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On Acceleration

Acceleration is when an object is not travelling on a geodesic.

… but this does not mean time dependence!

Start in 4D AdS to build a picture:  
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On Acceleration

For an observer at R=R0 in AdS, the tangent vector is purely 
timelike:

but the acceleration is radial:
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Rindler with no Horizon

The magnitude of the acceleration is 
related to R0 :

So,
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The Slowly Accelerating 
Black Hole

The slowly accelerating black hole 
in AdS is displaced from centre. It 
has a conical deficit running from 
the horizon to the boundary. The 
string tension provides the force 
that hold the black hole off-centre.
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This accelerating black hole in 4D is described by the C-metric

Where
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Acceleration & Black Holes

Hong & Teo, CQG20 3629 (2003)

f determines horizon structure – 
black hole / acceleration / 
cosmological constant



Slowly Accelerating Rindler

As a check, set m to zero:

& using the coordinate transformation

we get back to global AdS
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C-coordinates give AdS 
from an off-centre 
perspective. An observer 
hovering away from 
centre of AdS is 
accelerating.



Acceleration & Strings
Once mA is nonzero,                                      distorts the 2-
sphere: 

This is a conical deficit, which we associate to a cosmic string 
with tension

Introduce K so that f has a uniform periodicity. The tension of 
the string now relates to a parameter in the metric.
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The Black Hole

Suppose K = 1+2mA, then 

So as m increases, A decreases for the 
same tension.

Recall that the lower the acceleration, the 
closer to the centre of global AdS.

If an accelerating black hole accretes, it 
drops further down, if it evaporates, it 
moves to the boundary.
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String Formation?
A string could form emerging from a black hole when a 
phase transition gives mass to a previously massless U(1) 
gauge boson.

Monopole Confined flux.



Thermodynamics with Strings

To illustrate the process of finding a first law, simplify to 
Schwarzschild-AdS with a deficit:

Black hole horizon defined by f=0, look at small changes in f.
Horizon still defined by f(r) = 0.
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Entropy with Strings
The temperature has its usual expression from a Euclidean 
calculation, the entropy is given by the area of the horizon, 
which is affected by K:

So

And we have to identify changes in K
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Changing Tension

Tension is related to K:

So easily get

Finally
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First Law with Tension

Putting together:

So identify

Then also get Smarr relation:
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Thermodynamic Length

The term multiplying the variation in tension is a 
“thermodynamic length”

Reinforces interpretation of M as enthalpy, if black 
hole grows, it swallows some string, but has also 
displaced the same amount of energy from 
environment.

� = r+ �m

Kastor & Traschen: 1207:5415 [hep-th]



Back to the acc black hole:
The accelerating, rotating, charged Kerr-AdS black hole is 
obviously more algebraically complex, but the principle is the 
same (we need to introduce a rescaling of the time coordinate)

This will rescale temperature, and also changes computations of 
the mass. 
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Holographic M

Expand the metric near the boundary (Fefferman-Graham):

Fn and Gn determined by the requirement that
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Fefferman-Graham

For the boundary metric, get:

And for the boundary fluid stress tensor:
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hT µ
⌫ i = diag {⇢E ,�⇢E/2 +⇧, ⇢E/2�⇧}

