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Do black hole microstates have horizons?

Left figure from [Almheiri, Hartman, Maldacena, Shaghoulian, Tajdini]
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Observables in microstate geometries

• Approximate thermality of probes in gravitational microstates

• Analogue of Hawking radiation in microstates of non-extremal black hole

• Thermalization and revivals of retarded 2pt functions in microstates of extremal BH

• Will study observable related to quantum chaos

[Balasubramanian et al, 2005-2019],…

[Chowdhury, Mathur 2008]

[Bena, Heidmann, Monten, Warner 2019]
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Black holes are chaotic

Black holes are thermal and chaos underlies thermal behavior:

1) Relaxation to thermal equilibrium

2)  Sensitivity to initial conditions:

Semiclassical approximation: replace Poisson bracket by commutator and consider growth of

as                                                        “grows” (spreads over the system).

[Larkin, Ovchinnikov 1969]
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Lyapunov growth probes black hole horizon
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Lyapunov growth probes black hole horizon

[Polchinski]
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1) Exponential saturation (Ruelle)                          QNM        (cf. 2pt function)    

[Horowitz, Hubeny 1999]AdS/CFT

Figure based on
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Lyapunov growth probes black hole horizon

[Shenker, Stanford]

[Polchinski]

Lyapunov

Ruelle

t

1) Exponential saturation (Ruelle)                          QNM        (cf. 2pt function)    

2) Transient Lyapunov growth                                  redshift

[Horowitz, Hubeny 1999]AdS/CFT

[Kitaev]

Figure based on
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Chaos in horizonless microstate geometries?

If Lyapunov growth reflects what happens at the horizon, then what happens in 
horizonless microstate geometries?

Complication: microstate geometries have been mostly restricted to extremal black
holes, which have zero temperature.

à Compute OTOCs for extremal black holes and microstate geometries.



Outline

1. Introduction

2. Geodesic approximation to the OTOC

3. OTOC in extremal BTZ

4. Microstate geometries

5. Discussion
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Aside: damped Lyapunov oscillations
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OTOC from gravitational scattering

[Shenker, Stanford]

= overlap of two states:
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<latexit sha1_base64="TWvdCi/bryPUIcPL3cLvZqTZHMM=">AAACGXicbVDLSgMxFM3UV62vqks3wSK4KjNSsRuhoKArqdAXdMqQSdM2NJMZkjtiGeY33Pgrblwo4lJX/o3pA9HWA4GTc+69yT1+JLgG2/6yMkvLK6tr2fXcxubW9k5+d6+hw1hRVqehCFXLJ5oJLlkdOAjWihQjgS9Y0x9ejP3mHVOah7IGo4h1AtKXvMcpASN5efvSS1xg95CYCWnq4oG5B7Er4xSfl92I4yvvxsW1H9XLF+yiPQFeJM6MFNAMVS//4XZDGgdMAhVE67ZjR9BJiAJOBUtzbqxZROiQ9FnbUEkCpjvJZLMUHxmli3uhMkcCnqi/OxISaD0KfFMZEBjoeW8s/ue1Y+iVOwmXUQxM0ulDvVhgCPE4JtzlilEQI0MIVdz8FdMBUYSCCTNnQnDmV14kjZOic1q0b0uFSmkWRxYdoEN0jBx0hiroGlVRHVH0gJ7QC3q1Hq1n6816n5ZmrFnPPvoD6/MbwBigsg==</latexit>

Dlin hµ⌫ = 8⇡GN Tµ⌫

eikonal phase



Slow scrambling in vacuum

[Roberts, Stanford]

<latexit sha1_base64="7LI5fQ8vsYe+J6GY9HbbhIdzpWo=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIYo8FLx4r2FZoQ9hsN8nSzSbsbpQS+1O8eFDEq7/Em//GbZuDtj4Y5vHeDDv7gowzpR3n26qsrW9sblW3azu7e/sHdv2wp9JcEtolKU/lfYAV5UzQrmaa0/tMUpwEnPaD8fXM7z9QqVgq7vQko16CI8FCRrA2km/XY7+PhlGEYr83765vN5ymMwdaJW5JGlCi49tfw1FK8oQKTThWauA6mfYKLDUjnE5rw1zRDJMxjujAUIETqrxifvoUnRplhMJUmhIazdXfGwVOlJokgZlMsI7VsjcT//MGuQ5bXsFElmsqyOKhMOdIp2iWAxoxSYnmE0MwkczcikiMJSbapFUzIbjLX14lvfOme9l0bi8a7VYZRxWO4QTOwIUraMMNdKALBB7hGV7hzXqyXqx362MxWrHKnSP4A+vzBxfXko8=</latexit>

hW � hV � 1
<latexit sha1_base64="X6Zl8cfMT5E0AlCtN1FyW0CoyuQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ8OKxgv2AJpTNdtMu3WzC7kQIpX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NaW9/Y3CpvV3Z29/YPqodHbZNkmvEWS2SiuyE1XArFWyhQ8m6qOY1DyTvh+G7md564NiJRj5inPIjpUIlIMIpW8v2QI731hYow71drbt2dg6wSryA1KNDsV7/8QcKymCtkkhrT89wUgwnVKJjk04qfGZ5SNqZD3rNU0ZibYDK/eUrOrDIgUaJtKSRz9ffEhMbG5HFoO2OKI7PszcT/vF6G0U0wESrNkCu2WBRlkmBCZgGQgdCcocwtoUwLeythI6opQxtTxYbgLb+8StoXde+q7j5c1hqXRRxlOIFTOAcPrqEB99CEFjBI4Rle4c3JnBfn3flYtJacYuYY/sD5/AEIppGj</latexit>

� = 1
<latexit sha1_base64="SxyIYv6WsENNOfRbCIDUzyzy2pQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cK9gPaUDbbTbt0swm7E7Gk/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGtzO/9ci1EbF6wHHC/YgOlAgFo2ilFnYHg8nTpFeuuFV3DrJKvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0vd1PCEshEd8I6likbc+Nn83Ck5s0qfhLG2pZDM1d8TGY2MGUeB7YwoDs2yNxP/8zophjd+JlSSIldssShMJcGYzH4nfaE5Qzm2hDIt7K2EDammDG1CJRuCt/zyKmleVL2rqnt/Wald5nEU4QRO4Rw8uIYa3EEdGsBgBM/wCm9O4rw4787HorXg5DPH8AfO5w+1M4/E</latexit>

t � |x|

Warm-up example of zero-temperature: OTOC in vacuum of 2d holographic CFT



Slow scrambling in vacuum

<latexit sha1_base64="Ni8lxeLhAdfocncv wK53QJXFc+s="></latexit>

hV (i✏1, x)W (t+ i✏3, 0)V (i✏2, x)W (t+ i✏4, 0)i
hV (i✏1, 0)V (i✏2, 0)ihW (i✏3, 0)W (i✏4, 0)i

⇡
 

1

1� 24⇡ihW
c(✏1�✏2)(✏3�✏4)

(t� |x|)2

!2hV

[Roberts, Stanford]

<latexit sha1_base64="7LI5fQ8vsYe+J6GY9HbbhIdzpWo=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIYo8FLx4r2FZoQ9hsN8nSzSbsbpQS+1O8eFDEq7/Em//GbZuDtj4Y5vHeDDv7gowzpR3n26qsrW9sblW3azu7e/sHdv2wp9JcEtolKU/lfYAV5UzQrmaa0/tMUpwEnPaD8fXM7z9QqVgq7vQko16CI8FCRrA2km/XY7+PhlGEYr83765vN5ymMwdaJW5JGlCi49tfw1FK8oQKTThWauA6mfYKLDUjnE5rw1zRDJMxjujAUIETqrxifvoUnRplhMJUmhIazdXfGwVOlJokgZlMsI7VsjcT//MGuQ5bXsFElmsqyOKhMOdIp2iWAxoxSYnmE0MwkczcikiMJSbapFUzIbjLX14lvfOme9l0bi8a7VYZRxWO4QTOwIUraMMNdKALBB7hGV7hzXqyXqx362MxWrHKnSP4A+vzBxfXko8=</latexit>

hW � hV � 1
<latexit sha1_base64="X6Zl8cfMT5E0AlCtN1FyW0CoyuQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ8OKxgv2AJpTNdtMu3WzC7kQIpX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NaW9/Y3CpvV3Z29/YPqodHbZNkmvEWS2SiuyE1XArFWyhQ8m6qOY1DyTvh+G7md564NiJRj5inPIjpUIlIMIpW8v2QI731hYow71drbt2dg6wSryA1KNDsV7/8QcKymCtkkhrT89wUgwnVKJjk04qfGZ5SNqZD3rNU0ZibYDK/eUrOrDIgUaJtKSRz9ffEhMbG5HFoO2OKI7PszcT/vF6G0U0wESrNkCu2WBRlkmBCZgGQgdCcocwtoUwLeythI6opQxtTxYbgLb+8StoXde+q7j5c1hqXRRxlOIFTOAcPrqEB99CEFjBI4Rle4c3JnBfn3flYtJacYuYY/sD5/AEIppGj</latexit>

� = 1
<latexit sha1_base64="SxyIYv6WsENNOfRbCIDUzyzy2pQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cK9gPaUDbbTbt0swm7E7Gk/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGtzO/9ci1EbF6wHHC/YgOlAgFo2ilFnYHg8nTpFeuuFV3DrJKvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0vd1PCEshEd8I6likbc+Nn83Ck5s0qfhLG2pZDM1d8TGY2MGUeB7YwoDs2yNxP/8zophjd+JlSSIldssShMJcGYzH4nfaE5Qzm2hDIt7K2EDammDG1CJRuCt/zyKmleVL2rqnt/Wald5nEU4QRO4Rw8uIYa3EEdGsBgBM/wCm9O4rw4787HorXg5DPH8AfO5w+1M4/E</latexit>

t � |x|

Warm-up example of zero-temperature: OTOC in vacuum of 2d holographic CFT



Slow scrambling in vacuum

<latexit sha1_base64="Ni8lxeLhAdfocncv wK53QJXFc+s="></latexit>

hV (i✏1, x)W (t+ i✏3, 0)V (i✏2, x)W (t+ i✏4, 0)i
hV (i✏1, 0)V (i✏2, 0)ihW (i✏3, 0)W (i✏4, 0)i

⇡
 

1

1� 24⇡ihW
c(✏1�✏2)(✏3�✏4)

(t� |x|)2

!2hV

[Roberts, Stanford]

