090VJpxp43nfzsrq2vrGZm4rv72zu7dfODhs6DhVhNZJzGPVClFTziStG2Y4bSWKogg5bYbD66nffKJKs1jem1FCA4F9ySJG0FjpodNHIbB791juFopeyZvBXSZ+RoqQodYtfHV6MUkFlYZw1Lrte4kJxqgMI5xO8p1U0wTJEPu0balEQXUwnl08cU+t0nOjWNmSxp2pvyfGKLQeidB2CjQDvehNxf+8dmqiy2DMZJIaKsl8UZRy18Tu9H23xxQlho8sQaKYvdUlA1RIjA0pb0PwF19eJo1yyT8vVW4rxepVFkcOjuEEzsCHC6jCDdSgDgQkPMMrvDnaeXHenY9564qTzRzBHzifPxFvkIg=</latexit>

�2
S

<latexit sha1_base64="wen4oO8YempOHn85YXyKn1/QqQY=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYhA8hd0Q1GPQiyeJYB6YrKF3MpsMmZldZmaFEPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dYcKZNp737aysrq1vbOa28ts7u3v7hYPDho5TRWidxDxWrRA15UzSumGG01aiKIqQ02Y4vJ76zSeqNIvlvRklNBDYlyxiBI2VHjp9FAK7t4/lbqHolbwZ3GXiZ6QIGWrdwlenF5NUUGkIR63bvpeYYIzKMMLpJN9JNU2QDLFP25ZKFFQH49nFE/fUKj03ipUtadyZ+ntijELrkQhtp0Az0IveVPzPa6cmugzGTCapoZLMF0Upd03sTt93e0xRYvjIEiSK2VtdMkCFxNiQ8jYEf/HlZdIol/zzUuWuUqxeZXHk4BhO4Ax8uIAq3EAN6kBAwjO8wpujnRfn3fmYt6442cwR/IHz+QMJ0ZCD</latexit>

�2
N

• Solutions found by imposing susy + smoothness. 
Not easy to solve in general.
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Figure 1: The finite temperature moduli space of the bound state saddle. The arrows point
from the south poles to the north poles of individual black holes. The edges of the moduli space
correspond to parallel and anti-parallel configurations of the arrows. As we move away from
the edges, the arrows rotate with respect to each other along parallel planes. All the distances
captured in the figures vary as a function of x12. Importantly, the dashed line represent the
values of x12 equal to the original zero temperature bound state distance x⇤
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implies that the finite temperature moduli space reduces to the zero temperature moduli space
in the extremal limit. {fig:bound_state_configurations}

regularity conditions (4.8)-(4.10) can be realized in two ways in terms of the configuration of
points in R3.

The dashed line in the figures sets a special value for the distance x12 as we discussed
around (4.30). In fact, all the distances take special values on dashed line:
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• Solutions found by imposing susy + smoothness. 
Not easy to solve in general.
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S2 moduli space

Index saddles for BH bound states can be 
constructed using harmonic functions



Why is the moduli space compact?

• 4 centers  6 distances. When do 6 given distances 
come from 4 points in      ? 
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• Vol(tetrahedron) > 0. Cayley-Menger condition. 

where the Cayley-Menger determinant CM is defined as the determinant of the following distance
matrix

CM(X1, . . . , Xk) = det
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For example, written in terms of the distances of our configuration, the distance matrix �4 takes
the form
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The Cayley-Menger determinant computes the volumes of (k � 1)-simplices vk�1 formed out of
points (X1, . . . , Xk)

Vol(vk�1)
2 =

(�1)k

(k � 1)!2k�1
CM(X1, . . . , Xk) , (4.18)

and therefore, in simple terms, Cayley-Menger condition ensures that the volume of any simplex
formed out of points in X computed in terms of distances is real. For our case of four points,
the CM determinant reduces to Heron’s formula for the volume of the tetrahedron formed out
of all six distances

r
CM(X1, . . . , X4)

288
= Vol(tetrahedron) (4.19)

=

p
(�a+ b+ c+ d)(a� b+ c+ d)(a+ b� c+ d)(a+ b+ c� d)

192uvw
,

where we followed the notation from [43]

a =
p
xY Z , X = (w � U + v)(w + U + v) , x = (U � v + w)(U � w + v) , (4.20)

b =
p
yZX , Y = (u� V + w)(u+ V + w) , y = (V � w + u)(V � u+ w) (4.21)

c =
p
zXY , Z = (v �W + u)(v +W + u) , z = (W � u+ v)(W � v + u) (4.22)

d =
p
xyz , (4.23) {eq:d1d2 equations}{eq:d1d2 equations}

and the six distances (u, v, w, U, V,W ) are given in terms of the distances between the poles as

U = |x1 � ex1| ⌘ x11̄ , V = |x1 � x2| ⌘ x12 , W = |ex1 � x2| ⌘ x1̄2 , (4.24)

u = |x2 � ex2| ⌘ x22̄ , v = |ex1 � ex2| ⌘ x1̄2̄ , w = |x1 � ex2| ⌘ x12̄ . (4.25)

Here we also introduced a shorthand notation xij, xij
, x

i j
for the distances. Similarly, the de-

terminants of any subset of three points will reduce to Heron’s formula for area of a triangle.
Imposing that the areas are nonnegative corresponds to demanding that the triangle inequalities
are satisfied for any three points in the configuration.
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The Cayley-Menger determinant computes the volumes of (k � 1)-simplices vk�1 formed out of
points (X1, . . . , Xk)

Vol(vk�1)
2 =

(�1)k

(k � 1)!2k�1
CM(X1, . . . , Xk) , (4.19)

and therefore, in simple terms, Cayley-Menger condition ensures that the volume of any simplex
formed out of points in X computed in terms of distances is real. For our case of four points,
the CM determinant reduces to Heron’s formula for the volume of the tetrahedron formed out
of all six distances
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where we followed the notation from [? ]
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b =
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yZX , Y = (u� V + w)(u+ V + w) , y = (V � w + u)(V � u+ w) (4.22)

c =
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zXY , Z = (v �W + u)(v +W + u) , z = (W � u+ v)(W � v + u) (4.23)

d =
p
xyz , (4.24)

and the six distances (u, v, w, U, V,W ) are given in terms of the distances between the poles as

U = |x1 � ex1| ⌘ x11̄ , V = |x1 � x2| ⌘ x12 , W = |ex1 � x2| ⌘ x1̄2 , (4.25)

u = |x2 � ex2| ⌘ x22̄ , v = |ex1 � ex2| ⌘ x1̄2̄ , w = |x1 � ex2| ⌘ x12̄ . (4.26)

Here we also introduced a shorthand notation xij, xij
, x

i j
for the distances. Similarly, the de-

terminants of any subset of three points will reduce to Heron’s formula for area of a triangle.
Imposing that the areas are nonnegative corresponds to demanding that the triangle inequalities
are satisfied for any three points in the configuration.
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Why is the moduli space compact?

• 4 centers  6 distances. When do 6 given distances 
come from 4 points in      ? 
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• Vol(tetrahedron) > 0. Cayley-Menger condition. 

where the Cayley-Menger determinant CM is defined as the determinant of the following distance
matrix
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The Cayley-Menger determinant computes the volumes of (k � 1)-simplices vk�1 formed out of
points (X1, . . . , Xk)

Vol(vk�1)
2 =

(�1)k

(k � 1)!2k�1
CM(X1, . . . , Xk) , (4.18)

and therefore, in simple terms, Cayley-Menger condition ensures that the volume of any simplex
formed out of points in X computed in terms of distances is real. For our case of four points,
the CM determinant reduces to Heron’s formula for the volume of the tetrahedron formed out
of all six distances
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where we followed the notation from [43]

a =
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xY Z , X = (w � U + v)(w + U + v) , x = (U � v + w)(U � w + v) , (4.20)

b =
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c =
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zXY , Z = (v �W + u)(v +W + u) , z = (W � u+ v)(W � v + u) (4.22)

d =
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and the six distances (u, v, w, U, V,W ) are given in terms of the distances between the poles as
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Here we also introduced a shorthand notation xij, xij
, x
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for the distances. Similarly, the de-

terminants of any subset of three points will reduce to Heron’s formula for area of a triangle.
Imposing that the areas are nonnegative corresponds to demanding that the triangle inequalities
are satisfied for any three points in the configuration.

23

CM(X1, . . . , X4) = det

✓
0 1
1 �4

◆
, �k =

0

BBBBB@

0 d2
12

d2
13

. . . d2
14

d2
12

0 d2
23

. . . d2
24

d2
13

d2
23

0 . . . d2
34

...
...

...
. . .

...
d2
14

d2
24

d2
34

. . . 0

1

CCCCCA
. (4.17)

For example, written in terms of the distances of our configuration, the distance matrix �4

takes the form

�4 =

0

BB@

0 x2

11̄
x2

12
x2

12̄

x2

11̄
0 x2

1̄2
x2

1̄2̄

x2

12
x2

1̄2
0 x2

22̄

x2

12̄
x2

1̄2̄
x2

22̄
0

1

CCA . (4.18)

The Cayley-Menger determinant computes the volumes of (k � 1)-simplices vk�1 formed out of
points (X1, . . . , Xk)

Vol(vk�1)
2 =

(�1)k

(k � 1)!2k�1
CM(X1, . . . , Xk) , (4.19)

and therefore, in simple terms, Cayley-Menger condition ensures that the volume of any simplex
formed out of points in X computed in terms of distances is real. For our case of four points,
the CM determinant reduces to Heron’s formula for the volume of the tetrahedron formed out
of all six distances
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where we followed the notation from [? ]

a =
p
xY Z , X = (w � U + v)(w + U + v) , x = (U � v + w)(U � w + v) , (4.21)

b =
p

yZX , Y = (u� V + w)(u+ V + w) , y = (V � w + u)(V � u+ w) (4.22)

c =
p
zXY , Z = (v �W + u)(v +W + u) , z = (W � u+ v)(W � v + u) (4.23)

d =
p
xyz , (4.24)

and the six distances (u, v, w, U, V,W ) are given in terms of the distances between the poles as

U = |x1 � ex1| ⌘ x11̄ , V = |x1 � x2| ⌘ x12 , W = |ex1 � x2| ⌘ x1̄2 , (4.25)

u = |x2 � ex2| ⌘ x22̄ , v = |ex1 � ex2| ⌘ x1̄2̄ , w = |x1 � ex2| ⌘ x12̄ . (4.26)