<latexit sha1_base64="sFj5wSFdylHfm6SyxU1YIEzWOIc="></latexit><latexit sha1_base64="sFj5wSFdylHfm6SyxU1YIEzWOIc="></latexit><latexit sha1_base64="sFj5wSFdylHfm6SyxU1YIEzWOIc="></latexit><latexit sha1_base64="sFj5wSFdylHfm6SyxU1YIEzWOIc="></latexit>
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3.0 ⇢E
<latexit sha1_base64="Z6jgtyQEc7E2DEf5zqtPTFPUWuM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9BgUwWME84BkCbOT2WTM7Mwy0yuEkH/w4kERr/6PN//GSbIHTSxoKKq66e6KUiks+v63t7K6tr6xWdgqbu/s7u2XDg4bVmeG8TrTUptWRC2XQvE6CpS8lRpOk0jyZjS8mfrNJ26s0OoBRykPE9pXIhaMopMaHTPQ3dtuqexX/BnIMglyUoYctW7pq9PTLEu4Qiapte3ATzEcU4OCST4pdjLLU8qGtM/bjiqacBuOZ9dOyKlTeiTWxpVCMlN/T4xpYu0oiVxnQnFgF72p+J/XzjC+CsdCpRlyxeaL4kwS1GT6OukJwxnKkSOUGeFuJWxADWXoAiq6EILFl5dJ47wS+JXg/qJcvc7jKMAxnMAZBHAJVbiDGtSBwSM8wyu8edp78d69j3nripfPHMEfeJ8/ZcqO/w==</latexit><latexit sha1_base64="Z6jgtyQEc7E2DEf5zqtPTFPUWuM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9BgUwWME84BkCbOT2WTM7Mwy0yuEkH/w4kERr/6PN//GSbIHTSxoKKq66e6KUiks+v63t7K6tr6xWdgqbu/s7u2XDg4bVmeG8TrTUptWRC2XQvE6CpS8lRpOk0jyZjS8mfrNJ26s0OoBRykPE9pXIhaMopMaHTPQ3dtuqexX/BnIMglyUoYctW7pq9PTLEu4Qiapte3ATzEcU4OCST4pdjLLU8qGtM/bjiqacBuOZ9dOyKlTeiTWxpVCMlN/T4xpYu0oiVxnQnFgF72p+J/XzjC+CsdCpRlyxeaL4kwS1GT6OukJwxnKkSOUGeFuJWxADWXoAiq6EILFl5dJ47wS+JXg/qJcvc7jKMAxnMAZBHAJVbiDGtSBwSM8wyu8edp78d69j3nripfPHMEfeJ8/ZcqO/w==</latexit><latexit sha1_base64="Z6jgtyQEc7E2DEf5zqtPTFPUWuM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9BgUwWME84BkCbOT2WTM7Mwy0yuEkH/w4kERr/6PN//GSbIHTSxoKKq66e6KUiks+v63t7K6tr6xWdgqbu/s7u2XDg4bVmeG8TrTUptWRC2XQvE6CpS8lRpOk0jyZjS8mfrNJ26s0OoBRykPE9pXIhaMopMaHTPQ3dtuqexX/BnIMglyUoYctW7pq9PTLEu4Qiapte3ATzEcU4OCST4pdjLLU8qGtM/bjiqacBuOZ9dOyKlTeiTWxpVCMlN/T4xpYu0oiVxnQnFgF72p+J/XzjC+CsdCpRlyxeaL4kwS1GT6OukJwxnKkSOUGeFuJWxADWXoAiq6EILFl5dJ47wS+JXg/qJcvc7jKMAxnMAZBHAJVbiDGtSBwSM8wyu8edp78d69j3nripfPHMEfeJ8/ZcqO/w==</latexit><latexit sha1_base64="Z6jgtyQEc7E2DEf5zqtPTFPUWuM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9BgUwWME84BkCbOT2WTM7Mwy0yuEkH/w4kERr/6PN//GSbIHTSxoKKq66e6KUiks+v63t7K6tr6xWdgqbu/s7u2XDg4bVmeG8TrTUptWRC2XQvE6CpS8lRpOk0jyZjS8mfrNJ26s0OoBRykPE9pXIhaMopMaHTPQ3dtuqexX/BnIMglyUoYctW7pq9PTLEu4Qiapte3ATzEcU4OCST4pdjLLU8qGtM/bjiqacBuOZ9dOyKlTeiTWxpVCMlN/T4xpYu0oiVxnQnFgF72p+J/XzjC+CsdCpRlyxeaL4kwS1GT6OukJwxnKkSOUGeFuJWxADWXoAiq6EILFl5dJ47wS+JXg/qJcvc7jKMAxnMAZBHAJVbiDGtSBwSM8wyu8edp78d69j3nripfPHMEfeJ8/ZcqO/w==</latexit>