<latexit sha1_base64="7LI5fQ8vsYe+J6GY9HbbhIdzpWo=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIYo8FLx4r2FZoQ9hsN8nSzSbsbpQS+1O8eFDEq7/Em//GbZuDtj4Y5vHeDDv7gowzpR3n26qsrW9sblW3azu7e/sHdv2wp9JcEtolKU/lfYAV5UzQrmaa0/tMUpwEnPaD8fXM7z9QqVgq7vQko16CI8FCRrA2km/XY7+PhlGEYr83765vN5ymMwdaJW5JGlCi49tfw1FK8oQKTThWauA6mfYKLDUjnE5rw1zRDJMxjujAUIETqrxifvoUnRplhMJUmhIazdXfGwVOlJokgZlMsI7VsjcT//MGuQ5bXsFElmsqyOKhMOdIp2iWAxoxSYnmE0MwkczcikiMJSbapFUzIbjLX14lvfOme9l0bi8a7VYZRxWO4QTOwIUraMMNdKALBB7hGV7hzXqyXqx362MxWrHKnSP4A+vzBxfXko8=</latexit>

hW � hV � 1
<latexit sha1_base64="X6Zl8cfMT5E0AlCtN1FyW0CoyuQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ8OKxgv2AJpTNdtMu3WzC7kQIpX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NaW9/Y3CpvV3Z29/YPqodHbZNkmvEWS2SiuyE1XArFWyhQ8m6qOY1DyTvh+G7md564NiJRj5inPIjpUIlIMIpW8v2QI731hYow71drbt2dg6wSryA1KNDsV7/8QcKymCtkkhrT89wUgwnVKJjk04qfGZ5SNqZD3rNU0ZibYDK/eUrOrDIgUaJtKSRz9ffEhMbG5HFoO2OKI7PszcT/vF6G0U0wESrNkCu2WBRlkmBCZgGQgdCcocwtoUwLeythI6opQxtTxYbgLb+8StoXde+q7j5c1hqXRRxlOIFTOAcPrqEB99CEFjBI4Rle4c3JnBfn3flYtJacYuYY/sD5/AEIppGj</latexit>

� = 1
<latexit sha1_base64="SxyIYv6WsENNOfRbCIDUzyzy2pQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cK9gPaUDbbTbt0swm7E7Gk/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGtzO/9ci1EbF6wHHC/YgOlAgFo2ilFnYHg8nTpFeuuFV3DrJKvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0vd1PCEshEd8I6likbc+Nn83Ck5s0qfhLG2pZDM1d8TGY2MGUeB7YwoDs2yNxP/8zophjd+JlSSIldssShMJcGYzH4nfaE5Qzm2hDIt7K2EDammDG1CJRuCt/zyKmleVL2rqnt/Wald5nEU4QRO4Rw8uIYa3EEdGsBgBM/wCm9O4rw4787HorXg5DPH8AfO5w+1M4/E</latexit>

t � |x|

Warm-up example of zero-temperature: OTOC in vacuum of 2d holographic CFT

<latexit sha1_base64="LQ1mvWhaSZTzMC2y engtosvv+aA="></latexit>

= 1 +
48⇡ihV hW

c(✏1 � ✏2)(✏3 � ✏4)
(t� |x|)2 + . . .

Power law rather than exponential: “slow scrambling”
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Extremal BTZ

<latexit sha1_base64="6X0K/cS848pWPCNTaKEN2DD3rfw="></latexit>

ds2 = �f(r)dt2 +
dr2

f(r)
+ r2

⇣
d'� r+r�

r2
dt
⌘2

, f(r) =
(r2 � r2+)(r

2 � r2�)

r2

Rotating BTZ:



Extremal BTZ

<latexit sha1_base64="6X0K/cS848pWPCNTaKEN2DD3rfw="></latexit>

ds2 = �f(r)dt2 +
dr2

f(r)
+ r2

⇣
d'� r+r�

r2
dt
⌘2

, f(r) =
(r2 � r2+)(r

2 � r2�)

r2

<latexit sha1_base64="SMgBpr9/phHY11kPWKIrh6+aqBc="></latexit>

ds2 = `2AdS

"
�
�
r2 � 2r2+

�
dt2 +

r2 dr2
�
r2 � r2+

�2 � 2r2+ dtd'+ r2 d'2

#

Rotating BTZ:

Extremal BTZ: <latexit sha1_base64="fRIQXVAJASFVyRwzDptxzXWDExU=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSIIYkmkoheh4MVjBfsBbQib7aZdutmE3YlQSn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZF6ZSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2SacYbLJGJbofUcCkUb6BAydup5jQOJW+Fw7up33ri2ohEPeIo5X5M+0pEglG0UksHF7c6OA9KZbfizkCWiZeTMuSoB6Wvbi9hWcwVMkmN6Xhuiv6YahRM8kmxmxmeUjakfd6xVNGYG388O3dCTq3SI1GibSkkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKMbfyxUmiFXbL4oyiTBhEx/Jz2hOUM5soQyLeythA2opgxtQkUbgrf48jJpXla8q4r7UC3XqnkcBTiGEzgDD66hBvdQhwYwGMIzvMKbkzovzrvzMW9dcfKZI/gD5/MHbbiO7Q==</latexit>r� = r+



Extremal BTZ

<latexit sha1_base64="6X0K/cS848pWPCNTaKEN2DD3rfw="></latexit>

ds2 = �f(r)dt2 +
dr2

f(r)
+ r2

⇣
d'� r+r�

r2
dt
⌘2

, f(r) =
(r2 � r2+)(r

2 � r2�)

r2

<latexit sha1_base64="SMgBpr9/phHY11kPWKIrh6+aqBc="></latexit>

ds2 = `2AdS

"
�
�
r2 � 2r2+

�
dt2 +

r2 dr2
�
r2 � r2+

�2 � 2r2+ dtd'+ r2 d'2

#

<latexit sha1_base64="1AdvU52gn6OMzrkFe+OBQorzzb8=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0UQlJJIRTeFghsXLqr0BU0Ik8mkHTp5dGYilJC1G3/FjQtF3PoF7vwbp20W2nrgwuGce7n3HjdmVEjD+NYKS8srq2vF9dLG5tb2jr671xZRwjFp4YhFvOsiQRgNSUtSyUg35gQFLiMdd3g98TsPhAsahU05jokdoH5IfYqRVJKjHzad25pxBq3RKEEebDr3NcvnCKfcOc1SK6aZo5eNijEFXCRmTsogR8PRvywvwklAQokZEqJnGrG0U8QlxYxkJSsRJEZ4iPqkp2iIAiLsdPpKBo+V4kE/4qpCCafq74kUBUKMA1d1BkgOxLw3Ef/zeon0r+yUhnEiSYhni/yEQRnBSS7Qo5xgycaKIMypuhXiAVJJSJVeSYVgzr+8SNrnFfOiYtxVy/VqHkcRHIAjcAJMcAnq4AY0QAtg8AiewSt40560F+1d+5i1FrR8Zh/8gfb5A6PamZY=</latexit>

TL = 0, TR =
r+
⇡

Rotating BTZ:

Extremal BTZ: <latexit sha1_base64="fRIQXVAJASFVyRwzDptxzXWDExU=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSIIYkmkoheh4MVjBfsBbQib7aZdutmE3YlQSn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZF6ZSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2SacYbLJGJbofUcCkUb6BAydup5jQOJW+Fw7up33ri2ohEPeIo5X5M+0pEglG0UksHF7c6OA9KZbfizkCWiZeTMuSoB6Wvbi9hWcwVMkmN6Xhuiv6YahRM8kmxmxmeUjakfd6xVNGYG388O3dCTq3SI1GibSkkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKMbfyxUmiFXbL4oyiTBhEx/Jz2hOUM5soQyLeythA2opgxtQkUbgrf48jJpXla8q4r7UC3XqnkcBTiGEzgDD66hBvdQhwYwGMIzvMKbkzovzrvzMW9dcfKZI/gD5/MHbbiO7Q==</latexit>r� = r+



OTOC in extremal BTZ



OTOC in extremal BTZ



Center-of-mass energy in rotating BTZ
<latexit sha1_base64="gZzCMTDbqHxxfEbVfUMt0MZVbQo="></latexit>

ds2 = �f(r)dt2 +
dr2

f(r)
+ r2

⇣
d'� r+r�

r2
dt
⌘2

, f(r) =
(r2 � r2+)(r

2 � r2�)

r2



Center-of-mass energy in rotating BTZ

Infalling and outgoing (almost) null geodesic that cross at radius

Each has conserved energy      and angular momentum

<latexit sha1_base64="E6bzkehcUfFmZ7ITr4YDJrOYvd8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREKnosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWetD9i3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGN74mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1WfWuqu59rVKv5XEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wf0/Y2J</latexit>r⇤
<latexit sha1_base64="SHwlEBCDGsdTN+F3tWNJ/l4m+S4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCCB5bsLXQhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epYthisYhVJ6AaBZfYMtwI7CQKaRQIfAjGNzP/4QmV5rG8N5ME/YgOJQ85o8ZKzdt+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7Yuqd1l1m7VKvZbHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flgmMvw==</latexit>

E
<latexit sha1_base64="XZ6W4z5xvLQyde417XbbKq5/UXo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0UYI2FhYRDQfkBxhb7OXLNnbO3bnhHDkJ9hYKGLrL7Lz37hJrtDEBwOP92aYmRckUhh03W+nsLK6tr5R3Cxtbe/s7pX3D5omTjXjDRbLWLcDargUijdQoOTtRHMaBZK3gtHN1G89cW1ErB5xnHA/ogMlQsEoWunh7trtlStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Njt1Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhlZ8JlaTIFZsvClNJMCbTv0lfaM5Qji2hTAt7K2FDqilDm07JhuAtvrxMmmdV76Lq3p9Xaud5HEU4gmM4BQ8uoQa3UIcGMBjAM7zCmyOdF+fd+Zi3Fpx85hD+wPn8AZCHjUc=</latexit>

L = 0

<latexit sha1_base64="gZzCMTDbqHxxfEbVfUMt0MZVbQo="></latexit>

ds2 = �f(r)dt2 +
dr2

f(r)
+ r2

⇣
d'� r+r�

r2
dt
⌘2

, f(r) =
(r2 � r2+)(r

2 � r2�)

r2



Center-of-mass energy in rotating BTZ

Infalling and outgoing (almost) null geodesic that cross at radius

Each has conserved energy      and angular momentum

<latexit sha1_base64="E6bzkehcUfFmZ7ITr4YDJrOYvd8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREKnosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWetD9i3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGN74mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1WfWuqu59rVKv5XEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wf0/Y2J</latexit>r⇤
<latexit sha1_base64="SHwlEBCDGsdTN+F3tWNJ/l4m+S4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCCB5bsLXQhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epYthisYhVJ6AaBZfYMtwI7CQKaRQIfAjGNzP/4QmV5rG8N5ME/YgOJQ85o8ZKzdt+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7Yuqd1l1m7VKvZbHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flgmMvw==</latexit>

E
<latexit sha1_base64="XZ6W4z5xvLQyde417XbbKq5/UXo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0UYI2FhYRDQfkBxhb7OXLNnbO3bnhHDkJ9hYKGLrL7Lz37hJrtDEBwOP92aYmRckUhh03W+nsLK6tr5R3Cxtbe/s7pX3D5omTjXjDRbLWLcDargUijdQoOTtRHMaBZK3gtHN1G89cW1ErB5xnHA/ogMlQsEoWunh7trtlStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Njt1Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhlZ8JlaTIFZsvClNJMCbTv0lfaM5Qji2hTAt7K2FDqilDm07JhuAtvrxMmmdV76Lq3p9Xaud5HEU4gmM4BQ8uoQa3UIcGMBjAM7zCmyOdF+fd+Zi3Fpx85hD+wPn8AZCHjUc=</latexit>