Here we also introduced a shorthand notation xij, xij
, x
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for the distances. Similarly, the de-

terminants of any subset of three points will reduce to Heron’s formula for area of a triangle.
Imposing that the areas are nonnegative corresponds to demanding that the triangle inequalities
are satisfied for any three points in the configuration.
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• 4 centers  6 distances. When do 6 given distances 
come from 4 points in      ? 
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R3

Numerical analysis

It turns out that the Cayley-Menger condition is highly constraining for the bound state moduli
space. As a guide, we will start with a numerical analysis of the allowed solutions and consider
an explicit example in the case with a single vector multiplet nV = 1 (we choose D111 = 6).
To work with a generic setup, we consider a bound state of two black holes with the following
monopole charges

�1 = {0, 1, 0, 6}, �2 = {�4, 0, 9, 4}, (4.26)

for which

⌃2(�1) = 24 > 0, ⌃2(�2) = 176 > 0, ⌃2(�1 + �2) = �381 < 0, (4.27)

which implies that a single black hole saddle with the total charge �1+�2 does not exist, however,
a bound state of black holes with respective charges �1 and �2 could exist for specific values of
scalar moduli. Since there are many signs to keep track of in the solution for the distances, we
note that the above choice corresponds to the case

A12 =
h�1, �2i+ h�1,�2i

2
< 0, A12̄ =

h�1, �2i � h�1,�2i
2

< 0, (4.28)

B12 =
h�1,�2i

4
� h�1, �2i < 0, B12̄ =

h�1,�2i
4

+ h�1, �2i > 0. (4.29) {eq:bound_state_numerical_sign_assumptions}{eq:bound_state_numerical_sign_assumptions}

Furthermore, for the above charges h�1,�2i > 0, in order to choose boundary conditions for
which the bound state exists we want to be in a region of moduli space for which h�1, hi < 0.
We choose values (⌧R, ⌧I) = (�3

2
, 4

10
). Plotting CM(X1, . . . , X4) for � = 90 with respect to x12

we find the following:

5 10 15 20 x12

-5× 107

-4× 107

-3× 107

-2× 107

-1× 107

CM(X1,...,X4)

It is clear that for most values of x12 the determinant is negative and hence the solutions to the
regularity conditions do not represent points in R3. Zooming in closer to the dashed line in the

24
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The Cayley-Menger condition cuts out a 
small region close to the extremal distance 
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Figure 1: The finite temperature moduli space of the bound state saddle. The arrows point
from the south poles to the north poles of individual black holes. The edges of the moduli space
correspond to parallel and anti-parallel configurations of the arrows. As we move away from
the edges, the arrows rotate with respect to each other along parallel planes. All the distances
captured in the figures vary as a function of x12. Importantly, the dashed line represent the
values of x12 equal to the original zero temperature bound state distance x⇤

12
= rBatesDenef

12
. This

implies that the finite temperature moduli space reduces to the zero temperature moduli space
in the extremal limit. {fig:bound_state_configurations}

regularity conditions (4.8)-(4.10) can be realized in two ways in terms of the configuration of
points in R3.

The dashed line in the figures sets a special value for the distance x12 as we discussed
around (4.30). In fact, all the distances take special values on dashed line:

x⇤
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= x⇤
1̄2

= x⇤
12̄

= x⇤
1̄2̄

= �h�1,�2i
h�1, hi

= rBatesDenef

12
. (4.35)

This corresponds to two possible configurations of points,
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figure, we find an allowed region as shown in the following plot:

Here we have plotted only the determinant of the largest matrix CM(X1, . . . , X4). However,
we also checked that the determinants of all the relevant minors (two of them because of the
identifications following from the solutions) are all positive in the above region and do not lead
to any stronger restrictions on the above moduli space.

Now we vary the value of � and find that, as we take � to be larger and larger, the finite
temperature moduli space gets more and more concentrated near the dashed line as shown below:
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The dashed vertical line in the middle is important. It marks the special value of x12 = x⇤
12

where the distance between the north poles of the two black holes is exactly equal to the zero
temperature bound state distance between the centers of the two black holes,
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As we take � ! 1 the north-south distances of both black holes go to zero x11̄, x22̄ ! 0 and in
the limit the distance between the north poles becomes the distance between the centers of the
black holes x12 ! rBatesDenef

12
. What we are seeing is that the zero temperature (� ! 1) bound

state solution is “contained” in the new finite temperature moduli space.

From this numerical analysis, one can expect that the solution given by x12 = x⇤
12

will always
belong to the finite temperature moduli space (up to the subtleties appearing at high enough
temperature, which we discuss more at the end of this section). This turns out to indeed be
the case, as we verify analytically in the discussion below. Pictorially, we can view this as the
finite temperature moduli space being e↵ectively “carried around” by the bound state distance
rBatesDenef

12
. This will play an important role in the next section when we analyze wall-crossing.
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Figure 4: The plot of the finite temperature moduli space being e↵ectively “carried around”
by the zero temperature moduli space. Di↵erent colors in the plot represent values of
CM(X1, . . . , X4) with respect to x12 for di↵erent choices of h�1, hi. As we slowly increase the
values of scalar moduli towards the wall of marginal stability at h�1, hi = 0, the allowed con-
figurations move to larger values of x12. At the wall of marginal stability, the allowed solutions
jump to negative values through infinity. In this way, after passing through the wall, we lose the
full finite temperature moduli space of bound states saddles. {fig:wall_crossing}

wall-crossing for this simplest case. First, let us review how wall crossing occurs in Lorentzian
signature, at zero temperature. Following section 3.1, the base-space distance between the two
black holes is given by the smoothness condition h�i, H(xi)i = 0, which consequently implies
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12
⌘ |xBH,1 � xBH,2| = �h�1,�2i

h�1, hi
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Since the LHS is manifestly positive, we need h�1, hi � 0 if h�1,�2i < 0 and h�1, hi  0 if
h�1,�2i > 0 in order for the solution to exist. In both cases, the wall of marginal stability
on which wall crossing occurs is given by h�1, hi = h�2, hi = 0, at which point the base-space
distance between the two extremal black holes goes to infinity.

With this in mind, we can now analyze when wall crossing occurs using the finite temperature
saddle contributions to the GPI. We will again detect wall crossing by finding the value of h at
which saddles with real xi and exi stop contributing to the GPI. The crucial point follows from
expressions for the edges of the moduli space xL/R

12
given in (4.41) and (4.42). As one approaches

the wall of marginal stability by decreasing h�1, hi ! 0, the whole moduli space moves to larger
and larger values of x12 as ⇠ �1/h�1, hi. In other words, the finite temperature moduli space is
e↵ectively centered around x⇤

12
. After passing through the wall at h�1, hi = 0, x⇤

12
will change its

sign, and correspondingly the allowed region of solutions jumps to negative values of x12, passing
through infinity. In this way, after passing through the wall of marginal stability, we lose the full
moduli space of finite temperature saddles, leading to the expected jump in the index. We plot
the example of this behavior with respect in Figure 4. Thus, even though the moduli space for
the newly found saddles is completely di↵erent than the moduli space of Lorentzian solutions
even for two black holes, we find that the condition that determines the wall of marginal stability,
h�1, hi = h�2, hi = 0, is the same in both cases.

N > 2 in a two-dimensional charge sublattice: For an arbitrary number of black holes

36
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• Whole moduli space disappears exactly upon crossing 
the wall!

• As one approaches the wall of marginal stability in 
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• Finite temperature saddles for index of wrapped 
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black string in

<latexit sha1_base64="jR0JnpD5IvEgeA5D4JIXO/eqH7A=">AAACGnicbVDJSgNBEO2JW4xb1KOXxiB4CjMal2PQixchLlkgkww9nZ6kSc9Cd40QhvkOL/6KFw+KeBMv/o2dZA4x+qDh1XtVVNdzI8EVmOa3kVtYXFpeya8W1tY3NreK2zsNFcaSsjoNRShbLlFM8IDVgYNgrUgy4ruCNd3h5dhvPjCpeBjcwyhiHZ/0A+5xSkBLTtGyfQID101u0+4xtoH7TOG7ruVczxaJ7TIgTnLSS1OnWDLL5gT4L7EyUkIZak7x0+6FNPZZAFQQpdqWGUEnIRI4FSwt2LFiEaFD0mdtTQOit3aSyWkpPtBKD3uh1C8APFFnJxLiKzXyXd05PkTNe2PxP68dg3feSXgQxcACOl3kxQJDiMc54R6XjIIYaUKo5PqvmA6IJBR0mgUdgjV/8l/SOCpbp+XKTaVUvcjiyKM9tI8OkYXOUBVdoRqqI4oe0TN6RW/Gk/FivBsf09ackc3sol8wvn4ATLWgbg==</latexit>

R3 ⇥ S1
M ⇥ S1

�5d

extremal (wrapped) Black String in 5d AF space

<latexit sha1_base64="411VJaK4xxlWL8LWNYrXCsqSSw8=">AAACAnicbVDJSgNBEO1xjXGLehIvjUHwFGfE7SIEvXgRopgFkjD0dGqSxp6F7hpJGIIXf8WLB0W8+hXe/Bs7y0ETHxQ83quiqp4XS6HRtr+tmdm5+YXFzFJ2eWV1bT23sVnRUaI4lHkkI1XzmAYpQiijQAm1WAELPAlV7/5y4FcfQGkRhXfYi6EZsHYofMEZGsnNbd+61wcNkNI9pue0gdDF1BddaPXdXN4u2EPQaeKMSZ6MUXJzX41WxJMAQuSSaV137BibKVMouIR+tpFoiBm/Z22oGxqyAHQzHb7Qp3tGaVE/UqZCpEP190TKAq17gWc6A4YdPekNxP+8eoL+WTMVYZwghHy0yE8kxYgO8qAtoYCj7BnCuBLmVso7TDGOJrWsCcGZfHmaVA4Lzknh6OYoX7wYx5EhO2SX7BOHnJIiuSIlUiacPJJn8krerCfrxXq3PkatM9Z4Zov8gfX5Ayxglq4=</latexit>