p⇠
<latexit sha1_base64="wByA7NaH7R2zBuZYLcXgjILB//c=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKpi20oWy2m3bpZhN2J2IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px7cxvP3JtRKIecJLyIKZDJSLBKFrJT/u9J9Gv1ty6OwdZJV5BalCg2a9+9QYJy2KukElqTNdzUwxyqlEwyaeVXmZ4StmYDnnXUkVjboJ8fuyUnFllQKJE21JI5urviZzGxkzi0HbGFEdm2ZuJ/3ndDKPrIBcqzZArtlgUZZJgQmafk4HQnKGcWEKZFvZWwkZUU4Y2n4oNwVt+eZW0LuqeW/fuL2uNmyKOMpzAKZyDB1fQgDtogg8MBDzDK7w5ynlx3p2PRWvJKWaO4Q+czx/iX464</latexit><latexit sha1_base64="wByA7NaH7R2zBuZYLcXgjILB//c=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKpi20oWy2m3bpZhN2J2IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px7cxvP3JtRKIecJLyIKZDJSLBKFrJT/u9J9Gv1ty6OwdZJV5BalCg2a9+9QYJy2KukElqTNdzUwxyqlEwyaeVXmZ4StmYDnnXUkVjboJ8fuyUnFllQKJE21JI5urviZzGxkzi0HbGFEdm2ZuJ/3ndDKPrIBcqzZArtlgUZZJgQmafk4HQnKGcWEKZFvZWwkZUU4Y2n4oNwVt+eZW0LuqeW/fuL2uNmyKOMpzAKZyDB1fQgDtogg8MBDzDK7w5ynlx3p2PRWvJKWaO4Q+czx/iX464</latexit><latexit sha1_base64="wByA7NaH7R2zBuZYLcXgjILB//c=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKpi20oWy2m3bpZhN2J2IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px7cxvP3JtRKIecJLyIKZDJSLBKFrJT/u9J9Gv1ty6OwdZJV5BalCg2a9+9QYJy2KukElqTNdzUwxyqlEwyaeVXmZ4StmYDnnXUkVjboJ8fuyUnFllQKJE21JI5urviZzGxkzi0HbGFEdm2ZuJ/3ndDKPrIBcqzZArtlgUZZJgQmafk4HQnKGcWEKZFvZWwkZUU4Y2n4oNwVt+eZW0LuqeW/fuL2uNmyKOMpzAKZyDB1fQgDtogg8MBDzDK7w5ynlx3p2PRWvJKWaO4Q+czx/iX464</latexit><latexit sha1_base64="wByA7NaH7R2zBuZYLcXgjILB//c=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKpi20oWy2m3bpZhN2J2IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px7cxvP3JtRKIecJLyIKZDJSLBKFrJT/u9J9Gv1ty6OwdZJV5BalCg2a9+9QYJy2KukElqTNdzUwxyqlEwyaeVXmZ4StmYDnnXUkVjboJ8fuyUnFllQKJE21JI5urviZzGxkzi0HbGFEdm2ZuJ/3ndDKPrIBcqzZArtlgUZZJgQmafk4HQnKGcWEKZFvZWwkZUU4Y2n4oNwVt+eZW0LuqeW/fuL2uNmyKOMpzAKZyDB1fQgDtogg8MBDzDK7w5ynlx3p2PRWvJKWaO4Q+czx/iX464</latexit>