L = 0

<latexit sha1_base64="ug2BgoWW9qJH9nkzRaKp8/Isze0="></latexit>

s = �2mV mW kV · kW
��
r=r⇤

=
4mV mWE2

f(r⇤)

<latexit sha1_base64="gZzCMTDbqHxxfEbVfUMt0MZVbQo="></latexit>

ds2 = �f(r)dt2 +
dr2

f(r)
+ r2

⇣
d'� r+r�

r2
dt
⌘2

, f(r) =
(r2 � r2+)(r

2 � r2�)

r2



Center-of-mass energy in rotating BTZ

Infalling and outgoing (almost) null geodesic that cross at radius

Each has conserved energy      and angular momentum

<latexit sha1_base64="E6bzkehcUfFmZ7ITr4YDJrOYvd8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREKnosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWetD9i3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGN74mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1WfWuqu59rVKv5XEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wf0/Y2J</latexit>r⇤
<latexit sha1_base64="SHwlEBCDGsdTN+F3tWNJ/l4m+S4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCCB5bsLXQhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epYthisYhVJ6AaBZfYMtwI7CQKaRQIfAjGNzP/4QmV5rG8N5ME/YgOJQ85o8ZKzdt+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7Yuqd1l1m7VKvZbHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flgmMvw==</latexit>

E
<latexit sha1_base64="XZ6W4z5xvLQyde417XbbKq5/UXo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0UYI2FhYRDQfkBxhb7OXLNnbO3bnhHDkJ9hYKGLrL7Lz37hJrtDEBwOP92aYmRckUhh03W+nsLK6tr5R3Cxtbe/s7pX3D5omTjXjDRbLWLcDargUijdQoOTtRHMaBZK3gtHN1G89cW1ErB5xnHA/ogMlQsEoWunh7trtlStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Njt1Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhlZ8JlaTIFZsvClNJMCbTv0lfaM5Qji2hTAt7K2FDqilDm07JhuAtvrxMmmdV76Lq3p9Xaud5HEU4gmM4BQ8uoQa3UIcGMBjAM7zCmyOdF+fd+Zi3Fpx85hD+wPn8AZCHjUc=</latexit>

L = 0

<latexit sha1_base64="ug2BgoWW9qJH9nkzRaKp8/Isze0="></latexit>

s = �2mV mW kV · kW
��
r=r⇤

=
4mV mWE2

f(r⇤)

<latexit sha1_base64="sqxv3qilw8/x0IR8TzrSBv0dbDs="></latexit>

t1 � t⇤ = ±
Z 1

r⇤

dr

f(r)

<latexit sha1_base64="gZzCMTDbqHxxfEbVfUMt0MZVbQo="></latexit>

ds2 = �f(r)dt2 +
dr2

f(r)
+ r2

⇣
d'� r+r�

r2
dt
⌘2

, f(r) =
(r2 � r2+)(r

2 � r2�)

r2



Center-of-mass energy in rotating BTZ

<latexit sha1_base64="z4tfpQHQf2kJwgJ7 zMitQAz02Rc="></latexit>Z 1

r⇤

dr

f(r)
⇠ r+

2(r2+ � r2�)

Z

r⇤

dr

r � r+
= �r+ log(r⇤ � r+)

2(r2+ � r2�)

<latexit sha1_base64="C8w03TnI5dRcAKhv8LxWOx7FWXQ=">AAACC3icdVDLSsNAFJ3UV62vqEs3Q4tQlYYkVHRZcOOygn1Am4bJdNIOnTyYmQgldO/GX3HjQhG3/oA7/8ZJG8HngeEezrmXO/d4MaNCmua7VlhaXlldK66XNja3tnf03b22iBKOSQtHLOJdDwnCaEhakkpGujEnKPAY6XiTi8zv3BAuaBRey2lMnACNQupTjKSSXL1c5e7xwIY1yN0TVfuM5SxTagP7qOTqFdOwzQzwN7GMeTUrIEfT1d/6wwgnAQklZkiInmXG0kkRlxQzMiv1E0FihCdoRHqKhiggwknnt8zgoVKG0I+4eqGEc/XrRIoCIaaBpzoDJMfip5eJf3m9RPrnTkrDOJEkxItFfsKgjGAWDBxSTrBkU0UQ5lT9FeIx4ghLFV8Wwuel8H/Stg3r1DCv6pVGPY+jCA5AGVSBBc5AA1yCJmgBDG7BPXgET9qd9qA9ay+L1oKWz+yDb9BePwB4y5bV</latexit>

(r2⇤ � r2+ ⌧ r2+ � r2�)

<latexit sha1_base64="fF3LQ/MZ+sEuhOdaQ8ghXHAwmI8=">AAACE3icdZDLSgMxFIYz9VbrbdSlm2ARWqVlprReFkLBjcsK9gLtdMikmTY0cyHJCGWYd3Djq7hxoYhbN+58G9N2BK8/BL785xyS8zsho0IaxruWWVhcWl7JrubW1jc2t/TtnZYIIo5JEwcs4B0HCcKoT5qSSkY6ISfIcxhpO+OLab19Q7iggX8tJyGxPDT0qUsxksqy9UO3wIvwHPZcjnBc4P1KidtH/UoxxZLCJIbqkth63ijXDPPs2IS/wSwbM+VBqoatv/UGAY484kvMkBBd0wilFSMuKWYkyfUiQUKEx2hIugp95BFhxbOdEnignAF0A66OL+HM/ToRI0+IieeoTg/JkfhZm5p/1bqRdE+tmPphJImP5w+5EYMygNOA4IBygiWbKECYU/VXiEdIpSNVjDkVwuem8H9oVcpmrWxcVfP1ahpHFuyBfVAAJjgBdXAJGqAJMLgF9+ARPGl32oP2rL3MWzNaOrMLvkl7/QBbl5tR</latexit>

f(r) =
(r2 � r2+)(r

2 � r2�)

r2

<latexit sha1_base64="KR23uTcSDusDa+Yw/xkoNXhjCh0="></latexit>

t1 � t⇤ = ±
Z 1

r⇤

dr

f(r)

<latexit sha1_base64="QvhQafsZmJdC4oTLvtyZ3Iqnp0M=">AAACC3icdVDLSsNAFJ3UV62vqEs3Q4tQXYSkRHQjFERwWcE+oI1hMp20Q2eSMDMRSujejb/ixoUibv0Bd/6Nk7aCzwOXezjnXmbuCRJGpbLtd6OwsLi0vFJcLa2tb2xumds7LRmnApMmjlksOgGShNGINBVVjHQSQRAPGGkHo7Pcb98QIWkcXalxQjyOBhENKUZKS75ZlqewFwqEM5f7Lcj9NoTn1zU4ySAMq8I/PJj4ZsW2XDsH/E0ca9rtCpij4ZtvvX6MU04ihRmSsuvYifIyJBTFjExKvVSSBOERGpCuphHiRHrZ9JYJ3NdKH4ax0BUpOFW/bmSISznmgZ7kSA3lTy8X//K6qQpPvIxGSapIhGcPhSmDKoZ5MLBPBcGKjTVBWFD9V4iHSCejdHwlHcLnpfB/0qpZzpFlX7qVujuPowj2QBlUgQOOQR1cgAZoAgxuwT14BE/GnfFgPBsvs9GCMd/ZBd9gvH4AEcSYeQ==</latexit>

s =
4mV mWE2

f(r⇤)



Center-of-mass energy in rotating BTZ

<latexit sha1_base64="z4tfpQHQf2kJwgJ7 zMitQAz02Rc="></latexit>Z 1

r⇤

dr

f(r)
⇠ r+

2(r2+ � r2�)

Z

r⇤

dr

r � r+
= �r+ log(r⇤ � r+)

2(r2+ � r2�)

<latexit sha1_base64="C8w03TnI5dRcAKhv8LxWOx7FWXQ=">AAACC3icdVDLSsNAFJ3UV62vqEs3Q4tQlYYkVHRZcOOygn1Am4bJdNIOnTyYmQgldO/GX3HjQhG3/oA7/8ZJG8HngeEezrmXO/d4MaNCmua7VlhaXlldK66XNja3tnf03b22iBKOSQtHLOJdDwnCaEhakkpGujEnKPAY6XiTi8zv3BAuaBRey2lMnACNQupTjKSSXL1c5e7xwIY1yN0TVfuM5SxTagP7qOTqFdOwzQzwN7GMeTUrIEfT1d/6wwgnAQklZkiInmXG0kkRlxQzMiv1E0FihCdoRHqKhiggwknnt8zgoVKG0I+4eqGEc/XrRIoCIaaBpzoDJMfip5eJf3m9RPrnTkrDOJEkxItFfsKgjGAWDBxSTrBkU0UQ5lT9FeIx4ghLFV8Wwuel8H/Stg3r1DCv6pVGPY+jCA5AGVSBBc5AA1yCJmgBDG7BPXgET9qd9qA9ay+L1oKWz+yDb9BePwB4y5bV</latexit>

(r2⇤ � r2+ ⌧ r2+ � r2�)

<latexit sha1_base64="efSJKNGI721zhiGPGZki1ujOAN4="></latexit>

⇠ 1

4

Z

r⇤

dr

(r � r+)2
=

1

4(r⇤ � r+)

<latexit sha1_base64="fA/xJA+pIXdhMt3usYVkOXi8CNQ=">AAACE3icdVDLSsNAFJ34rPUVdelmsAi10pCUii4LblxWsA9oY5hMJ+3QySTMTIQS+g9u/BU3LhRx68adf+OkjeDzwHAP59zLnXv8mFGpbPvdWFhcWl5ZLawV1zc2t7bNnd22jBKBSQtHLBJdH0nCKCctRRUj3VgQFPqMdPzxeeZ3boiQNOJXahITN0RDTgOKkdKSZ1bKwju+rsEqFF5V1z5jmlVyRTtzQZMjzyzZVs3OAH8Tx5pVuwRyND3zrT+IcBISrjBDUvYcO1ZuioSimJFpsZ9IEiM8RkPS05SjkEg3nd00hYdaGcAgEvpxBWfq14kUhVJOQl93hkiN5E8vE//yeokKztyU8jhRhOP5oiBhUEUwCwgOqCBYsYkmCAuq/wrxCAmElY6xqEP4vBT+T9o1yzmx7Mt6qVHP4yiAfXAAysABp6ABLkATtAAGt+AePIIn4854MJ6Nl3nrgpHP7IFvMF4/AESXmfs=</latexit>

(r2+ � r2� ⌧ r2⇤ � r2+ ⌧ r2+)