RM/`5 = fixed
<latexit sha1_base64="9DtEWJ9NHIx/EUq3zaM2USiCUBg=">AAACBXicbVDLSsNAFJ34tr6qLnUxWARXNZFWXYpuXFawWmhCmExv6uBkEmZuhBC6ceOvuHGhiFv/wZ1/4/Sx8HVg4HDOvdw5J8qkMOi6n87U9Mzs3PzCYmVpeWV1rbq+cWXSXHNo81SmuhMxA1IoaKNACZ1MA0siCdfR7dnQv74DbUSqLrHIIEhYX4lYcIZWCqvbfgTIwrLZG+z7IGXYpD6m1BcqxiKs1ty6OwL9S7wJqZEJWmH1w++lPE9AIZfMmK7nZhiUTKPgEgYVPzeQMX7L+tC1VLEETFCOUgzorlV6NE61fQrpSP2+UbLEmCKJ7GTC8Mb89obif143x/g4KIXKcgTFx4fiXFKbc1gJ7QkNHGVhCeNa2L9SfsM042iLq9gSvN+R/5Krg7p3WG9cNGonp5M6FsgW2SF7xCNH5ISckxZpE07uySN5Ji/Og/PkvDpv49EpZ7KzSX7Aef8CtaiYFQ==</latexit>

�5d/`5 ! 1•  

Near-horizon                   can be decoupled as usual
<latexit sha1_base64="nuePKXINadKiRWoLSVyCewuK48o=">AAACAHicbVC7TsNAEDyHVwivAAUFzYkIiSqyQwSUARrKoJCHlBjrfLkkp5zP1t0aEVlu+BUaChCi5TPo+BsujwISRlppNLOr3R0/ElyDbX9bmaXlldW17HpuY3Nreye/u9fQYawoq9NQhKrlE80El6wOHARrRYqRwBes6Q+vx37zgSnNQ3kHo4i5AelL3uOUgJG8/EEH2CMkl91a6p3iDvCAaVy7L3n5gl20J8CLxJmRApqh6uW/Ot2QxgGTQAXRuu3YEbgJUcCpYGmuE2sWETokfdY2VBKzyE0mD6T42Chd3AuVKQl4ov6eSEig9SjwTWdAYKDnvbH4n9eOoXfhJlxGMTBJp4t6scAQ4nEauMsVoyBGhhCquLkV0wFRhILJLGdCcOZfXiSNUtE5K5Zvy4XK1SyOLDpER+gEOegcVdANqqI6oihFz+gVvVlP1ov1bn1MWzPWbGYf/YH1+QPCC5Xe</latexit>

AdS3 ⇥ S2

d Blackstring/s

⑧--Sin
=

Horizon
-

T g2
-

:
-

-

-
... si

&

&

<latexit sha1_base64="kleu6LJmar+bCNgdYyTOgQOHeZQ="></latexit>

�5d

`5
=

�4d

`4 (2V1)1/6

The            limit leads to the extremal black 
string (preserving susy throughout)

<latexit sha1_base64="M+CZ+Tidh9h+b+ACHK0Zzp+VDMA=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r9AXtUDJppg3NZIbkjlCGfoQbF4q49Xvc+Tem7Sy09UDgcM695J4TJFIYdN1vp7CxubW9U9wt7e0fHB6Vj0/aJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ/dzvPHFtRKyaOE24H9GREqFgFK3UaZI+xsQdlCtu1V2ArBMvJxXI0RiUv/rDmKURV8gkNabnuQn6GdUomOSzUj81PKFsQke8Z6miETd+tjh3Ri6sMiRhrO1TSBbq742MRsZMo8BORhTHZtWbi/95vRTDWz8TKkmRK7b8KEwlsRHn2clQaM5QTi2hTAt7K2FjqilD21DJluCtRl4n7auqd12tPdYq9bu8jiKcwTlcggc3UIcHaEALGEzgGV7hzUmcF+fd+ViOFpx85xT+wPn8ASPnjsw=</latexit>

T ! 0



We can also decouple the supersymmetric 
black string at finite temperature

<latexit sha1_base64="L7tLJo5tWbs6yAeWHjeP30bIqg8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgmkLbSyb7aRdutmE3Y1QSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hZXVtfaO4Wdra3tndK+8fNHSSKYY+S0SiWiHVKLhE33AjsJUqpHEosBkOb6d+8wmV5ol8MKMUg5j2JY84o8ZKfv3RvXa75YpbdWcgy8TLSQVy1Lvlr04vYVmM0jBBtW57bmqCMVWGM4GTUifTmFI2pH1sWyppjDoYz46dkBOr9EiUKFvSkJn6e2JMY61HcWg7Y2oGetGbiv957cxEV8GYyzQzKNl8UZQJYhIy/Zz0uEJmxMgSyhS3txI2oIoyY/Mp2RC8xZeXSeOs6l1Uz+/PK7WbPI4iHMExnIIHl1CDO6iDDww4PMMrvDnSeXHenY95a8HJZw7hD5zPH7+kjgA=</latexit>

P 0 = 0• Take
<latexit sha1_base64="9DtEWJ9NHIx/EUq3zaM2USiCUBg=">AAACBXicbVDLSsNAFJ34tr6qLnUxWARXNZFWXYpuXFawWmhCmExv6uBkEmZuhBC6ceOvuHGhiFv/wZ1/4/Sx8HVg4HDOvdw5J8qkMOi6n87U9Mzs3PzCYmVpeWV1rbq+cWXSXHNo81SmuhMxA1IoaKNACZ1MA0siCdfR7dnQv74DbUSqLrHIIEhYX4lYcIZWCqvbfgTIwrLZG+z7IGXYpD6m1BcqxiKs1ty6OwL9S7wJqZEJWmH1w++lPE9AIZfMmK7nZhiUTKPgEgYVPzeQMX7L+tC1VLEETFCOUgzorlV6NE61fQrpSP2+UbLEmCKJ7GTC8Mb89obif143x/g4KIXKcgTFx4fiXFKbc1gJ7QkNHGVhCeNa2L9SfsM042iLq9gSvN+R/5Krg7p3WG9cNGonp5M6FsgW2SF7xCNH5ISckxZpE07uySN5Ji/Og/PkvDpv49EpZ7KzSX7Aef8CtaiYFQ==</latexit>

�5d/`5 ! 1
<latexit sha1_base64="OuLfZSkXGmyZhCegEoSrUoIGhFk=">AAACBnicbVDJSgNBEO1xN26jHkVoDIKnOCNxuQiiFy+CijGBJAw9PTVJk56F7hoxDHPy4q948aCIV7/Bm39jJ+bg9qDg8V4VVfX8VAqNjvNhjY1PTE5Nz8yW5uYXFpfs5ZVrnWSKQ40nMlENn2mQIoYaCpTQSBWwyJdQ93snA79+A0qLJL7CfgrtiHViEQrO0Eievd7yAZmX7wbF9qV3Rg9pC+EW81DcQlB4dtmpOEPQv8QdkTIZ4dyz31tBwrMIYuSSad10nRTbOVMouISi1Mo0pIz3WAeahsYsAt3Oh28UdNMoAQ0TZSpGOlS/T+Qs0rof+aYzYtjVv72B+J/XzDA8aOciTjOEmH8tCjNJMaGDTGggFHCUfUMYV8LcSnmXKcbRJFcyIbi/X/5Lrncq7l6lelEtHx2P4pgha2SDbBGX7JMjckrOSY1wckceyBN5tu6tR+vFev1qHbNGM6vkB6y3T45zmJE=</latexit>

�5d/RM = fixed

• Black string saddle with Near-horizon region 
finite-temperature spinning 

<latexit sha1_base64="0YI8nDT3VDTTVdRP9QXjm7a3xR8=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIXdENRjiBePEfPC7BpmJ7PJkNkHM71iWAL+ihcPinj1O7z5N06SPWhiQUNR1U13lxcLrsCyvo3cyura+kZ+s7C1vbO7Z+4ftFSUSMqaNBKR7HhEMcFD1gQOgnViyUjgCdb2RldTv/3ApOJR2IBxzNyADELuc0pASz3zyAH2CGmtcTfBDvCAKXx7X+6ZRatkzYCXiZ2RIspQ75lfTj+iScBCoIIo1bWtGNyUSOBUsEnBSRSLCR2RAetqGhK9yE1n50/wqVb62I+krhDwTP09kZJAqXHg6c6AwFAtelPxP6+bgH/ppjyME2AhnS/yE4EhwtMscJ9LRkGMNSFUcn0rpkMiCQWdWEGHYC++vExa5ZJ9XqrcVIrVWhZHHh2jE3SGbHSBquga1VETUZSiZ/SK3own48V4Nz7mrTkjmzlEf2B8/gB/B5Uw</latexit>

BTZ⇥ S2



We can also decouple the supersymmetric 
black string at finite temperature

<latexit sha1_base64="L7tLJo5tWbs6yAeWHjeP30bIqg8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgmkLbSyb7aRdutmE3Y1QSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hZXVtfaO4Wdra3tndK+8fNHSSKYY+S0SiWiHVKLhE33AjsJUqpHEosBkOb6d+8wmV5ol8MKMUg5j2JY84o8ZKfv3RvXa75YpbdWcgy8TLSQVy1Lvlr04vYVmM0jBBtW57bmqCMVWGM4GTUifTmFI2pH1sWyppjDoYz46dkBOr9EiUKFvSkJn6e2JMY61HcWg7Y2oGetGbiv957cxEV8GYyzQzKNl8UZQJYhIy/Zz0uEJmxMgSyhS3txI2oIoyY/Mp2RC8xZeXSeOs6l1Uz+/PK7WbPI4iHMExnIIHl1CDO6iDDww4PMMrvDnSeXHenY95a8HJZw7hD5zPH7+kjgA=</latexit>

P 0 = 0• Take
<latexit sha1_base64="9DtEWJ9NHIx/EUq3zaM2USiCUBg=">AAACBXicbVDLSsNAFJ34tr6qLnUxWARXNZFWXYpuXFawWmhCmExv6uBkEmZuhBC6ceOvuHGhiFv/wZ1/4/Sx8HVg4HDOvdw5J8qkMOi6n87U9Mzs3PzCYmVpeWV1rbq+cWXSXHNo81SmuhMxA1IoaKNACZ1MA0siCdfR7dnQv74DbUSqLrHIIEhYX4lYcIZWCqvbfgTIwrLZG+z7IGXYpD6m1BcqxiKs1ty6OwL9S7wJqZEJWmH1w++lPE9AIZfMmK7nZhiUTKPgEgYVPzeQMX7L+tC1VLEETFCOUgzorlV6NE61fQrpSP2+UbLEmCKJ7GTC8Mb89obif143x/g4KIXKcgTFx4fiXFKbc1gJ7QkNHGVhCeNa2L9SfsM042iLq9gSvN+R/5Krg7p3WG9cNGonp5M6FsgW2SF7xCNH5ISckxZpE07uySN5Ji/Og/PkvDpv49EpZ7KzSX7Aef8CtaiYFQ==</latexit>