p�
<latexit sha1_base64="kBZQdDRLFD8ETrJtgrFfZUILZjQ=">AAAB7XicbVBNSwMxEJ2tX7V+rXr0EiyCp7Irgh6LXjxWsB/QLiWbZtvYbBKSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvVpwZGwTfXmltfWNzq7xd2dnd2z/wD49aRmaa0CaRXOpOjA3lTNCmZZbTjtIUpzGn7Xh8O/PbT1QbJsWDnSgapXgoWMIItk5qqX5PjVjfrwa1YA60SsKCVKFAo+9/9QaSZCkVlnBsTDcMlI1yrC0jnE4rvcxQhckYD2nXUYFTaqJ8fu0UnTllgBKpXQmL5urviRynxkzS2HWm2I7MsjcT//O6mU2uo5wJlVkqyGJRknFkJZq9jgZMU2L5xBFMNHO3IjLCGhPrAqq4EMLll1dJ66IWBrXw/rJavyniKMMJnMI5hHAFdbiDBjSBwCM8wyu8edJ78d69j0VryStmjuEPvM8fmtWPIg==</latexit><latexit sha1_base64="kBZQdDRLFD8ETrJtgrFfZUILZjQ=">AAAB7XicbVBNSwMxEJ2tX7V+rXr0EiyCp7Irgh6LXjxWsB/QLiWbZtvYbBKSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvVpwZGwTfXmltfWNzq7xd2dnd2z/wD49aRmaa0CaRXOpOjA3lTNCmZZbTjtIUpzGn7Xh8O/PbT1QbJsWDnSgapXgoWMIItk5qqX5PjVjfrwa1YA60SsKCVKFAo+9/9QaSZCkVlnBsTDcMlI1yrC0jnE4rvcxQhckYD2nXUYFTaqJ8fu0UnTllgBKpXQmL5urviRynxkzS2HWm2I7MsjcT//O6mU2uo5wJlVkqyGJRknFkJZq9jgZMU2L5xBFMNHO3IjLCGhPrAqq4EMLll1dJ66IWBrXw/rJavyniKMMJnMI5hHAFdbiDBjSBwCM8wyu8edJ78d69j0VryStmjuEPvM8fmtWPIg==</latexit><latexit sha1_base64="kBZQdDRLFD8ETrJtgrFfZUILZjQ=">AAAB7XicbVBNSwMxEJ2tX7V+rXr0EiyCp7Irgh6LXjxWsB/QLiWbZtvYbBKSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvVpwZGwTfXmltfWNzq7xd2dnd2z/wD49aRmaa0CaRXOpOjA3lTNCmZZbTjtIUpzGn7Xh8O/PbT1QbJsWDnSgapXgoWMIItk5qqX5PjVjfrwa1YA60SsKCVKFAo+9/9QaSZCkVlnBsTDcMlI1yrC0jnE4rvcxQhckYD2nXUYFTaqJ8fu0UnTllgBKpXQmL5urviRynxkzS2HWm2I7MsjcT//O6mU2uo5wJlVkqyGJRknFkJZq9jgZMU2L5xBFMNHO3IjLCGhPrAqq4EMLll1dJ66IWBrXw/rJavyniKMMJnMI5hHAFdbiDBjSBwCM8wyu8edJ78d69j0VryStmjuEPvM8fmtWPIg==</latexit><latexit sha1_base64="kBZQdDRLFD8ETrJtgrFfZUILZjQ=">AAAB7XicbVBNSwMxEJ2tX7V+rXr0EiyCp7Irgh6LXjxWsB/QLiWbZtvYbBKSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvVpwZGwTfXmltfWNzq7xd2dnd2z/wD49aRmaa0CaRXOpOjA3lTNCmZZbTjtIUpzGn7Xh8O/PbT1QbJsWDnSgapXgoWMIItk5qqX5PjVjfrwa1YA60SsKCVKFAo+9/9QaSZCkVlnBsTDcMlI1yrC0jnE4rvcxQhckYD2nXUYFTaqJ8fu0UnTllgBKpXQmL5urviRynxkzS2HWm2I7MsjcT//O6mU2uo5wJlVkqyGJRknFkJZq9jgZMU2L5xBFMNHO3IjLCGhPrAqq4EMLll1dJ66IWBrXw/rJavyniKMMJnMI5hHAFdbiDBjSBwCM8wyu8edJ78d69j0VryStmjuEPvM8fmtWPIg==</latexit>
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Accelerating Thermodynamics

Integrate up the boundary stress-energy to get the mass:

What is alpha? Setting m (and other charges) to zero, and 
demanding that the boundary is a round 2-sphere gives 

Get a consistent first law with corrections to V and TD 
length, and – can generalise to rotation