<latexit sha1_base64="fF3LQ/MZ+sEuhOdaQ8ghXHAwmI8=">AAACE3icdZDLSgMxFIYz9VbrbdSlm2ARWqVlprReFkLBjcsK9gLtdMikmTY0cyHJCGWYd3Djq7hxoYhbN+58G9N2BK8/BL785xyS8zsho0IaxruWWVhcWl7JrubW1jc2t/TtnZYIIo5JEwcs4B0HCcKoT5qSSkY6ISfIcxhpO+OLab19Q7iggX8tJyGxPDT0qUsxksqy9UO3wIvwHPZcjnBc4P1KidtH/UoxxZLCJIbqkth63ijXDPPs2IS/wSwbM+VBqoatv/UGAY484kvMkBBd0wilFSMuKWYkyfUiQUKEx2hIugp95BFhxbOdEnignAF0A66OL+HM/ToRI0+IieeoTg/JkfhZm5p/1bqRdE+tmPphJImP5w+5EYMygNOA4IBygiWbKECYU/VXiEdIpSNVjDkVwuem8H9oVcpmrWxcVfP1ahpHFuyBfVAAJjgBdXAJGqAJMLgF9+ARPGl32oP2rL3MWzNaOrMLvkl7/QBbl5tR</latexit>

f(r) =
(r2 � r2+)(r

2 � r2�)

r2

<latexit sha1_base64="KR23uTcSDusDa+Yw/xkoNXhjCh0="></latexit>

t1 � t⇤ = ±
Z 1

r⇤

dr

f(r)

<latexit sha1_base64="QvhQafsZmJdC4oTLvtyZ3Iqnp0M=">AAACC3icdVDLSsNAFJ3UV62vqEs3Q4tQXYSkRHQjFERwWcE+oI1hMp20Q2eSMDMRSujejb/ixoUibv0Bd/6Nk7aCzwOXezjnXmbuCRJGpbLtd6OwsLi0vFJcLa2tb2xumds7LRmnApMmjlksOgGShNGINBVVjHQSQRAPGGkHo7Pcb98QIWkcXalxQjyOBhENKUZKS75ZlqewFwqEM5f7Lcj9NoTn1zU4ySAMq8I/PJj4ZsW2XDsH/E0ca9rtCpij4ZtvvX6MU04ihRmSsuvYifIyJBTFjExKvVSSBOERGpCuphHiRHrZ9JYJ3NdKH4ax0BUpOFW/bmSISznmgZ7kSA3lTy8X//K6qQpPvIxGSapIhGcPhSmDKoZ5MLBPBcGKjTVBWFD9V4iHSCejdHwlHcLnpfB/0qpZzpFlX7qVujuPowj2QBlUgQOOQR1cgAZoAgxuwT14BE/GnfFgPBsvs9GCMd/ZBd9gvH4AEcSYeQ==</latexit>

s =
4mV mWE2

f(r⇤)



Center-of-mass energy in rotating BTZ

<latexit sha1_base64="z4tfpQHQf2kJwgJ7 zMitQAz02Rc="></latexit>Z 1

r⇤

dr

f(r)
⇠ r+

2(r2+ � r2�)

Z

r⇤

dr

r � r+
= �r+ log(r⇤ � r+)

2(r2+ � r2�)

<latexit sha1_base64="C8w03TnI5dRcAKhv8LxWOx7FWXQ=">AAACC3icdVDLSsNAFJ3UV62vqEs3Q4tQlYYkVHRZcOOygn1Am4bJdNIOnTyYmQgldO/GX3HjQhG3/oA7/8ZJG8HngeEezrmXO/d4MaNCmua7VlhaXlldK66XNja3tnf03b22iBKOSQtHLOJdDwnCaEhakkpGujEnKPAY6XiTi8zv3BAuaBRey2lMnACNQupTjKSSXL1c5e7xwIY1yN0TVfuM5SxTagP7qOTqFdOwzQzwN7GMeTUrIEfT1d/6wwgnAQklZkiInmXG0kkRlxQzMiv1E0FihCdoRHqKhiggwknnt8zgoVKG0I+4eqGEc/XrRIoCIaaBpzoDJMfip5eJf3m9RPrnTkrDOJEkxItFfsKgjGAWDBxSTrBkU0UQ5lT9FeIx4ghLFV8Wwuel8H/Stg3r1DCv6pVGPY+jCA5AGVSBBc5AA1yCJmgBDG7BPXgET9qd9qA9ay+L1oKWz+yDb9BePwB4y5bV</latexit>

(r2⇤ � r2+ ⌧ r2+ � r2�)

<latexit sha1_base64="efSJKNGI721zhiGPGZki1ujOAN4="></latexit>

⇠ 1

4

Z

r⇤

dr

(r � r+)2
=

1

4(r⇤ � r+)

<latexit sha1_base64="fA/xJA+pIXdhMt3usYVkOXi8CNQ=">AAACE3icdVDLSsNAFJ34rPUVdelmsAi10pCUii4LblxWsA9oY5hMJ+3QySTMTIQS+g9u/BU3LhRx68adf+OkjeDzwHAP59zLnXv8mFGpbPvdWFhcWl5ZLawV1zc2t7bNnd22jBKBSQtHLBJdH0nCKCctRRUj3VgQFPqMdPzxeeZ3boiQNOJXahITN0RDTgOKkdKSZ1bKwju+rsEqFF5V1z5jmlVyRTtzQZMjzyzZVs3OAH8Tx5pVuwRyND3zrT+IcBISrjBDUvYcO1ZuioSimJFpsZ9IEiM8RkPS05SjkEg3nd00hYdaGcAgEvpxBWfq14kUhVJOQl93hkiN5E8vE//yeokKztyU8jhRhOP5oiBhUEUwCwgOqCBYsYkmCAuq/wrxCAmElY6xqEP4vBT+T9o1yzmx7Mt6qVHP4yiAfXAAysABp6ABLkATtAAGt+AePIIn4854MJ6Nl3nrgpHP7IFvMF4/AESXmfs=</latexit>

(r2+ � r2� ⌧ r2⇤ � r2+ ⌧ r2+)

<latexit sha1_base64="C8w03TnI5dRcAKhv8LxWOx7FWXQ=">AAACC3icdVDLSsNAFJ3UV62vqEs3Q4tQlYYkVHRZcOOygn1Am4bJdNIOnTyYmQgldO/GX3HjQhG3/oA7/8ZJG8HngeEezrmXO/d4MaNCmua7VlhaXlldK66XNja3tnf03b22iBKOSQtHLOJdDwnCaEhakkpGujEnKPAY6XiTi8zv3BAuaBRey2lMnACNQupTjKSSXL1c5e7xwIY1yN0TVfuM5SxTagP7qOTqFdOwzQzwN7GMeTUrIEfT1d/6wwgnAQklZkiInmXG0kkRlxQzMiv1E0FihCdoRHqKhiggwknnt8zgoVKG0I+4eqGEc/XrRIoCIaaBpzoDJMfip5eJf3m9RPrnTkrDOJEkxItFfsKgjGAWDBxSTrBkU0UQ5lT9FeIx4ghLFV8Wwuel8H/Stg3r1DCv6pVGPY+jCA5AGVSBBc5AA1yCJmgBDG7BPXgET9qd9qA9ay+L1oKWz+yDb9BePwB4y5bV</latexit>

(r2⇤ � r2+ ⌧ r2+ � r2�)

<latexit sha1_base64="2C3dBOLCw8gNxrCnkWEKEcJXAwk="></latexit>

s ⇠ 2mV mW r+E2

(r2+ � r2�)
e

r2+�r2�
r+

�t

<latexit sha1_base64="fF3LQ/MZ+sEuhOdaQ8ghXHAwmI8=">AAACE3icdZDLSgMxFIYz9VbrbdSlm2ARWqVlprReFkLBjcsK9gLtdMikmTY0cyHJCGWYd3Djq7hxoYhbN+58G9N2BK8/BL785xyS8zsho0IaxruWWVhcWl7JrubW1jc2t/TtnZYIIo5JEwcs4B0HCcKoT5qSSkY6ISfIcxhpO+OLab19Q7iggX8tJyGxPDT0qUsxksqy9UO3wIvwHPZcjnBc4P1KidtH/UoxxZLCJIbqkth63ijXDPPs2IS/wSwbM+VBqoatv/UGAY484kvMkBBd0wilFSMuKWYkyfUiQUKEx2hIugp95BFhxbOdEnignAF0A66OL+HM/ToRI0+IieeoTg/JkfhZm5p/1bqRdE+tmPphJImP5w+5EYMygNOA4IBygiWbKECYU/VXiEdIpSNVjDkVwuem8H9oVcpmrWxcVfP1ahpHFuyBfVAAJjgBdXAJGqAJMLgF9+ARPGl32oP2rL3MWzNaOrMLvkl7/QBbl5tR</latexit>

f(r) =
(r2 � r2+)(r

2 � r2�)

r2

<latexit sha1_base64="KR23uTcSDusDa+Yw/xkoNXhjCh0="></latexit>

t1 � t⇤ = ±
Z 1

r⇤

dr

f(r)

<latexit sha1_base64="QvhQafsZmJdC4oTLvtyZ3Iqnp0M=">AAACC3icdVDLSsNAFJ3UV62vqEs3Q4tQXYSkRHQjFERwWcE+oI1hMp20Q2eSMDMRSujejb/ixoUibv0Bd/6Nk7aCzwOXezjnXmbuCRJGpbLtd6OwsLi0vFJcLa2tb2xumds7LRmnApMmjlksOgGShNGINBVVjHQSQRAPGGkHo7Pcb98QIWkcXalxQjyOBhENKUZKS75ZlqewFwqEM5f7Lcj9NoTn1zU4ySAMq8I/PJj4ZsW2XDsH/E0ca9rtCpij4ZtvvX6MU04ihRmSsuvYifIyJBTFjExKvVSSBOERGpCuphHiRHrZ9JYJ3NdKH4ax0BUpOFW/bmSISznmgZ7kSA3lTy8X//K6qQpPvIxGSapIhGcPhSmDKoZ5MLBPBcGKjTVBWFD9V4iHSCejdHwlHcLnpfB/0qpZzpFlX7qVujuPowj2QBlUgQOOQR1cgAZoAgxuwT14BE/GnfFgPBsvs9GCMd/ZBd9gvH4AEcSYeQ==</latexit>

s =
4mV mWE2

f(r⇤)



Center-of-mass energy in rotating BTZ

<latexit sha1_base64="z4tfpQHQf2kJwgJ7 zMitQAz02Rc="></latexit>Z 1

r⇤

dr

f(r)
⇠ r+

2(r2+ � r2�)

Z

r⇤

dr

r � r+
= �r+ log(r⇤ � r+)

2(r2+ � r2�)