�5d/`5 ! 1
<latexit sha1_base64="OuLfZSkXGmyZhCegEoSrUoIGhFk=">AAACBnicbVDJSgNBEO1xN26jHkVoDIKnOCNxuQiiFy+CijGBJAw9PTVJk56F7hoxDHPy4q948aCIV7/Bm39jJ+bg9qDg8V4VVfX8VAqNjvNhjY1PTE5Nz8yW5uYXFpfs5ZVrnWSKQ40nMlENn2mQIoYaCpTQSBWwyJdQ93snA79+A0qLJL7CfgrtiHViEQrO0Eievd7yAZmX7wbF9qV3Rg9pC+EW81DcQlB4dtmpOEPQv8QdkTIZ4dyz31tBwrMIYuSSad10nRTbOVMouISi1Mo0pIz3WAeahsYsAt3Oh28UdNMoAQ0TZSpGOlS/T+Qs0rof+aYzYtjVv72B+J/XzDA8aOciTjOEmH8tCjNJMaGDTGggFHCUfUMYV8LcSnmXKcbRJFcyIbi/X/5Lrncq7l6lelEtHx2P4pgha2SDbBGX7JMjckrOSY1wckceyBN5tu6tR+vFev1qHbNGM6vkB6y3T45zmJE=</latexit>

�5d/RM = fixed

• Black string saddle with Near-horizon region 
finite-temperature spinning 

<latexit sha1_base64="0YI8nDT3VDTTVdRP9QXjm7a3xR8=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIXdENRjiBePEfPC7BpmJ7PJkNkHM71iWAL+ihcPinj1O7z5N06SPWhiQUNR1U13lxcLrsCyvo3cyura+kZ+s7C1vbO7Z+4ftFSUSMqaNBKR7HhEMcFD1gQOgnViyUjgCdb2RldTv/3ApOJR2IBxzNyADELuc0pASz3zyAH2CGmtcTfBDvCAKXx7X+6ZRatkzYCXiZ2RIspQ75lfTj+iScBCoIIo1bWtGNyUSOBUsEnBSRSLCR2RAetqGhK9yE1n50/wqVb62I+krhDwTP09kZJAqXHg6c6AwFAtelPxP6+bgH/ppjyME2AhnS/yE4EhwtMscJ9LRkGMNSFUcn0rpkMiCQWdWEGHYC++vExa5ZJ9XqrcVIrVWhZHHh2jE3SGbHSBquga1VETUZSiZ/SK3own48V4Nz7mrTkjmzlEf2B8/gB/B5Uw</latexit>

BTZ⇥ S2

• Decouple      Gravitational saddle dual to             elliptic 
genus

<latexit sha1_base64="0AzhmmzbyMXd46pyaJN+B1xBzTU=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYhA8hd0Q1GMwIB4j5gXJEmYns8mQ2dl1pjcYlnyHFw+KePVjvPk3Th4HTSxoKKq66e7yY8E1Os63tba+sbm1ndnJ7u7tHxzmjo4bOkoUZXUaiUi1fKKZ4JLVkaNgrVgxEvqCNf1hZeo3R0xpHskajmPmhaQvecApQSN5HWRPmD5UbmuTbrGbyzsFZwZ7lbgLkocFqt3cV6cX0SRkEqkgWrddJ0YvJQo5FWyS7SSaxYQOSZ+1DZUkZNpLZ0dP7HOj9OwgUqYk2jP190RKQq3HoW86Q4IDvexNxf+8doLBtZdyGSfIJJ0vChJhY2RPE7B7XDGKYmwIoYqbW206IIpQNDllTQju8surpFEsuJeF0n0pX75ZxJGBUziDC3DhCspwB1WoA4VHeIZXeLNG1ov1bn3MW9esxcwJ/IH1+QNoi5Hf</latexit>

SCFT2
[Maldacena-Strominger-Witten’98]
[cf Farey tail Dijkgraaf, Maldacena, Moore, Verlinde, ’00]



We can also decouple the supersymmetric 
black string at finite temperature

<latexit sha1_base64="L7tLJo5tWbs6yAeWHjeP30bIqg8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgmkLbSyb7aRdutmE3Y1QSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hZXVtfaO4Wdra3tndK+8fNHSSKYY+S0SiWiHVKLhE33AjsJUqpHEosBkOb6d+8wmV5ol8MKMUg5j2JY84o8ZKfv3RvXa75YpbdWcgy8TLSQVy1Lvlr04vYVmM0jBBtW57bmqCMVWGM4GTUifTmFI2pH1sWyppjDoYz46dkBOr9EiUKFvSkJn6e2JMY61HcWg7Y2oGetGbiv957cxEV8GYyzQzKNl8UZQJYhIy/Zz0uEJmxMgSyhS3txI2oIoyY/Mp2RC8xZeXSeOs6l1Uz+/PK7WbPI4iHMExnIIHl1CDO6iDDww4PMMrvDnSeXHenY95a8HJZw7hD5zPH7+kjgA=</latexit>

P 0 = 0• Take
<latexit sha1_base64="9DtEWJ9NHIx/EUq3zaM2USiCUBg=">AAACBXicbVDLSsNAFJ34tr6qLnUxWARXNZFWXYpuXFawWmhCmExv6uBkEmZuhBC6ceOvuHGhiFv/wZ1/4/Sx8HVg4HDOvdw5J8qkMOi6n87U9Mzs3PzCYmVpeWV1rbq+cWXSXHNo81SmuhMxA1IoaKNACZ1MA0siCdfR7dnQv74DbUSqLrHIIEhYX4lYcIZWCqvbfgTIwrLZG+z7IGXYpD6m1BcqxiKs1ty6OwL9S7wJqZEJWmH1w++lPE9AIZfMmK7nZhiUTKPgEgYVPzeQMX7L+tC1VLEETFCOUgzorlV6NE61fQrpSP2+UbLEmCKJ7GTC8Mb89obif143x/g4KIXKcgTFx4fiXFKbc1gJ7QkNHGVhCeNa2L9SfsM042iLq9gSvN+R/5Krg7p3WG9cNGonp5M6FsgW2SF7xCNH5ISckxZpE07uySN5Ji/Og/PkvDpv49EpZ7KzSX7Aef8CtaiYFQ==</latexit>

�5d/`5 ! 1
<latexit sha1_base64="OuLfZSkXGmyZhCegEoSrUoIGhFk=">AAACBnicbVDJSgNBEO1xN26jHkVoDIKnOCNxuQiiFy+CijGBJAw9PTVJk56F7hoxDHPy4q948aCIV7/Bm39jJ+bg9qDg8V4VVfX8VAqNjvNhjY1PTE5Nz8yW5uYXFpfs5ZVrnWSKQ40nMlENn2mQIoYaCpTQSBWwyJdQ93snA79+A0qLJL7CfgrtiHViEQrO0Eievd7yAZmX7wbF9qV3Rg9pC+EW81DcQlB4dtmpOEPQv8QdkTIZ4dyz31tBwrMIYuSSad10nRTbOVMouISi1Mo0pIz3WAeahsYsAt3Oh28UdNMoAQ0TZSpGOlS/T+Qs0rof+aYzYtjVv72B+J/XzDA8aOciTjOEmH8tCjNJMaGDTGggFHCUfUMYV8LcSnmXKcbRJFcyIbi/X/5Lrncq7l6lelEtHx2P4pgha2SDbBGX7JMjckrOSY1wckceyBN5tu6tR+vFev1qHbNGM6vkB6y3T45zmJE=</latexit>

�5d/RM = fixed

• Black string saddle with Near-horizon region 
finite-temperature spinning 

<latexit sha1_base64="0YI8nDT3VDTTVdRP9QXjm7a3xR8=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIXdENRjiBePEfPC7BpmJ7PJkNkHM71iWAL+ihcPinj1O7z5N06SPWhiQUNR1U13lxcLrsCyvo3cyura+kZ+s7C1vbO7Z+4ftFSUSMqaNBKR7HhEMcFD1gQOgnViyUjgCdb2RldTv/3ApOJR2IBxzNyADELuc0pASz3zyAH2CGmtcTfBDvCAKXx7X+6ZRatkzYCXiZ2RIspQ75lfTj+iScBCoIIo1bWtGNyUSOBUsEnBSRSLCR2RAetqGhK9yE1n50/wqVb62I+krhDwTP09kZJAqXHg6c6AwFAtelPxP6+bgH/ppjyME2AhnS/yE4EhwtMscJ9LRkGMNSFUcn0rpkMiCQWdWEGHYC++vExa5ZJ9XqrcVIrVWhZHHh2jE3SGbHSBquga1VETUZSiZ/SK3own48V4Nz7mrTkjmzlEf2B8/gB/B5Uw</latexit>

BTZ⇥ S2

<latexit sha1_base64="jQZZK25EjNAJlp93cZ7uIAMV1mg=">AAAB/3icbVDLSgMxFL1TX7W+RgU3bgaLUEHKjBR1WXTjsoJ9QGcomTRtQzPJkGSEMnbhr7hxoYhbf8Odf2OmnYVWLwROzjn35uaEMaNKu+6XVVhaXlldK66XNja3tnfs3b2WEonEpIkFE7ITIkUY5aSpqWakE0uCopCRdji+zvT2PZGKCn6nJzEJIjTkdEAx0obq2QcVX6Pk1BfGlM1Is+v0pGeX3ao7K+cv8HJQhrwaPfvT7wucRIRrzJBSXc+NdZAiqSlmZFryE0VihMdoSLoGchQRFaSz/afOsWH6zkBIc7h2ZuzPjhRFSk2i0DgjpEdqUcvI/7RuogeXQUp5nGjC8fyhQcIcLZwsDKdPJcGaTQxAWFKzq4NHSCKsTWQlE4K3+OW/oHVW9c6rtdtauX6Vx1GEQziCCnhwAXW4gQY0AcMDPMELvFqP1rP1Zr3PrQUr79mHX2V9fAPvRpYR</latexit>

(⌧, ⌧)
• The saddle we find is a smooth solution, w/ bdry torus 
having finite modular parameter          .

• Decouple      Gravitational saddle dual to             elliptic 
genus

<latexit sha1_base64="0AzhmmzbyMXd46pyaJN+B1xBzTU=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYhA8hd0Q1GMwIB4j5gXJEmYns8mQ2dl1pjcYlnyHFw+KePVjvPk3Th4HTSxoKKq66e7yY8E1Os63tba+sbm1ndnJ7u7tHxzmjo4bOkoUZXUaiUi1fKKZ4JLVkaNgrVgxEvqCNf1hZeo3R0xpHskajmPmhaQvecApQSN5HWRPmD5UbmuTbrGbyzsFZwZ7lbgLkocFqt3cV6cX0SRkEqkgWrddJ0YvJQo5FWyS7SSaxYQOSZ+1DZUkZNpLZ0dP7HOj9OwgUqYk2jP190RKQq3HoW86Q4IDvexNxf+8doLBtZdyGSfIJJ0vChJhY2RPE7B7XDGKYmwIoYqbW206IIpQNDllTQju8surpFEsuJeF0n0pX75ZxJGBUziDC3DhCspwB1WoA4VHeIZXeLNG1ov1bn3MW9esxcwJ/IH1+QNoi5Hf</latexit>

SCFT2
[Maldacena-Strominger-Witten’98]
[cf Farey tail Dijkgraaf, Maldacena, Moore, Verlinde, ’00]



We can also decouple the supersymmetric 
black string at finite temperature

<latexit sha1_base64="L7tLJo5tWbs6yAeWHjeP30bIqg8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgmkLbSyb7aRdutmE3Y1QSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hZXVtfaO4Wdra3tndK+8fNHSSKYY+S0SiWiHVKLhE33AjsJUqpHEosBkOb6d+8wmV5ol8MKMUg5j2JY84o8ZKfv3RvXa75YpbdWcgy8TLSQVy1Lvlr04vYVmM0jBBtW57bmqCMVWGM4GTUifTmFI2pH1sWyppjDoYz46dkBOr9EiUKFvSkJn6e2JMY61HcWg7Y2oGetGbiv957cxEV8GYyzQzKNl8UZQJYhIy/Zz0uEJmxMgSyhS3txI2oIoyY/Mp2RC8xZeXSeOs6l1Uz+/PK7WbPI4iHMExnIIHl1CDO6iDDww4PMMrvDnSeXHenY95a8HJZw7hD5zPH7+kjgA=</latexit>

P 0 = 0• Take
<latexit sha1_base64="9DtEWJ9NHIx/EUq3zaM2USiCUBg=">AAACBXicbVDLSsNAFJ34tr6qLnUxWARXNZFWXYpuXFawWmhCmExv6uBkEmZuhBC6ceOvuHGhiFv/wZ1/4/Sx8HVg4HDOvdw5J8qkMOi6n87U9Mzs3PzCYmVpeWV1rbq+cWXSXHNo81SmuhMxA1IoaKNACZ1MA0siCdfR7dnQv74DbUSqLrHIIEhYX4lYcIZWCqvbfgTIwrLZG+z7IGXYpD6m1BcqxiKs1ty6OwL9S7wJqZEJWmH1w++lPE9AIZfMmK7nZhiUTKPgEgYVPzeQMX7L+tC1VLEETFCOUgzorlV6NE61fQrpSP2+UbLEmCKJ7GTC8Mb89obif143x/g4KIXKcgTFx4fiXFKbc1gJ7QkNHGVhCeNa2L9SfsM042iLq9gSvN+R/5Krg7p3WG9cNGonp5M6FsgW2SF7xCNH5ISckxZpE07uySN5Ji/Og/PkvDpv49EpZ7KzSX7Aef8CtaiYFQ==</latexit>

�5d/`5 ! 1
<latexit sha1_base64="OuLfZSkXGmyZhCegEoSrUoIGhFk=">AAACBnicbVDJSgNBEO1xN26jHkVoDIKnOCNxuQiiFy+CijGBJAw9PTVJk56F7hoxDHPy4q948aCIV7/Bm39jJ+bg9qDg8V4VVfX8VAqNjvNhjY1PTE5Nz8yW5uYXFpfs5ZVrnWSKQ40nMlENn2mQIoYaCpTQSBWwyJdQ93snA79+A0qLJL7CfgrtiHViEQrO0Eievd7yAZmX7wbF9qV3Rg9pC+EW81DcQlB4dtmpOEPQv8QdkTIZ4dyz31tBwrMIYuSSad10nRTbOVMouISi1Mo0pIz3WAeahsYsAt3Oh28UdNMoAQ0TZSpGOlS/T+Qs0rof+aYzYtjVv72B+J/XzDA8aOciTjOEmH8tCjNJMaGDTGggFHCUfUMYV8LcSnmXKcbRJFcyIbi/X/5Lrncq7l6lelEtHx2P4pgha2SDbBGX7JMjckrOSY1wckceyBN5tu6tR+vFev1qHbNGM6vkB6y3T45zmJE=</latexit>

�5d/RM = fixed

• Black string saddle with Near-horizon region 
finite-temperature spinning 

<latexit sha1_base64="0YI8nDT3VDTTVdRP9QXjm7a3xR8=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIXdENRjiBePEfPC7BpmJ7PJkNkHM71iWAL+ihcPinj1O7z5N06SPWhiQUNR1U13lxcLrsCyvo3cyura+kZ+s7C1vbO7Z+4ftFSUSMqaNBKR7HhEMcFD1gQOgnViyUjgCdb2RldTv/3ApOJR2IBxzNyADELuc0pASz3zyAH2CGmtcTfBDvCAKXx7X+6ZRatkzYCXiZ2RIspQ75lfTj+iScBCoIIo1bWtGNyUSOBUsEnBSRSLCR2RAetqGhK9yE1n50/wqVb62I+krhDwTP09kZJAqXHg6c6AwFAtelPxP6+bgH/ppjyME2AhnS/yE4EhwtMscJ9LRkGMNSFUcn0rpkMiCQWdWEGHYC++vExa5ZJ9XqrcVIrVWhZHHh2jE3SGbHSBquga1VETUZSiZ/SK3own48V4Nz7mrTkjmzlEf2B8/gB/B5Uw</latexit>

BTZ⇥ S2

<latexit sha1_base64="jQZZK25EjNAJlp93cZ7uIAMV1mg=">AAAB/3icbVDLSgMxFL1TX7W+RgU3bgaLUEHKjBR1WXTjsoJ9QGcomTRtQzPJkGSEMnbhr7hxoYhbf8Odf2OmnYVWLwROzjn35uaEMaNKu+6XVVhaXlldK66XNja3tnfs3b2WEonEpIkFE7ITIkUY5aSpqWakE0uCopCRdji+zvT2PZGKCn6nJzEJIjTkdEAx0obq2QcVX6Pk1BfGlM1Is+v0pGeX3ao7K+cv8HJQhrwaPfvT7wucRIRrzJBSXc+NdZAiqSlmZFryE0VihMdoSLoGchQRFaSz/afOsWH6zkBIc7h2ZuzPjhRFSk2i0DgjpEdqUcvI/7RuogeXQUp5nGjC8fyhQcIcLZwsDKdPJcGaTQxAWFKzq4NHSCKsTWQlE4K3+OW/oHVW9c6rtdtauX6Vx1GEQziCCnhwAXW4gQY0AcMDPMELvFqP1rP1Zr3PrQUr79mHX2V9fAPvRpYR</latexit>

(⌧, ⌧)
• The saddle we find is a smooth solution, w/ bdry torus 
having finite modular parameter          .

<latexit sha1_base64="/cYBUaYunm6cTBzrOXwKWSyB/0M="></latexit>

Fgrav =
1

GAdS3 ⌧
=

c

⌧

Grav. free energy

• Decouple      Gravitational saddle dual to             elliptic 
genus

<latexit sha1_base64="0AzhmmzbyMXd46pyaJN+B1xBzTU=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYhA8hd0Q1GMwIB4j5gXJEmYns8mQ2dl1pjcYlnyHFw+KePVjvPk3Th4HTSxoKKq66e7yY8E1Os63tba+sbm1ndnJ7u7tHxzmjo4bOkoUZXUaiUi1fKKZ4JLVkaNgrVgxEvqCNf1hZeo3R0xpHskajmPmhaQvecApQSN5HWRPmD5UbmuTbrGbyzsFZwZ7lbgLkocFqt3cV6cX0SRkEqkgWrddJ0YvJQo5FWyS7SSaxYQOSZ+1DZUkZNpLZ0dP7HOj9OwgUqYk2jP190RKQq3HoW86Q4IDvexNxf+8doLBtZdyGSfIJJ0vChJhY2RPE7B7XDGKYmwIoYqbW206IIpQNDllTQju8surpFEsuJeF0n0pX75ZxJGBUziDC3DhCspwB1WoA4VHeIZXeLNG1ov1bn3MW9esxcwJ/IH1+QNoi5Hf</latexit>

SCFT2
[Maldacena-Strominger-Witten’98]
[cf Farey tail Dijkgraaf, Maldacena, Moore, Verlinde, ’00]



We can also decouple the supersymmetric 
black string at finite temperature

<latexit sha1_base64="L7tLJo5tWbs6yAeWHjeP30bIqg8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgmkLbSyb7aRdutmE3Y1QSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hZXVtfaO4Wdra3tndK+8fNHSSKYY+S0SiWiHVKLhE33AjsJUqpHEosBkOb6d+8wmV5ol8MKMUg5j2JY84o8ZKfv3RvXa75YpbdWcgy8TLSQVy1Lvlr04vYVmM0jBBtW57bmqCMVWGM4GTUifTmFI2pH1sWyppjDoYz46dkBOr9EiUKFvSkJn6e2JMY61HcWg7Y2oGetGbiv957cxEV8GYyzQzKNl8UZQJYhIy/Zz0uEJmxMgSyhS3txI2oIoyY/Mp2RC8xZeXSeOs6l1Uz+/PK7WbPI4iHMExnIIHl1CDO6iDDww4PMMrvDnSeXHenY95a8HJZw7hD5zPH7+kjgA=</latexit>