<latexit sha1_base64="C8w03TnI5dRcAKhv8LxWOx7FWXQ=">AAACC3icdVDLSsNAFJ3UV62vqEs3Q4tQlYYkVHRZcOOygn1Am4bJdNIOnTyYmQgldO/GX3HjQhG3/oA7/8ZJG8HngeEezrmXO/d4MaNCmua7VlhaXlldK66XNja3tnf03b22iBKOSQtHLOJdDwnCaEhakkpGujEnKPAY6XiTi8zv3BAuaBRey2lMnACNQupTjKSSXL1c5e7xwIY1yN0TVfuM5SxTagP7qOTqFdOwzQzwN7GMeTUrIEfT1d/6wwgnAQklZkiInmXG0kkRlxQzMiv1E0FihCdoRHqKhiggwknnt8zgoVKG0I+4eqGEc/XrRIoCIaaBpzoDJMfip5eJf3m9RPrnTkrDOJEkxItFfsKgjGAWDBxSTrBkU0UQ5lT9FeIx4ghLFV8Wwuel8H/Stg3r1DCv6pVGPY+jCA5AGVSBBc5AA1yCJmgBDG7BPXgET9qd9qA9ay+L1oKWz+yDb9BePwB4y5bV</latexit>

(r2⇤ � r2+ ⌧ r2+ � r2�)

<latexit sha1_base64="efSJKNGI721zhiGPGZki1ujOAN4="></latexit>

⇠ 1

4

Z

r⇤

dr

(r � r+)2
=

1

4(r⇤ � r+)

<latexit sha1_base64="fA/xJA+pIXdhMt3usYVkOXi8CNQ=">AAACE3icdVDLSsNAFJ34rPUVdelmsAi10pCUii4LblxWsA9oY5hMJ+3QySTMTIQS+g9u/BU3LhRx68adf+OkjeDzwHAP59zLnXv8mFGpbPvdWFhcWl5ZLawV1zc2t7bNnd22jBKBSQtHLBJdH0nCKCctRRUj3VgQFPqMdPzxeeZ3boiQNOJXahITN0RDTgOKkdKSZ1bKwju+rsEqFF5V1z5jmlVyRTtzQZMjzyzZVs3OAH8Tx5pVuwRyND3zrT+IcBISrjBDUvYcO1ZuioSimJFpsZ9IEiM8RkPS05SjkEg3nd00hYdaGcAgEvpxBWfq14kUhVJOQl93hkiN5E8vE//yeokKztyU8jhRhOP5oiBhUEUwCwgOqCBYsYkmCAuq/wrxCAmElY6xqEP4vBT+T9o1yzmx7Mt6qVHP4yiAfXAAysABp6ABLkATtAAGt+AePIIn4854MJ6Nl3nrgpHP7IFvMF4/AESXmfs=</latexit>

(r2+ � r2� ⌧ r2⇤ � r2+ ⌧ r2+)

<latexit sha1_base64="C8w03TnI5dRcAKhv8LxWOx7FWXQ=">AAACC3icdVDLSsNAFJ3UV62vqEs3Q4tQlYYkVHRZcOOygn1Am4bJdNIOnTyYmQgldO/GX3HjQhG3/oA7/8ZJG8HngeEezrmXO/d4MaNCmua7VlhaXlldK66XNja3tnf03b22iBKOSQtHLOJdDwnCaEhakkpGujEnKPAY6XiTi8zv3BAuaBRey2lMnACNQupTjKSSXL1c5e7xwIY1yN0TVfuM5SxTagP7qOTqFdOwzQzwN7GMeTUrIEfT1d/6wwgnAQklZkiInmXG0kkRlxQzMiv1E0FihCdoRHqKhiggwknnt8zgoVKG0I+4eqGEc/XrRIoCIaaBpzoDJMfip5eJf3m9RPrnTkrDOJEkxItFfsKgjGAWDBxSTrBkU0UQ5lT9FeIx4ghLFV8Wwuel8H/Stg3r1DCv6pVGPY+jCA5AGVSBBc5AA1yCJmgBDG7BPXgET9qd9qA9ay+L1oKWz+yDb9BePwB4y5bV</latexit>

(r2⇤ � r2+ ⌧ r2+ � r2�)

<latexit sha1_base64="fA/xJA+pIXdhMt3usYVkOXi8CNQ=">AAACE3icdVDLSsNAFJ34rPUVdelmsAi10pCUii4LblxWsA9oY5hMJ+3QySTMTIQS+g9u/BU3LhRx68adf+OkjeDzwHAP59zLnXv8mFGpbPvdWFhcWl5ZLawV1zc2t7bNnd22jBKBSQtHLBJdH0nCKCctRRUj3VgQFPqMdPzxeeZ3boiQNOJXahITN0RDTgOKkdKSZ1bKwju+rsEqFF5V1z5jmlVyRTtzQZMjzyzZVs3OAH8Tx5pVuwRyND3zrT+IcBISrjBDUvYcO1ZuioSimJFpsZ9IEiM8RkPS05SjkEg3nd00hYdaGcAgEvpxBWfq14kUhVJOQl93hkiN5E8vE//yeokKztyU8jhRhOP5oiBhUEUwCwgOqCBYsYkmCAuq/wrxCAmElY6xqEP4vBT+T9o1yzmx7Mt6qVHP4yiAfXAAysABp6ABLkATtAAGt+AePIIn4854MJ6Nl3nrgpHP7IFvMF4/AESXmfs=</latexit>

(r2+ � r2� ⌧ r2⇤ � r2+ ⌧ r2+)
<latexit sha1_base64="0N9nnhEwgDlVbZORBZy5kY4OrF4=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARXJWkVHRZUMFlBXuBJobJdNIOnUnCzIlQSrdufBU3LhRx6xu4822ctllo6w8HPv5zDjPnD1PBNTjOt1VYWV1b3yhulra2d3b37P2Dlk4yRVmTJiJRnZBoJnjMmsBBsE6qGJGhYO1weDnttx+Y0jyJ72CUMl+SfswjTgkYK7Cxp7nENSyDlqk2xtf3VYy9KyaAYDAc2GWn4syEl8HNoYxyNQL7y+slNJMsBiqI1l3XScEfEwWcCjYpeZlmKaFD0mddgzGRTPvj2SUTfGKcHo4SZSoGPHN/b4yJ1HokQzMpCQz0Ym9q/tfrZhBd+GMepxmwmM4fijKBIcHTWHCPK0ZBjAwQqrj5K6YDoggFE17JhOAunrwMrWrFPas4t7VyvZbHUURH6BidIhedozq6QQ3URBQ9omf0it6sJ+vFerc+5qMFK985RH9kff4A6WuXPg==</latexit>

⇠ 4mV mWE2�t2

<latexit sha1_base64="2C3dBOLCw8gNxrCnkWEKEcJXAwk="></latexit>

s ⇠ 2mV mW r+E2

(r2+ � r2�)
e

r2+�r2�
r+

�t

<latexit sha1_base64="fF3LQ/MZ+sEuhOdaQ8ghXHAwmI8=">AAACE3icdZDLSgMxFIYz9VbrbdSlm2ARWqVlprReFkLBjcsK9gLtdMikmTY0cyHJCGWYd3Djq7hxoYhbN+58G9N2BK8/BL785xyS8zsho0IaxruWWVhcWl7JrubW1jc2t/TtnZYIIo5JEwcs4B0HCcKoT5qSSkY6ISfIcxhpO+OLab19Q7iggX8tJyGxPDT0qUsxksqy9UO3wIvwHPZcjnBc4P1KidtH/UoxxZLCJIbqkth63ijXDPPs2IS/wSwbM+VBqoatv/UGAY484kvMkBBd0wilFSMuKWYkyfUiQUKEx2hIugp95BFhxbOdEnignAF0A66OL+HM/ToRI0+IieeoTg/JkfhZm5p/1bqRdE+tmPphJImP5w+5EYMygNOA4IBygiWbKECYU/VXiEdIpSNVjDkVwuem8H9oVcpmrWxcVfP1ahpHFuyBfVAAJjgBdXAJGqAJMLgF9+ARPGl32oP2rL3MWzNaOrMLvkl7/QBbl5tR</latexit>

f(r) =
(r2 � r2+)(r

2 � r2�)

r2

<latexit sha1_base64="KR23uTcSDusDa+Yw/xkoNXhjCh0="></latexit>

t1 � t⇤ = ±
Z 1

r⇤

dr

f(r)

<latexit sha1_base64="QvhQafsZmJdC4oTLvtyZ3Iqnp0M=">AAACC3icdVDLSsNAFJ3UV62vqEs3Q4tQXYSkRHQjFERwWcE+oI1hMp20Q2eSMDMRSujejb/ixoUibv0Bd/6Nk7aCzwOXezjnXmbuCRJGpbLtd6OwsLi0vFJcLa2tb2xumds7LRmnApMmjlksOgGShNGINBVVjHQSQRAPGGkHo7Pcb98QIWkcXalxQjyOBhENKUZKS75ZlqewFwqEM5f7Lcj9NoTn1zU4ySAMq8I/PJj4ZsW2XDsH/E0ca9rtCpij4ZtvvX6MU04ihRmSsuvYifIyJBTFjExKvVSSBOERGpCuphHiRHrZ9JYJ3NdKH4ax0BUpOFW/bmSISznmgZ7kSA3lTy8X//K6qQpPvIxGSapIhGcPhSmDKoZ5MLBPBcGKjTVBWFD9V4iHSCejdHwlHcLnpfB/0qpZzpFlX7qVujuPowj2QBlUgQOOQR1cgAZoAgxuwT14BE/GnfFgPBsvs9GCMd/ZBd9gvH4AEcSYeQ==</latexit>

s =
4mV mWE2

f(r⇤)



Center-of-mass energy in extremal BTZ

Infalling and outgoing (almost) null geodesic that cross at radius

Each has conserved energy      and angular momentum

<latexit sha1_base64="E6bzkehcUfFmZ7ITr4YDJrOYvd8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREKnosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWetD9i3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGN74mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1WfWuqu59rVKv5XEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wf0/Y2J</latexit>r⇤

<latexit sha1_base64="ug2BgoWW9qJH9nkzRaKp8/Isze0="></latexit>

s = �2mV mW kV · kW
��
r=r⇤

=
4mV mWE2

f(r⇤)

<latexit sha1_base64="0N9nnhEwgDlVbZORBZy5kY4OrF4=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARXJWkVHRZUMFlBXuBJobJdNIOnUnCzIlQSrdufBU3LhRx6xu4822ctllo6w8HPv5zDjPnD1PBNTjOt1VYWV1b3yhulra2d3b37P2Dlk4yRVmTJiJRnZBoJnjMmsBBsE6qGJGhYO1weDnttx+Y0jyJ72CUMl+SfswjTgkYK7Cxp7nENSyDlqk2xtf3VYy9KyaAYDAc2GWn4syEl8HNoYxyNQL7y+slNJMsBiqI1l3XScEfEwWcCjYpeZlmKaFD0mddgzGRTPvj2SUTfGKcHo4SZSoGPHN/b4yJ1HokQzMpCQz0Ym9q/tfrZhBd+GMepxmwmM4fijKBIcHTWHCPK0ZBjAwQqrj5K6YDoggFE17JhOAunrwMrWrFPas4t7VyvZbHUURH6BidIhedozq6QQ3URBQ9omf0it6sJ+vFerc+5qMFK985RH9kff4A6WuXPg==</latexit>