P 0 = 0• Take
<latexit sha1_base64="9DtEWJ9NHIx/EUq3zaM2USiCUBg=">AAACBXicbVDLSsNAFJ34tr6qLnUxWARXNZFWXYpuXFawWmhCmExv6uBkEmZuhBC6ceOvuHGhiFv/wZ1/4/Sx8HVg4HDOvdw5J8qkMOi6n87U9Mzs3PzCYmVpeWV1rbq+cWXSXHNo81SmuhMxA1IoaKNACZ1MA0siCdfR7dnQv74DbUSqLrHIIEhYX4lYcIZWCqvbfgTIwrLZG+z7IGXYpD6m1BcqxiKs1ty6OwL9S7wJqZEJWmH1w++lPE9AIZfMmK7nZhiUTKPgEgYVPzeQMX7L+tC1VLEETFCOUgzorlV6NE61fQrpSP2+UbLEmCKJ7GTC8Mb89obif143x/g4KIXKcgTFx4fiXFKbc1gJ7QkNHGVhCeNa2L9SfsM042iLq9gSvN+R/5Krg7p3WG9cNGonp5M6FsgW2SF7xCNH5ISckxZpE07uySN5Ji/Og/PkvDpv49EpZ7KzSX7Aef8CtaiYFQ==</latexit>

�5d/`5 ! 1
<latexit sha1_base64="OuLfZSkXGmyZhCegEoSrUoIGhFk=">AAACBnicbVDJSgNBEO1xN26jHkVoDIKnOCNxuQiiFy+CijGBJAw9PTVJk56F7hoxDHPy4q948aCIV7/Bm39jJ+bg9qDg8V4VVfX8VAqNjvNhjY1PTE5Nz8yW5uYXFpfs5ZVrnWSKQ40nMlENn2mQIoYaCpTQSBWwyJdQ93snA79+A0qLJL7CfgrtiHViEQrO0Eievd7yAZmX7wbF9qV3Rg9pC+EW81DcQlB4dtmpOEPQv8QdkTIZ4dyz31tBwrMIYuSSad10nRTbOVMouISi1Mo0pIz3WAeahsYsAt3Oh28UdNMoAQ0TZSpGOlS/T+Qs0rof+aYzYtjVv72B+J/XzDA8aOciTjOEmH8tCjNJMaGDTGggFHCUfUMYV8LcSnmXKcbRJFcyIbi/X/5Lrncq7l6lelEtHx2P4pgha2SDbBGX7JMjckrOSY1wckceyBN5tu6tR+vFev1qHbNGM6vkB6y3T45zmJE=</latexit>

�5d/RM = fixed

• Black string saddle with Near-horizon region 
finite-temperature spinning 

<latexit sha1_base64="0YI8nDT3VDTTVdRP9QXjm7a3xR8=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIXdENRjiBePEfPC7BpmJ7PJkNkHM71iWAL+ihcPinj1O7z5N06SPWhiQUNR1U13lxcLrsCyvo3cyura+kZ+s7C1vbO7Z+4ftFSUSMqaNBKR7HhEMcFD1gQOgnViyUjgCdb2RldTv/3ApOJR2IBxzNyADELuc0pASz3zyAH2CGmtcTfBDvCAKXx7X+6ZRatkzYCXiZ2RIspQ75lfTj+iScBCoIIo1bWtGNyUSOBUsEnBSRSLCR2RAetqGhK9yE1n50/wqVb62I+krhDwTP09kZJAqXHg6c6AwFAtelPxP6+bgH/ppjyME2AhnS/yE4EhwtMscJ9LRkGMNSFUcn0rpkMiCQWdWEGHYC++vExa5ZJ9XqrcVIrVWhZHHh2jE3SGbHSBquga1VETUZSiZ/SK3own48V4Nz7mrTkjmzlEf2B8/gB/B5Uw</latexit>

BTZ⇥ S2

<latexit sha1_base64="MzZptuVhua6HHTv8lIACgBIANrM=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzIjoi6LblxWsA/oDCWTpm1oJjMkN0Id+iVuXCji1k9x59+YaWehrQcCh3Pu4d6cKBVcg+d9O6W19Y3NrfJ2ZWd3b7/qHhy2dWIUZS2aiER1I6KZ4JK1gINg3VQxEkeCdaLJbe53HpnSPJEPME1ZGJOR5ENOCVip71aDxNp5OguAmFnfrXl1bw68SvyC1FCBZt/9CgYJNTGTQAXRuud7KYQZUcCpYLNKYDRLCZ2QEetZKknMdJjND5/hU6sM8DBR9knAc/V3IiOx1tM4spMxgbFe9nLxP69nYHgdZlymBpiki0VDIzAkOG8BD7hiFMTUEkIVt7diOiaKULBdVWwJ/vKXV0n7vO5f1i/uL2qNm6KOMjpGJ+gM+egKNdAdaqIWosigZ/SK3pwn58V5dz4WoyWnyByhP3A+fwCDMpOo</latexit>

⌧independent of
equal to Cardy formula!

<latexit sha1_base64="jQZZK25EjNAJlp93cZ7uIAMV1mg=">AAAB/3icbVDLSgMxFL1TX7W+RgU3bgaLUEHKjBR1WXTjsoJ9QGcomTRtQzPJkGSEMnbhr7hxoYhbf8Odf2OmnYVWLwROzjn35uaEMaNKu+6XVVhaXlldK66XNja3tnfs3b2WEonEpIkFE7ITIkUY5aSpqWakE0uCopCRdji+zvT2PZGKCn6nJzEJIjTkdEAx0obq2QcVX6Pk1BfGlM1Is+v0pGeX3ao7K+cv8HJQhrwaPfvT7wucRIRrzJBSXc+NdZAiqSlmZFryE0VihMdoSLoGchQRFaSz/afOsWH6zkBIc7h2ZuzPjhRFSk2i0DgjpEdqUcvI/7RuogeXQUp5nGjC8fyhQcIcLZwsDKdPJcGaTQxAWFKzq4NHSCKsTWQlE4K3+OW/oHVW9c6rtdtauX6Vx1GEQziCCnhwAXW4gQY0AcMDPMELvFqP1rP1Zr3PrQUr79mHX2V9fAPvRpYR</latexit>

(⌧, ⌧)
• The saddle we find is a smooth solution, w/ bdry torus 
having finite modular parameter          .

<latexit sha1_base64="/cYBUaYunm6cTBzrOXwKWSyB/0M="></latexit>

Fgrav =
1

GAdS3 ⌧
=

c

⌧

Grav. free energy

• Decouple      Gravitational saddle dual to             elliptic 
genus

<latexit sha1_base64="0AzhmmzbyMXd46pyaJN+B1xBzTU=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYhA8hd0Q1GMwIB4j5gXJEmYns8mQ2dl1pjcYlnyHFw+KePVjvPk3Th4HTSxoKKq66e7yY8E1Os63tba+sbm1ndnJ7u7tHxzmjo4bOkoUZXUaiUi1fKKZ4JLVkaNgrVgxEvqCNf1hZeo3R0xpHskajmPmhaQvecApQSN5HWRPmD5UbmuTbrGbyzsFZwZ7lbgLkocFqt3cV6cX0SRkEqkgWrddJ0YvJQo5FWyS7SSaxYQOSZ+1DZUkZNpLZ0dP7HOj9OwgUqYk2jP190RKQq3HoW86Q4IDvexNxf+8doLBtZdyGSfIJJ0vChJhY2RPE7B7XDGKYmwIoYqbW206IIpQNDllTQju8surpFEsuJeF0n0pX75ZxJGBUziDC3DhCspwB1WoA4VHeIZXeLNG1ov1bn3MW9esxcwJ/IH1+QNoi5Hf</latexit>

SCFT2
[Maldacena-Strominger-Witten’98]
[cf Farey tail Dijkgraaf, Maldacena, Moore, Verlinde, ’00]



3. Can we extract a signal of Schwarzian 
modes from the string worldsheet?
Yes, although slightly indirectly:
❖ BTZ BH and          have same Euclidean geometry. 

Hyperbolic space, bdry torus of modular parameter   . 
Spectrum mapped by                  modular transformation. 

<latexit sha1_base64="iOi4if5NkMIV0hgFuxOxEMPZMJw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnUR5oMqjW37s5BVolXkBoUaA6qX/1hxBLFNTJJre15box+Sg0KJvms0k8sjymb0BHvZVRTxa2fzm+dkbNMGZIwMllpJHP190RKlbVTFWSdiuLYLnu5+J/XSzC88VOh4wS5ZotFYSIJRiR/nAyF4QzlNCOUGZHdStiYGsowi6eSheAtv7xK2hd176p++XBZa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb45yXpx352PRWnKKmWP4A+fzByQbjlE=</latexit>⌧
<latexit sha1_base64="rcRVxw4fqDeW408q0kpQQox7XI8=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuLEmUtRl0Y3LCvYCTSiT6aQdOpmEmUmhhL6JGxeKuPVN3Pk2TtostPWHgY//nMOc8wcJZ0o7zrdVWlvf2Nwqb1d2dvf2D+zDo7aKU0loi8Q8lt0AK8qZoC3NNKfdRFIcBZx2gvF9Xu9MqFQsFk96mlA/wkPBQkawNlbftj2NU+TpGF24lzn37apTc+ZCq+AWUIVCzb795Q1ikkZUaMKxUj3XSbSfYakZ4XRW8VJFE0zGeEh7BgWOqPKz+eYzdGacAQpjaZ7QaO7+nshwpNQ0CkxnhPVILddy879aL9XhrZ8xkaSaCrL4KEw5MofmMaABk5RoPjWAiWRmV0RGWGKiTVgVE4K7fPIqtK9q7nWt/livNu6KOMpwAqdwDi7cQAMeoAktIDCBZ3iFNyuzXqx362PRWrKKmWP4I+vzBxfzkqw=</latexit>

⌧ ! �1/⌧

<latexit sha1_base64="cOXWUSVqdLW+jYBLiHF1ZF0N4e4=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKexqUI9RLx4jmgdklzA7O0mGzD6Y6RXDkt/w4kERr/6MN//GSbIHjRY0FFXddHf5iRQabfvLKiwtr6yuFddLG5tb2zvl3b2WjlPFeJPFMlYdn2ouRcSbKFDyTqI4DX3J2/7oeuq3H7jSIo7ucZxwL6SDSPQFo2gk10X+iNllcDfpnfbKFbtqz0D+EicnFcjR6JU/3SBmacgjZJJq3XXsBL2MKhRM8knJTTVPKBvRAe8aGtGQay+b3TwhR0YJSD9WpiIkM/XnREZDrcehbzpDikO96E3F/7xuiv0LLxNRkiKP2HxRP5UEYzINgARCcYZybAhlSphbCRtSRRmamEomBGfx5b+kdVJ1zqq121qlfpXHUYQDOIRjcOAc6nADDWgCgwSe4AVerdR6tt6s93lrwcpn9uEXrI9v7AORng==</latexit>

AdS3



3. Can we extract a signal of Schwarzian 
modes from the string worldsheet?
Yes, although slightly indirectly:

❖ Partition fn of bdry gravitons in AdS3 gives rise to low 
temp          behavior in BTZ (signature of Schwarzian) 

[Ghosh, Maxfield, Turiaci ’19 ]

<latexit sha1_base64="etcC66qVfVhPdhsOZALZh3RwVO4=">AAAB8XicbVBNT8JAEJ3iF+IX6tFLIzHxhC0S9Uj04hET+YhQyXbZwobtttmdmpCGf+HFg8Z49d9489+4QA8KvmSSl/dmMjPPjwXX6DjfVm5ldW19I79Z2Nre2d0r7h80dZQoyho0EpFq+0QzwSVrIEfB2rFiJPQFa/mjm6nfemJK80je4zhmXkgGkgecEjTSQxdJ8pien1UmvWLJKTsz2MvEzUgJMtR7xa9uP6JJyCRSQbTuuE6MXkoUcirYpNBNNIsJHZEB6xgqSci0l84untgnRunbQaRMSbRn6u+JlIRaj0PfdIYEh3rRm4r/eZ0Egysv5TJOkEk6XxQkwsbInr5v97liFMXYEEIVN7fadEgUoWhCKpgQ3MWXl0mzUnYvytW7aql2ncWRhyM4hlNw4RJqcAt1aAAFCc/wCm+Wtl6sd+tj3pqzsplD+APr8wf3WZB3</latexit>

⌧3/2

❖ BTZ BH and          have same Euclidean geometry. 
Hyperbolic space, bdry torus of modular parameter   . 
Spectrum mapped by                  modular transformation. 

<latexit sha1_base64="iOi4if5NkMIV0hgFuxOxEMPZMJw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnUR5oMqjW37s5BVolXkBoUaA6qX/1hxBLFNTJJre15box+Sg0KJvms0k8sjymb0BHvZVRTxa2fzm+dkbNMGZIwMllpJHP190RKlbVTFWSdiuLYLnu5+J/XSzC88VOh4wS5ZotFYSIJRiR/nAyF4QzlNCOUGZHdStiYGsowi6eSheAtv7xK2hd176p++XBZa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb45yXpx352PRWnKKmWP4A+fzByQbjlE=</latexit>⌧
<latexit sha1_base64="rcRVxw4fqDeW408q0kpQQox7XI8=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuLEmUtRl0Y3LCvYCTSiT6aQdOpmEmUmhhL6JGxeKuPVN3Pk2TtostPWHgY//nMOc8wcJZ0o7zrdVWlvf2Nwqb1d2dvf2D+zDo7aKU0loi8Q8lt0AK8qZoC3NNKfdRFIcBZx2gvF9Xu9MqFQsFk96mlA/wkPBQkawNlbftj2NU+TpGF24lzn37apTc+ZCq+AWUIVCzb795Q1ikkZUaMKxUj3XSbSfYakZ4XRW8VJFE0zGeEh7BgWOqPKz+eYzdGacAQpjaZ7QaO7+nshwpNQ0CkxnhPVILddy879aL9XhrZ8xkaSaCrL4KEw5MofmMaABk5RoPjWAiWRmV0RGWGKiTVgVE4K7fPIqtK9q7nWt/livNu6KOMpwAqdwDi7cQAMeoAktIDCBZ3iFNyuzXqx362PRWrKKmWP4I+vzBxfzkqw=</latexit>

⌧ ! �1/⌧

<latexit sha1_base64="cOXWUSVqdLW+jYBLiHF1ZF0N4e4=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKexqUI9RLx4jmgdklzA7O0mGzD6Y6RXDkt/w4kERr/6MN//GSbIHjRY0FFXddHf5iRQabfvLKiwtr6yuFddLG5tb2zvl3b2WjlPFeJPFMlYdn2ouRcSbKFDyTqI4DX3J2/7oeuq3H7jSIo7ucZxwL6SDSPQFo2gk10X+iNllcDfpnfbKFbtqz0D+EicnFcjR6JU/3SBmacgjZJJq3XXsBL2MKhRM8knJTTVPKBvRAe8aGtGQay+b3TwhR0YJSD9WpiIkM/XnREZDrcehbzpDikO96E3F/7xuiv0LLxNRkiKP2HxRP5UEYzINgARCcYZybAhlSphbCRtSRRmamEomBGfx5b+kdVJ1zqq121qlfpXHUYQDOIRjcOAc6nADDWgCgwSe4AVerdR6tt6s93lrwcpn9uEXrI9v7AORng==</latexit>

AdS3



3. Can we extract a signal of Schwarzian 
modes from the string worldsheet?
Yes, although slightly indirectly:

❖ Partition fn of bdry gravitons in AdS3 gives rise to low 
temp          behavior in BTZ (signature of Schwarzian) 

[Ghosh, Maxfield, Turiaci ’19 ]

<latexit sha1_base64="etcC66qVfVhPdhsOZALZh3RwVO4=">AAAB8XicbVBNT8JAEJ3iF+IX6tFLIzHxhC0S9Uj04hET+YhQyXbZwobtttmdmpCGf+HFg8Z49d9489+4QA8KvmSSl/dmMjPPjwXX6DjfVm5ldW19I79Z2Nre2d0r7h80dZQoyho0EpFq+0QzwSVrIEfB2rFiJPQFa/mjm6nfemJK80je4zhmXkgGkgecEjTSQxdJ8pien1UmvWLJKTsz2MvEzUgJMtR7xa9uP6JJyCRSQbTuuE6MXkoUcirYpNBNNIsJHZEB6xgqSci0l84untgnRunbQaRMSbRn6u+JlIRaj0PfdIYEh3rRm4r/eZ0Egysv5TJOkEk6XxQkwsbInr5v97liFMXYEEIVN7fadEgUoWhCKpgQ3MWXl0mzUnYvytW7aql2ncWRhyM4hlNw4RJqcAt1aAAFCc/wCm+Wtl6sd+tj3pqzsplD+APr8wf3WZB3</latexit>

⌧3/2

❖ BTZ BH and          have same Euclidean geometry. 
Hyperbolic space, bdry torus of modular parameter   . 
Spectrum mapped by                  modular transformation. 

<latexit sha1_base64="iOi4if5NkMIV0hgFuxOxEMPZMJw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnUR5oMqjW37s5BVolXkBoUaA6qX/1hxBLFNTJJre15box+Sg0KJvms0k8sjymb0BHvZVRTxa2fzm+dkbNMGZIwMllpJHP190RKlbVTFWSdiuLYLnu5+J/XSzC88VOh4wS5ZotFYSIJRiR/nAyF4QzlNCOUGZHdStiYGsowi6eSheAtv7xK2hd176p++XBZa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb45yXpx352PRWnKKmWP4A+fzByQbjlE=</latexit>⌧
<latexit sha1_base64="rcRVxw4fqDeW408q0kpQQox7XI8=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuLEmUtRl0Y3LCvYCTSiT6aQdOpmEmUmhhL6JGxeKuPVN3Pk2TtostPWHgY//nMOc8wcJZ0o7zrdVWlvf2Nwqb1d2dvf2D+zDo7aKU0loi8Q8lt0AK8qZoC3NNKfdRFIcBZx2gvF9Xu9MqFQsFk96mlA/wkPBQkawNlbftj2NU+TpGF24lzn37apTc+ZCq+AWUIVCzb795Q1ikkZUaMKxUj3XSbSfYakZ4XRW8VJFE0zGeEh7BgWOqPKz+eYzdGacAQpjaZ7QaO7+nshwpNQ0CkxnhPVILddy879aL9XhrZ8xkaSaCrL4KEw5MofmMaABk5RoPjWAiWRmV0RGWGKiTVgVE4K7fPIqtK9q7nWt/livNu6KOMpwAqdwDi7cQAMeoAktIDCBZ3iFNyuzXqx362PRWrKKmWP4I+vzBxfzkqw=</latexit>

⌧ ! �1/⌧

<latexit sha1_base64="cOXWUSVqdLW+jYBLiHF1ZF0N4e4=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKexqUI9RLx4jmgdklzA7O0mGzD6Y6RXDkt/w4kERr/6MN//GSbIHjRY0FFXddHf5iRQabfvLKiwtr6yuFddLG5tb2zvl3b2WjlPFeJPFMlYdn2ouRcSbKFDyTqI4DX3J2/7oeuq3H7jSIo7ucZxwL6SDSPQFo2gk10X+iNllcDfpnfbKFbtqz0D+EicnFcjR6JU/3SBmacgjZJJq3XXsBL2MKhRM8knJTTVPKBvRAe8aGtGQay+b3TwhR0YJSD9WpiIkM/XnREZDrcehbzpDikO96E3F/7xuiv0LLxNRkiKP2HxRP5UEYzINgARCcYZybAhlSphbCRtSRRmamEomBGfx5b+kdVJ1zqq121qlfpXHUYQDOIRjcOAc6nADDWgCgwSe4AVerdR6tt6s93lrwcpn9uEXrI9v7AORng==</latexit>

AdS3

❖ We can carefully extract the precise bdry graviton 
spectrum from worldsheet (torus amplitude) in 

<latexit sha1_base64="cOXWUSVqdLW+jYBLiHF1ZF0N4e4=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKexqUI9RLx4jmgdklzA7O0mGzD6Y6RXDkt/w4kERr/6MN//GSbIHjRY0FFXddHf5iRQabfvLKiwtr6yuFddLG5tb2zvl3b2WjlPFeJPFMlYdn2ouRcSbKFDyTqI4DX3J2/7oeuq3H7jSIo7ucZxwL6SDSPQFo2gk10X+iNllcDfpnfbKFbtqz0D+EicnFcjR6JU/3SBmacgjZJJq3XXsBL2MKhRM8knJTTVPKBvRAe8aGtGQay+b3TwhR0YJSD9WpiIkM/XnREZDrcehbzpDikO96E3F/7xuiv0LLxNRkiKP2HxRP5UEYzINgARCcYZybAhlSphbCRtSRRmamEomBGfx5b+kdVJ1zqq121qlfpXHUYQDOIRjcOAc6nADDWgCgwSe4AVerdR6tt6s93lrwcpn9uEXrI9v7AORng==</latexit>