⇠ 4mV mWE2�t2

<latexit sha1_base64="wWLt0puFhVCqFzw6rUR/Zb1dsNY=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgashIi26EghsXLiraB7RDyaSZNjSTGZKMUIZ+ghsXirj1i9z5N2baCj4PhBzOuZd77wkSwbXB+N0pLC2vrK4V10sbm1vbO+XdvZaOU0VZk8YiVp2AaCa4ZE3DjWCdRDESBYK1g/FF7rfvmNI8lrdmkjA/IkPJQ06JsdLN1TnulyvYreIc6Dfx3NmPK7BAo19+6w1imkZMGiqI1l0PJ8bPiDKcCjYt9VLNEkLHZMi6lkoSMe1ns1Wn6MgqAxTGyj5p0Ez92pGRSOtJFNjKiJiR/unl4l9eNzXhmZ9xmaSGSTofFKYCmRjld6MBV4waMbGEUMXtroiOiCLU2HRKNoTPS9H/pHXiejUXX1cr9eoijiIcwCEcgwenUIdLaEATKAzhHh7hyRHOg/PsvMxLC86iZx++wXn9AKIDjVM=</latexit>

L = 0
<latexit sha1_base64="x4lVyCtbX7WRHv9IkckaCwRehJ4=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbsS0WNABI8JmAckS5id9CZjZmeXmVkhhHyBFw+KePWTvPk3ziYRfBYMU1R1090VpoJr43nvztLyyuraemGjuLm1vbNb2ttv6iRTDBssEYlqh1Sj4BIbhhuB7VQhjUOBrXB0mfutO1SaJ/LGjFMMYjqQPOKMGivVr3qlsudWvBzkN/Hd2e+VYYFar/TW7Scsi1EaJqjWHd9LTTChynAmcFrsZhpTykZ0gB1LJY1RB5PZolNybJU+iRJlnzRkpn7tmNBY63Ec2sqYmqH+6eXiX14nM9FFMOEyzQxKNh8UZYKYhORXkz5XyIwYW0KZ4nZXwoZUUWZsNkUbwuel5H/SPHX9M9erV8rVyiKOAhzCEZyAD+dQhWuoQQMYINzDIzw5t86D8+y8zEuXnEXPAXyD8/oBp4WMyw==</latexit>

E

<latexit sha1_base64="QgWYAX5bweDsaPJNQJ7pzsJlc04="></latexit>

ds2 = `2AdS

"
�
�
r2 � 2r2+

�
dt2 +

r2 dr2
�
r2 � r2+

�2 � 2r2+ dtd'+ r2 d'2

#

In exponential (Lyapunov) regime of non-extremal BH, we used to have                     .

In slow scrambling regime of extremal BH, we will find additional time-dependence.   

<latexit sha1_base64="gyzDlx9ZBPswAbG9EIWNdgSjrVc=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JIRY8FD3qSCvYDmhA2m027dDcJuxOxlP4VLx4U8eof8ea/cdvmoK0PBh7vzTAzL8wE1+A431ZpbX1jc6u8XdnZ3ds/sA+rHZ3mirI2TUWqeiHRTPCEtYGDYL1MMSJDwbrh6Hrmdx+Z0jxNHmCcMV+SQcJjTgkYKbCrXsQEEOxpLvFNcIc1DuyaU3fmwKvELUgNFWgF9pcXpTSXLAEqiNZ918nAnxAFnAo2rXi5ZhmhIzJgfUMTIpn2J/Pbp/jUKBGOU2UqATxXf09MiNR6LEPTKQkM9bI3E//z+jnEV/6EJ1kOLKGLRXEuMKR4FgSOuGIUxNgQQhU3t2I6JIpQMHFVTAju8surpHNedy/qzn2j1mwUcZTRMTpBZ8hFl6iJblELtRFFT+gZvaI3a2q9WO/Wx6K1ZBUzR+gPrM8fVFiTRw==</latexit>

� ⇠ GNs



Computing OTOC using shockwaves

Support of shockwave emitted by outgoing null geodesic in retarded coordinates 
for non-compact     :

Shockwave is emitted from geodesic towards conformal boundary. 

<latexit sha1_base64="TmOwpWwktciVrV1swLGkb/1gf9Y=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bjw4jGCeUCyhN7JbDJkdnaYmQ2EJeAvePGgiFe/x5t/4+Rx0MSChqKqm+6uSAlurO9/e2vrG5tb24Wd4u7e/sFh6ei4YdJMU1anqUh1K0LDBJesbrkVrKU0wyQSrBkN76Z+c8S04al8tGPFwgT7kseconVSszNCrQa8Wyr7FX8GskqCBSnDArVu6avTS2mWMGmpQGPaga9smKO2nAo2KXYywxTSIfZZ21GJCTNhPjt3Qs6d0iNxql1JS2bq74kcE2PGSeQ6E7QDs+xNxf+8dmbj2zDnUmWWSTpfFGeC2JRMfyc9rhm1YuwIUs3drYQOUCO1LqGiCyFYfnmVNC4rwXXFf7gqV6tP8zgKcApncAEB3EAV7qEGdaAwhGd4hTdPeS/eu/cxb13zFhGewB94nz+iApAo</latexit>'



Computing OTOC using shockwaves: compact
Contour plots of eikonal phase (cubic function would have equidistant contour lines): 

<latexit sha1_base64="TmOwpWwktciVrV1swLGkb/1gf9Y=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bjw4jGCeUCyhN7JbDJkdnaYmQ2EJeAvePGgiFe/x5t/4+Rx0MSChqKqm+6uSAlurO9/e2vrG5tb24Wd4u7e/sFh6ei4YdJMU1anqUh1K0LDBJesbrkVrKU0wyQSrBkN76Z+c8S04al8tGPFwgT7kseconVSszNCrQa8Wyr7FX8GskqCBSnDArVu6avTS2mWMGmpQGPaga9smKO2nAo2KXYywxTSIfZZ21GJCTNhPjt3Qs6d0iNxql1JS2bq74kcE2PGSeQ6E7QDs+xNxf+8dmbj2zDnUmWWSTpfFGeC2JRMfyc9rhm1YuwIUs3drYQOUCO1LqGiCyFYfnmVNC4rwXXFf7gqV6tP8zgKcApncAEB3EAV7qEGdaAwhGd4hTdPeS/eu/cxb13zFhGewB94nz+iApAo</latexit>'



Computing OTOC using shockwaves



Power-law growth and sawtooth modulation

average cubic growth

local quadratic growth

sawtooth pattern
(quadratic/exponential)



Comments

• Periodic      : shockwave obtained via method of images. 

• Number of images that contribute             . 

• This combines with                        into overall cubic growth of eikonal phase.

• Local quadratic and exponential growth reflects                                    .

• For                   , scattering happens away from the horizon. If we had replaced 
shockwave by expression at the horizon, an infinite number of images would have
contributed, yielding a divergent result.

• Sawtooth pattern had been observed in                             for non-extremal rotating BTZ,
in the regime                   .

<latexit sha1_base64="TmOwpWwktciVrV1swLGkb/1gf9Y=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bjw4jGCeUCyhN7JbDJkdnaYmQ2EJeAvePGgiFe/x5t/4+Rx0MSChqKqm+6uSAlurO9/e2vrG5tb24Wd4u7e/sFh6ei4YdJMU1anqUh1K0LDBJesbrkVrKU0wyQSrBkN76Z+c8S04al8tGPFwgT7kseconVSszNCrQa8Wyr7FX8GskqCBSnDArVu6avTS2mWMGmpQGPaga9smKO2nAo2KXYywxTSIfZZ21GJCTNhPjt3Qs6d0iNxql1JS2bq74kcE2PGSeQ6E7QDs+xNxf+8dmbj2zDnUmWWSTpfFGeC2JRMfyc9rhm1YuwIUs3drYQOUCO1LqGiCyFYfnmVNC4rwXXFf7gqV6tP8zgKcApncAEB3EAV7qEGdaAwhGd4hTdPeS/eu/cxb13zFhGewB94nz+iApAo</latexit>'

<latexit sha1_base64="uCkfXrRXJeQXkjNua6wzQ6fRFLM=">AAAB9HicbVBNS8NAEN3Urxq/qh69LBbBU0lE0WNBDx4r2A9oQtlsN+3S3U3cnRRK6O/w4kERr/4Yb/4bt20O2vpg4PHeDDPzolRwA5737ZTW1jc2t8rb7s7u3v5B5fCoZZJMU9akiUh0JyKGCa5YEzgI1kk1IzISrB2Nbmd+e8y04Yl6hEnKQkkGisecErBSGBgu3eCOCSAYepWqV/PmwKvEL0gVFWj0Kl9BP6GZZAqoIMZ0fS+FMCcaOBVs6gaZYSmhIzJgXUsVkcyE+fzoKT6zSh/HibalAM/V3xM5kcZMZGQ7JYGhWfZm4n9eN4P4Jsy5SjNgii4WxZnAkOBZArjPNaMgJpYQqrm9FdMh0YSCzcm1IfjLL6+S1kXNv6p5D5fV+mURRxmdoFN0jnx0jeroHjVQE1H0hJ7RK3pzxs6L8+58LFpLTjFzjP7A+fwB5EiRew==</latexit>

⇠ �t
<latexit sha1_base64="NLWP70Tx1oHsMEw1NGtfqKII+WI=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSxCvZSkVPRY0IPHCvYD2lg22027dLMJuxOlxP4ULx4U8eov8ea/cdvmoK0PBh7vzTAzz48F1+A431ZubX1jcyu/XdjZ3ds/sIuHLR0lirImjUSkOj7RTHDJmsBBsE6sGAl9wdr++Grmtx+Y0jySdzCJmReSoeQBpwSM1LeLuqd5WO5dMwEEw9l9tW+XnIozB14lbkZKKEOjb3/1BhFNQiaBCqJ113Vi8FKigFPBpoVeollM6JgMWddQSUKmvXR++hSfGmWAg0iZkoDn6u+JlIRaT0LfdIYERnrZm4n/ed0Egksv5TJOgEm6WBQkAkOEZzngAVeMgpgYQqji5lZMR0QRCiatggnBXX55lbSqFfe84tzWSvVaFkceHaMTVEYuukB1dIMaqIkoekTP6BW9WU/Wi/VufSxac1Y2c4T+wPr8AftRkx4=</latexit>

s ⇠ (�t)2

<latexit sha1_base64="Sso6ALSd3qR9ZzRDtAe3z9D6Uvs=">AAACBnicbVDLSsNAFJ3UV62vqEsRBosgKCWRim4KBTcuXFTpC5oQJtNJO3QyCTMToYSs3Pgrblwo4tZvcOffOG2z0NYDFw7n3Mu99/gxo1JZ1rdRWFpeWV0rrpc2Nre2d8zdvbaMEoFJC0csEl0fScIoJy1FFSPdWBAU+ox0/NH1xO88ECFpxJtqHBM3RANOA4qR0pJnHja925p1Bh0Im959zQkEwqnwTrPUiWnmmWWrYk0BF4mdkzLI0fDML6cf4SQkXGGGpOzZVqzcFAlFMSNZyUkkiREeoQHpacpRSKSbTt/I4LFW+jCIhC6u4FT9PZGiUMpx6OvOEKmhnPcm4n9eL1HBlZtSHieKcDxbFCQMqghOMoF9KghWbKwJwoLqWyEeIp2E0smVdAj2/MuLpH1esS8q1l21XK/mcRTBATgCJ8AGl6AObkADtAAGj+AZvII348l4Md6Nj1lrwchn9sEfGJ8/2FSXcg==</latexit>

TL = 0, TR =
r+
⇡

<latexit sha1_base64="bz7PPoOqhmFpvss64BeON+Ebw90=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9iViB4DevAYwTwgu4TZSW8yZPbBTG8gLPkTLx4U8eqfePNvnCR70MSChqKqm+6uIJVCo+N8W6WNza3tnfJuZW//4PDIPj5p6yRTHFo8kYnqBkyDFDG0UKCEbqqARYGETjC+m/udCSgtkvgJpyn4ERvGIhScoZH6tu3dg0RG0ZPSCwBZ3646NWcBuk7cglRJgWbf/vIGCc8iiJFLpnXPdVL0c6ZQcAmzipdpSBkfsyH0DI1ZBNrPF5fP6IVRBjRMlKkY6UL9PZGzSOtpFJjOiOFIr3pz8T+vl2F46+ciTjOEmC8XhZmkmNB5DHQgFHCUU0MYV8LcSvmIKcbRhFUxIbirL6+T9lXNva45j/Vqo17EUSZn5JxcEpfckAZ5IE3SIpxMyDN5JW9Wbr1Y79bHsrVkFTOn5A+szx8dEpNH</latexit>

�t ⌧ �

[Mezei, Sárosi]
<latexit sha1_base64="9pk0UxC8vuGuiZ85wALhidsp788=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9iViB4DevAYwTwgu4TZSW8yZPbBTG8gLPkTLx4U8eqfePNvnCR70MSChqKqm+6uIJVCo+N8W6WNza3tnfJuZW//4PDIPj5p6yRTHFo8kYnqBkyDFDG0UKCEbqqARYGETjC+m/udCSgtkvgJpyn4ERvGIhScoZH6tu3dg0RG0RsOvQCQ9e2qU3MWoOvELUiVFGj27S9vkPAsghi5ZFr3XCdFP2cKBZcwq3iZhpTxMRtCz9CYRaD9fHH5jF4YZUDDRJmKkS7U3xM5i7SeRoHpjBiO9Ko3F//zehmGt34u4jRDiPlyUZhJigmdx0AHQgFHOTWEcSXMrZSPmGIcTVgVE4K7+vI6aV/V3Oua81ivNupFHGVyRs7JJXHJDWmQB9IkLcLJhDyTV/Jm5daL9W59LFtLVjFzSv7A+vwBDbOTPQ==</latexit>

�t � �
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Microstate geometries: (1,0,n) superstrata

black hole limit: 
<latexit sha1_base64="FX19HCxQ1bH4pEfXtP9X0sszkd0=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuCG5cV7APaoWTSO21sJhmSjFBK/8GNC0Xc+j/u/BvTdhbaeiBwOOdecs+JUsGN9f1vr7C2vrG5Vdwu7ezu7R+UD4+aRmWaYYMpoXQ7ogYFl9iw3ApspxppEglsRaPbmd96Qm24kg92nGKY0IHkMWfUOqlJu1YRv1eu+FV/DrJKgpxUIEe9V/7q9hXLEpSWCWpMJ/BTG06otpwJnJa6mcGUshEdYMdRSRM04WR+7ZScOaVPYqXdk5bM1d8bE5oYM04iN5lQOzTL3kz8z+tkNr4JJ1ymmUXJFh/FmSAu4iw66XONzIqxI5Rp7m4lbEg1ZdYVVHIlBMuRV0nzohpcVf37y0rtMq+jCCdwCucQwDXU4A7q0AAGj/AMr/DmKe/Fe/c+FqMFL985hj/wPn8A25mOnA==</latexit>

a ! 0
[Bena, Giusto, Martinec, Russo, Shigemori, Turton, Warner]



Dual CFT states

• (1,0,n) superstrata correspond to (coherent superpositions of) explicitly 
known states in the dual D1-D5 CFT, which has                         .

• Solutions are supersymmetric à BPS states, which can be constructed at 
symmetric orbifold point in moduli space.

• Constructed by adding momentum to 2-charge solutions/states, while 
decreasing angular momentum.

• Parameters     and      are related to angular momentum and momentum, 
respectively.

[Bena, Giusto, Martinec, Russo, Shigemori, Turton, Warner]

<latexit sha1_base64="mwrz/h8MGmMqKa9xezsFD0bn3ho=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVVr0IBS+eSgX7Ie2yZNNsG5pklyQrlNJf4cWDIl79Od78N6btHrT1wcDjvRlm5oUJZ9q47reTW1vf2NzKbxd2dvf2D4qHRy0dp4rQJol5rDoh1pQzSZuGGU47iaJYhJy2w9HtzG8/UaVZLB/MOKG+wAPJIkawsdIjubmsB149qAbFklt250CrxMtICTI0guJXrx+TVFBpCMdadz03Mf4EK8MIp9NCL9U0wWSEB7RrqcSCan8yP3iKzqzSR1GsbEmD5urviQkWWo9FaDsFNkO97M3E/7xuaqJrf8JkkhoqyWJRlHJkYjT7HvWZosTwsSWYKGZvRWSIFSbGZlSwIXjLL6+S1kXZq5bd+0qpVsniyMMJnMI5eHAFNbiDBjSBgIBneIU3RzkvzrvzsWjNOdnMMfyB8/kDSwePYA==</latexit>

c = 6N1N5

<latexit sha1_base64="JlgtQQsRwJBMDMD1v3aOftQkD2U=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reddVt1ir1Wh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AwHmM2w==</latexit>a
<latexit sha1_base64="OyepmuKtfxCdivb9khnLUoD7ZG0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W966rbrFXqtTyOIpzBOVyCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4Awf2M3A==</latexit>

b



Interaction locus of geodesics

<latexit sha1_base64="NHMyd2HS9Tsj2QO9wIGVcbX+Sms=">AAACDHicbVDLSsNAFJ34rPVVdelmsAhuLIlUdFnQhcsqfUETw2Q6aYfOJGHmRighH+DGX3HjQhG3foA7/8bpY6GtBwYO55zLnXuCRHANtv1tLS2vrK6tFzaKm1vbO7ulvf2WjlNFWZPGIladgGgmeMSawEGwTqIYkYFg7WB4NfbbD0xpHkcNGCXMk6Qf8ZBTAkbyS2X3mgkgGPzMVRLDQMUEcuxqLnHDv7vPTp3cpOyKPQFeJM6MlNEMdb/05fZimkoWARVE665jJ+BlRAGnguVFN9UsIXRI+qxraEQk0142OSbHx0bp4TBW5kWAJ+rviYxIrUcyMElJYKDnvbH4n9dNIbz0Mh4lKbCITheFqcAQ43EzuMcVoyBGhhCquPkrpgOiCAXTX9GU4MyfvEhaZxXnvGLfVsu16qyOAjpER+gEOegC1dANqqMmougRPaNX9GY9WS/Wu/UxjS5Zs5kD9AfW5w+9bpq7</latexit>

�tthroat ⇠ T�1
R

<latexit sha1_base64="/ZrTPt4hb5aj908RAd5I/eIx5W0="></latexit>

�tcap ⇠ 1p
n

b2

a2
⇠ N1N5

TR



Center-of-mass energy is bounded



Shockwave modifications

• If interactions happen outside cap region, BTZ shockwave can be used.

• When interactions reach cap region, detailed form of OTOC depends on
shockwave in 6d superstrata geometry. Not yet computed.



Tidal forces
Geodesic approximation:

with

<latexit sha1_base64="Zw3rWy6YmlTDSfzPcP9toWzahNg="></latexit>

h |�(X)�(Y )| i = A(X,Y )eimS(X,Y )

<latexit sha1_base64="tziCl7JgP6VGDRnNaHd4vBhNHNU=">AAACBXicbVDLSgNBEJyNrxhfqx71MBiECBJ2JaIXIeDFY0TzIolhdnaSDJmdXWZ6xbDk4sVf8eJBEa/+gzf/xsnjoIkFDUVVN91dXiS4Bsf5tlILi0vLK+nVzNr6xuaWvb1T0WGsKCvTUISq5hHNBJesDBwEq0WKkcATrOr1L0d+9Z4pzUN5C4OItQLSlbzDKQEjte39m1ztuH500eQS2kl9eFfD/gNuUj8E3G/bWSfvjIHniTslWTRFqW1/Nf2QxgGTQAXRuuE6EbQSooBTwYaZZqxZRGifdFnDUEkCplvJ+IshPjSKjzuhMiUBj9XfEwkJtB4EnukMCPT0rDcS//MaMXTOWwmXUQxM0smiTiwwhHgUCfa5YhTEwBBCFTe3YtojilAwwWVMCO7sy/OkcpJ3T/POdSFbLEzjSKM9dIByyEVnqIiuUAmVEUWP6Bm9ojfryXqx3q2PSWvKms7soj+wPn8AYuqXMQ==</latexit>

S(X,Y ) =

Z X

Y
dx · k



Tidal forces
Geodesic approximation:

with

<latexit sha1_base64="Zw3rWy6YmlTDSfzPcP9toWzahNg="></latexit>

h |�(X)�(Y )| i = A(X,Y )eimS(X,Y )

<latexit sha1_base64="tziCl7JgP6VGDRnNaHd4vBhNHNU=">AAACBXicbVDLSgNBEJyNrxhfqx71MBiECBJ2JaIXIeDFY0TzIolhdnaSDJmdXWZ6xbDk4sVf8eJBEa/+gzf/xsnjoIkFDUVVN91dXiS4Bsf5tlILi0vLK+nVzNr6xuaWvb1T0WGsKCvTUISq5hHNBJesDBwEq0WKkcATrOr1L0d+9Z4pzUN5C4OItQLSlbzDKQEjte39m1ztuH500eQS2kl9eFfD/gNuUj8E3G/bWSfvjIHniTslWTRFqW1/Nf2QxgGTQAXRuuE6EbQSooBTwYaZZqxZRGifdFnDUEkCplvJ+IshPjSKjzuhMiUBj9XfEwkJtB4EnukMCPT0rDcS//MaMXTOWwmXUQxM0smiTiwwhHgUCfa5YhTEwBBCFTe3YtojilAwwWVMCO7sy/OkcpJ3T/POdSFbLEzjSKM9dIByyEVnqIiuUAmVEUWP6Bm9ojfryXqx3q2PSWvKms7soj+wPn8AYuqXMQ==</latexit>