AdS3



[S.M., Rangamani ’24, ’25]

Superstring generalizations to
<latexit sha1_base64="+pUCA38/yr/wTWjM9DdCNS5Z3wI=">AAACCHicbZC7SgNBFIZnvcZ4W7W0cDAIVmFXg1pGbSwjMRdI4jI7O5sMmb0wc1YMS0obX8XGQhFbH8HOt3GSLKKJPwx8/OcczpzfjQVXYFlfxtz8wuLScm4lv7q2vrFpbm3XVZRIymo0EpFsukQxwUNWAw6CNWPJSOAK1nD7l6N6445JxaPwBgYx6wSkG3KfUwLacsy9NrB7SM+96tA5xm3gAVO4evuDjlmwitZYeBbsDAooU8UxP9teRJOAhUAFUaplWzF0UiKBU8GG+XaiWExon3RZS2NI9JZOOj5kiA+042E/kvqFgMfu74mUBEoNAld3BgR6aro2Mv+rtRLwzzopD+MEWEgni/xEYIjwKBXscckoiIEGQiXXf8W0RyShoLPL6xDs6ZNnoX5UtE+KpetSoXyRxZFDu2gfHSIbnaIyukIVVEMUPaAn9IJejUfj2Xgz3ietc0Y2s4P+yPj4BmEtmO0=</latexit>

AdS3 ⇥ S3⇥
<latexit sha1_base64="u62nFknIVZzh+qGY3WsL3296ZhM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4j5gXJGmYnvcmQ2dllZlYIIZ/gxYMiXv0ib/6Nk2QPmljQUFR1090VJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfmtJ1Sax7Juxgn6ER1IHnJGjZUe6o+VXrHklt05yCrxMlKCDLVe8avbj1kaoTRMUK07npsYf0KV4UzgtNBNNSaUjegAO5ZKGqH2J/NTp+TMKn0SxsqWNGSu/p6Y0EjrcRTYzoiaoV72ZuJ/Xic14bU/4TJJDUq2WBSmgpiYzP4mfa6QGTG2hDLF7a2EDamizNh0CjYEb/nlVdK8KHuX5cp9pVS9yeLIwwmcwjl4cAVVuIMaNIDBAJ7hFd4c4bw4787HojXnZDPH8AfO5w/avo2H</latexit>

T 4
<latexit sha1_base64="LzXwghfJBZ8wBZHD4kOqmcUqXDg=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHxRHaVqEeiF48Y5JHAQmaHWZgw+3Cml4QQvsOLB43x6sd4828cYA8KVtJJpao73V1eLIVG2/62MmvrG5tb2e3czu7e/kH+8Kiuo0QxXmORjFTTo5pLEfIaCpS8GStOA0/yhje8m/mNEVdaROEjjmPuBrQfCl8wikZyq53LNoqAa1LtON18wS7ac5BV4qSkACkq3fxXuxexJOAhMkm1bjl2jO6EKhRM8mmunWgeUzakfd4yNKRmkTuZHz0lZ0bpET9SpkIkc/X3xIQGWo8Dz3QGFAd62ZuJ/3mtBP0bdyLCOEEessUiP5EEIzJLgPSE4gzl2BDKlDC3EjagijI0OeVMCM7yy6ukflF0roqlh1KhfJvGkYUTOIVzcOAaynAPFagBgyd4hld4s0bWi/VufSxaM1Y6cwx/YH3+ALHhkWk=</latexit>

S3 ⇥ S1

3. Can we extract a signal of Schwarzian 
modes from the string worldsheet?
Yes, although slightly indirectly:

❖ Partition fn of bdry gravitons in AdS3 gives rise to low 
temp          behavior in BTZ (signature of Schwarzian) 

[Ghosh, Maxfield, Turiaci ’19 ]

<latexit sha1_base64="etcC66qVfVhPdhsOZALZh3RwVO4=">AAAB8XicbVBNT8JAEJ3iF+IX6tFLIzHxhC0S9Uj04hET+YhQyXbZwobtttmdmpCGf+HFg8Z49d9489+4QA8KvmSSl/dmMjPPjwXX6DjfVm5ldW19I79Z2Nre2d0r7h80dZQoyho0EpFq+0QzwSVrIEfB2rFiJPQFa/mjm6nfemJK80je4zhmXkgGkgecEjTSQxdJ8pien1UmvWLJKTsz2MvEzUgJMtR7xa9uP6JJyCRSQbTuuE6MXkoUcirYpNBNNIsJHZEB6xgqSci0l84untgnRunbQaRMSbRn6u+JlIRaj0PfdIYEh3rRm4r/eZ0Egysv5TJOkEk6XxQkwsbInr5v97liFMXYEEIVN7fadEgUoWhCKpgQ3MWXl0mzUnYvytW7aql2ncWRhyM4hlNw4RJqcAt1aAAFCc/wCm+Wtl6sd+tj3pqzsplD+APr8wf3WZB3</latexit>

⌧3/2

❖ BTZ BH and          have same Euclidean geometry. 
Hyperbolic space, bdry torus of modular parameter   . 
Spectrum mapped by                  modular transformation. 

<latexit sha1_base64="iOi4if5NkMIV0hgFuxOxEMPZMJw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnUR5oMqjW37s5BVolXkBoUaA6qX/1hxBLFNTJJre15box+Sg0KJvms0k8sjymb0BHvZVRTxa2fzm+dkbNMGZIwMllpJHP190RKlbVTFWSdiuLYLnu5+J/XSzC88VOh4wS5ZotFYSIJRiR/nAyF4QzlNCOUGZHdStiYGsowi6eSheAtv7xK2hd176p++XBZa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb45yXpx352PRWnKKmWP4A+fzByQbjlE=</latexit>⌧
<latexit sha1_base64="rcRVxw4fqDeW408q0kpQQox7XI8=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuLEmUtRl0Y3LCvYCTSiT6aQdOpmEmUmhhL6JGxeKuPVN3Pk2TtostPWHgY//nMOc8wcJZ0o7zrdVWlvf2Nwqb1d2dvf2D+zDo7aKU0loi8Q8lt0AK8qZoC3NNKfdRFIcBZx2gvF9Xu9MqFQsFk96mlA/wkPBQkawNlbftj2NU+TpGF24lzn37apTc+ZCq+AWUIVCzb795Q1ikkZUaMKxUj3XSbSfYakZ4XRW8VJFE0zGeEh7BgWOqPKz+eYzdGacAQpjaZ7QaO7+nshwpNQ0CkxnhPVILddy879aL9XhrZ8xkaSaCrL4KEw5MofmMaABk5RoPjWAiWRmV0RGWGKiTVgVE4K7fPIqtK9q7nWt/livNu6KOMpwAqdwDi7cQAMeoAktIDCBZ3iFNyuzXqx362PRWrKKmWP4I+vzBxfzkqw=</latexit>

⌧ ! �1/⌧

<latexit sha1_base64="cOXWUSVqdLW+jYBLiHF1ZF0N4e4=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKexqUI9RLx4jmgdklzA7O0mGzD6Y6RXDkt/w4kERr/6MN//GSbIHjRY0FFXddHf5iRQabfvLKiwtr6yuFddLG5tb2zvl3b2WjlPFeJPFMlYdn2ouRcSbKFDyTqI4DX3J2/7oeuq3H7jSIo7ucZxwL6SDSPQFo2gk10X+iNllcDfpnfbKFbtqz0D+EicnFcjR6JU/3SBmacgjZJJq3XXsBL2MKhRM8knJTTVPKBvRAe8aGtGQay+b3TwhR0YJSD9WpiIkM/XnREZDrcehbzpDikO96E3F/7xuiv0LLxNRkiKP2HxRP5UEYzINgARCcYZybAhlSphbCRtSRRmamEomBGfx5b+kdVJ1zqq121qlfpXHUYQDOIRjcOAc6nADDWgCgwSe4AVerdR6tt6s93lrwcpn9uEXrI9v7AORng==</latexit>

AdS3

❖ We can carefully extract the precise bdry graviton 
spectrum from worldsheet (torus amplitude) in 

<latexit sha1_base64="cOXWUSVqdLW+jYBLiHF1ZF0N4e4=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKexqUI9RLx4jmgdklzA7O0mGzD6Y6RXDkt/w4kERr/6MN//GSbIHjRY0FFXddHf5iRQabfvLKiwtr6yuFddLG5tb2zvl3b2WjlPFeJPFMlYdn2ouRcSbKFDyTqI4DX3J2/7oeuq3H7jSIo7ucZxwL6SDSPQFo2gk10X+iNllcDfpnfbKFbtqz0D+EicnFcjR6JU/3SBmacgjZJJq3XXsBL2MKhRM8knJTTVPKBvRAe8aGtGQay+b3TwhR0YJSD9WpiIkM/XnREZDrcehbzpDikO96E3F/7xuiv0LLxNRkiKP2HxRP5UEYzINgARCcYZybAhlSphbCRtSRRmamEomBGfx5b+kdVJ1zqq121qlfpXHUYQDOIRjcOAc6nADDWgCgwSe4AVerdR6tt6s93lrwcpn9uEXrI9v7AORng==</latexit>

AdS3





• Rich gravitational phenomena: multi-BH bound states

[Bates, Denef, ’00; Denef, Moore ’07]

❖  independent of 

What are saddle points? Susy BH?

<latexit sha1_base64="M+CZ+Tidh9h+b+ACHK0Zzp+VDMA=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r9AXtUDJppg3NZIbkjlCGfoQbF4q49Xvc+Tem7Sy09UDgcM695J4TJFIYdN1vp7CxubW9U9wt7e0fHB6Vj0/aJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ/dzvPHFtRKyaOE24H9GREqFgFK3UaZI+xsQdlCtu1V2ArBMvJxXI0RiUv/rDmKURV8gkNabnuQn6GdUomOSzUj81PKFsQke8Z6miETd+tjh3Ri6sMiRhrO1TSBbq742MRsZMo8BORhTHZtWbi/95vRTDWz8TKkmRK7b8KEwlsRHn2clQaM5QTi2hTAt7K2FjqilD21DJluCtRl4n7auqd12tPdYq9bu8jiKcwTlcggc3UIcHaEALGEzgGV7hzUmcF+fd+ViOFpx85xT+wPn8ASPnjsw=</latexit>

T ! 0