S(X,Y ) =

Z X

Y
dx · k

<latexit sha1_base64="soyIITNAgVQ/lqafbKAsRiIi0ko=">AAACCXicbVC7TsMwFL0pr1JeAUYWiwqJqUoQCMYiFsYi0YfURJHjuq1VO4lsB6lKu7LwKywMIMTKH7DxNzhtBmg5kqVzz7lX1/eECWdKO863VVpZXVvfKG9WtrZ3dvfs/YOWilNJaJPEPJadECvKWUSbmmlOO4mkWISctsPRTe63H6hULI7u9TihvsCDiPUZwdpIgY0mXoKlZpgHnkjR9QR5nCOBJqOiDuyqU3NmQMvELUgVCjQC+8vrxSQVNNKEY6W6rpNoP8uXEE6nFS9VNMFkhAe0a2iEBVV+Nrtkik6M0kP9WJoXaTRTf09kWCg1FqHpFFgP1aKXi/953VT3r/yMRUmqaUTmi/opRzpGeSyoxyQlmo8NwUQy81dEhlhiok14FROCu3jyMmmd1dyLmnN3Xq2fF3GU4QiO4RRcuIQ63EIDmkDgEZ7hFd6sJ+vFerc+5q0lq5g5hD+wPn8Af56Zgg==</latexit>

|@µA| ⌧ m|kµA|Validity requires



Tidal forces
Geodesic approximation:

with

<latexit sha1_base64="Zw3rWy6YmlTDSfzPcP9toWzahNg="></latexit>

h |�(X)�(Y )| i = A(X,Y )eimS(X,Y )

<latexit sha1_base64="tziCl7JgP6VGDRnNaHd4vBhNHNU=">AAACBXicbVDLSgNBEJyNrxhfqx71MBiECBJ2JaIXIeDFY0TzIolhdnaSDJmdXWZ6xbDk4sVf8eJBEa/+gzf/xsnjoIkFDUVVN91dXiS4Bsf5tlILi0vLK+nVzNr6xuaWvb1T0WGsKCvTUISq5hHNBJesDBwEq0WKkcATrOr1L0d+9Z4pzUN5C4OItQLSlbzDKQEjte39m1ztuH500eQS2kl9eFfD/gNuUj8E3G/bWSfvjIHniTslWTRFqW1/Nf2QxgGTQAXRuuE6EbQSooBTwYaZZqxZRGifdFnDUEkCplvJ+IshPjSKjzuhMiUBj9XfEwkJtB4EnukMCPT0rDcS//MaMXTOWwmXUQxM0smiTiwwhHgUCfa5YhTEwBBCFTe3YtojilAwwWVMCO7sy/OkcpJ3T/POdSFbLEzjSKM9dIByyEVnqIiuUAmVEUWP6Bm9ojfryXqx3q2PSWvKms7soj+wPn8AYuqXMQ==</latexit>

S(X,Y ) =

Z X

Y
dx · k

<latexit sha1_base64="soyIITNAgVQ/lqafbKAsRiIi0ko=">AAACCXicbVC7TsMwFL0pr1JeAUYWiwqJqUoQCMYiFsYi0YfURJHjuq1VO4lsB6lKu7LwKywMIMTKH7DxNzhtBmg5kqVzz7lX1/eECWdKO863VVpZXVvfKG9WtrZ3dvfs/YOWilNJaJPEPJadECvKWUSbmmlOO4mkWISctsPRTe63H6hULI7u9TihvsCDiPUZwdpIgY0mXoKlZpgHnkjR9QR5nCOBJqOiDuyqU3NmQMvELUgVCjQC+8vrxSQVNNKEY6W6rpNoP8uXEE6nFS9VNMFkhAe0a2iEBVV+Nrtkik6M0kP9WJoXaTRTf09kWCg1FqHpFFgP1aKXi/953VT3r/yMRUmqaUTmi/opRzpGeSyoxyQlmo8NwUQy81dEhlhiok14FROCu3jyMmmd1dyLmnN3Xq2fF3GU4QiO4RRcuIQ63EIDmkDgEZ7hFd6sJ+vFerc+5q0lq5g5hD+wPn8Af56Zgg==</latexit>

|@µA| ⌧ m|kµA|Validity requires

<latexit sha1_base64="aW+pQ9LDMWRFXE5non/zqgyr0nY="></latexit>

d

d⌧
A = �✓

2
A, ✓ ⌘ rµk

µ



Tidal forces
Geodesic approximation:

with

<latexit sha1_base64="Zw3rWy6YmlTDSfzPcP9toWzahNg="></latexit>

h |�(X)�(Y )| i = A(X,Y )eimS(X,Y )

<latexit sha1_base64="tziCl7JgP6VGDRnNaHd4vBhNHNU=">AAACBXicbVDLSgNBEJyNrxhfqx71MBiECBJ2JaIXIeDFY0TzIolhdnaSDJmdXWZ6xbDk4sVf8eJBEa/+gzf/xsnjoIkFDUVVN91dXiS4Bsf5tlILi0vLK+nVzNr6xuaWvb1T0WGsKCvTUISq5hHNBJesDBwEq0WKkcATrOr1L0d+9Z4pzUN5C4OItQLSlbzDKQEjte39m1ztuH500eQS2kl9eFfD/gNuUj8E3G/bWSfvjIHniTslWTRFqW1/Nf2QxgGTQAXRuuE6EbQSooBTwYaZZqxZRGifdFnDUEkCplvJ+IshPjSKjzuhMiUBj9XfEwkJtB4EnukMCPT0rDcS//MaMXTOWwmXUQxM0smiTiwwhHgUCfa5YhTEwBBCFTe3YtojilAwwWVMCO7sy/OkcpJ3T/POdSFbLEzjSKM9dIByyEVnqIiuUAmVEUWP6Bm9ojfryXqx3q2PSWvKms7soj+wPn8AYuqXMQ==</latexit>

S(X,Y ) =

Z X

Y
dx · k

<latexit sha1_base64="soyIITNAgVQ/lqafbKAsRiIi0ko=">AAACCXicbVC7TsMwFL0pr1JeAUYWiwqJqUoQCMYiFsYi0YfURJHjuq1VO4lsB6lKu7LwKywMIMTKH7DxNzhtBmg5kqVzz7lX1/eECWdKO863VVpZXVvfKG9WtrZ3dvfs/YOWilNJaJPEPJadECvKWUSbmmlOO4mkWISctsPRTe63H6hULI7u9TihvsCDiPUZwdpIgY0mXoKlZpgHnkjR9QR5nCOBJqOiDuyqU3NmQMvELUgVCjQC+8vrxSQVNNKEY6W6rpNoP8uXEE6nFS9VNMFkhAe0a2iEBVV+Nrtkik6M0kP9WJoXaTRTf09kWCg1FqHpFFgP1aKXi/953VT3r/yMRUmqaUTmi/opRzpGeSyoxyQlmo8NwUQy81dEhlhiok14FROCu3jyMmmd1dyLmnN3Xq2fF3GU4QiO4RRcuIQ63EIDmkDgEZ7hFd6sJ+vFerc+5q0lq5g5hD+wPn8Af56Zgg==</latexit>

|@µA| ⌧ m|kµA|Validity requires

<latexit sha1_base64="aW+pQ9LDMWRFXE5non/zqgyr0nY="></latexit>

d

d⌧
A = �✓

2
A, ✓ ⌘ rµk

µ

<latexit sha1_base64="6t8pGAWFA40JU9v8qibW4CZXm8o=">AAACC3icbVA9SwNBEN2LXzF+RS1tlgTBKtxJRMuAjWUE8wG5EPY2c8mS3btjd04IMb2Nf8XGQhFb/4Cd/8ZNcoUmPlh4894Ms/OCRAqDrvvt5NbWNza38tuFnd29/YPi4VHTxKnm0OCxjHU7YAakiKCBAiW0Ew1MBRJaweh65rfuQRsRR3c4TqCr2CASoeAMrdQrlnyh7B4w1JcQ4oOPQ0BGfS0GQ1tJSVWvWHYr7hx0lXgZKZMM9V7xy+/HPFUQIZfMmI7nJtidMI2CS5gW/NRAwviIDaBjacQUmO5kfsuUnlqlT8NY2xchnau/JyZMGTNWge1UDIdm2ZuJ/3mdFMOr7kRESYoQ8cWiMJUUYzoLhvaFBo5ybAnjWti/Uj5kmnG08RVsCN7yyaukeV7xLirubbVcq2Zx5MkJKZEz4pFLUiM3pE4ahJNH8kxeyZvz5Lw4787HojXnZDPH5A+czx9YYpsw</latexit>

=) |✓| ⌧ m



Tidal forces
Geodesic approximation:

with

<latexit sha1_base64="Zw3rWy6YmlTDSfzPcP9toWzahNg="></latexit>

h |�(X)�(Y )| i = A(X,Y )eimS(X,Y )

<latexit sha1_base64="tziCl7JgP6VGDRnNaHd4vBhNHNU=">AAACBXicbVDLSgNBEJyNrxhfqx71MBiECBJ2JaIXIeDFY0TzIolhdnaSDJmdXWZ6xbDk4sVf8eJBEa/+gzf/xsnjoIkFDUVVN91dXiS4Bsf5tlILi0vLK+nVzNr6xuaWvb1T0WGsKCvTUISq5hHNBJesDBwEq0WKkcATrOr1L0d+9Z4pzUN5C4OItQLSlbzDKQEjte39m1ztuH500eQS2kl9eFfD/gNuUj8E3G/bWSfvjIHniTslWTRFqW1/Nf2QxgGTQAXRuuE6EbQSooBTwYaZZqxZRGifdFnDUEkCplvJ+IshPjSKjzuhMiUBj9XfEwkJtB4EnukMCPT0rDcS//MaMXTOWwmXUQxM0smiTiwwhHgUCfa5YhTEwBBCFTe3YtojilAwwWVMCO7sy/OkcpJ3T/POdSFbLEzjSKM9dIByyEVnqIiuUAmVEUWP6Bm9ojfryXqx3q2PSWvKms7soj+wPn8AYuqXMQ==</latexit>

S(X,Y ) =

Z X

Y
dx · k
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Tidal forces
Geodesic approximation:
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Tidal forces

[Bena, Martinec, Walker, Warner][Tyukov, Walker, Warner]

Validity of geodesic approximation requires

Raychaudhuri eq:

In superstratum:

Second term grows as geodesic falls into throat, invalidating geodesic approximation at
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Results
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Comments on dual CFT

• Reproduce sawtooth pattern of OTOCs corresponding to rotating BTZ from CFT.

• BTZ does not dominate canonical ensemble for low enough temperature, 
in particular for extremal BTZ.

• So our gravity computation of an OTOC in extremal BTZ should not correspond to a 
thermal OTOC in CFT.

• However, it does provide a good approximation to an OTOC in a microstate. 

[work in progress with Surbhi Khetrapal]



Summary

• Lyapunov behavior of OTOC: gravitational scattering near BH horizon.

• OTOC can be computed using geodesic approximation.

• Extremal BTZ: gravitational scattering away from horizon, slow scrambling,
OTOC displays sawtooth pattern.

• Microstate geometries: reproduce slow scrambling properties of extremal BTZ,
deviations kick in after the scrambling time except for extremely high temperatures.