M =

Z
⇢E

p
� =

↵m

K
<latexit sha1_base64="nibcMAa5S0UxlN99umOj4bRr4ms=">AAACGnicbVDLSsNAFJ3UV62vqks3g0VwVRIRdFMoiiCIUME+oAnhZjpph84kcWYilJDvcOOvuHGhiDtx4984fSy0euDC4Zx7ufeeIOFMadv+sgoLi0vLK8XV0tr6xuZWeXunpeJUEtokMY9lJwBFOYtoUzPNaSeRFETAaTsYno/99j2VisXRrR4l1BPQj1jICGgj+WXnuoZdFmnsykGM/QvsqjupM7cPQkBec0MJJHOBJwPAIs+u8pJfrthVewL8lzgzUkEzNPzyh9uLSSpopAkHpbqOnWgvA6kZ4TQvuamiCZAh9GnX0AgEVV42eS3HB0bp4TCWpsyVE/XnRAZCqZEITKcAPVDz3lj8z+umOjz1MhYlqaYRmS4KU451jMc54R6TlGg+MgSIZOZWTAZg0tAmzXEIzvzLf0nrqOrYVefmuFI/m8VRRHtoHx0iB52gOrpEDdREBD2gJ/SCXq1H69l6s96nrQVrNrOLfsH6/AZaVKB1</latexit><latexit sha1_base64="nibcMAa5S0UxlN99umOj4bRr4ms=">AAACGnicbVDLSsNAFJ3UV62vqks3g0VwVRIRdFMoiiCIUME+oAnhZjpph84kcWYilJDvcOOvuHGhiDtx4984fSy0euDC4Zx7ufeeIOFMadv+sgoLi0vLK8XV0tr6xuZWeXunpeJUEtokMY9lJwBFOYtoUzPNaSeRFETAaTsYno/99j2VisXRrR4l1BPQj1jICGgj+WXnuoZdFmnsykGM/QvsqjupM7cPQkBec0MJJHOBJwPAIs+u8pJfrthVewL8lzgzUkEzNPzyh9uLSSpopAkHpbqOnWgvA6kZ4TQvuamiCZAh9GnX0AgEVV42eS3HB0bp4TCWpsyVE/XnRAZCqZEITKcAPVDz3lj8z+umOjz1MhYlqaYRmS4KU451jMc54R6TlGg+MgSIZOZWTAZg0tAmzXEIzvzLf0nrqOrYVefmuFI/m8VRRHtoHx0iB52gOrpEDdREBD2gJ/SCXq1H69l6s96nrQVrNrOLfsH6/AZaVKB1</latexit><latexit sha1_base64="nibcMAa5S0UxlN99umOj4bRr4ms=">AAACGnicbVDLSsNAFJ3UV62vqks3g0VwVRIRdFMoiiCIUME+oAnhZjpph84kcWYilJDvcOOvuHGhiDtx4984fSy0euDC4Zx7ufeeIOFMadv+sgoLi0vLK8XV0tr6xuZWeXunpeJUEtokMY9lJwBFOYtoUzPNaSeRFETAaTsYno/99j2VisXRrR4l1BPQj1jICGgj+WXnuoZdFmnsykGM/QvsqjupM7cPQkBec0MJJHOBJwPAIs+u8pJfrthVewL8lzgzUkEzNPzyh9uLSSpopAkHpbqOnWgvA6kZ4TQvuamiCZAh9GnX0AgEVV42eS3HB0bp4TCWpsyVE/XnRAZCqZEITKcAPVDz3lj8z+umOjz1MhYlqaYRmS4KU451jMc54R6TlGg+MgSIZOZWTAZg0tAmzXEIzvzLf0nrqOrYVefmuFI/m8VRRHtoHx0iB52gOrpEDdREBD2gJ/SCXq1H69l6s96nrQVrNrOLfsH6/AZaVKB1</latexit><latexit sha1_base64="nibcMAa5S0UxlN99umOj4bRr4ms=">AAACGnicbVDLSsNAFJ3UV62vqks3g0VwVRIRdFMoiiCIUME+oAnhZjpph84kcWYilJDvcOOvuHGhiDtx4984fSy0euDC4Zx7ufeeIOFMadv+sgoLi0vLK8XV0tr6xuZWeXunpeJUEtokMY9lJwBFOYtoUzPNaSeRFETAaTsYno/99j2VisXRrR4l1BPQj1jICGgj+WXnuoZdFmnsykGM/QvsqjupM7cPQkBec0MJJHOBJwPAIs+u8pJfrthVewL8lzgzUkEzNPzyh9uLSSpopAkHpbqOnWgvA6kZ4TQvuamiCZAh9GnX0AgEVV42eS3HB0bp4TCWpsyVE/XnRAZCqZEITKcAPVDz3lj8z+umOjz1MhYlqaYRmS4KU451jMc54R6TlGg+MgSIZOZWTAZg0tAmzXEIzvzLf0nrqOrYVefmuFI/m8VRRHtoHx0iB52gOrpEDdREBD2gJ/SCXq1H69l6s96nrQVrNrOLfsH6/AZaVKB1</latexit>

↵ =
p

1�A2`2
<latexit sha1_base64="nnb4gjqRTKZ/IqyZiu4EOJMxZOY=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBHcWJIi6EaounFZwT6gSctkOmmHTh7O3AgldOXGX3HjQhG3foM7/8ZJm4W2HrhwOOde7r3HiwVXYFnfxsLi0vLKamGtuL6xubVt7uw2VJRIyuo0EpFseUQxwUNWBw6CtWLJSOAJ1vSG15nffGBS8Si8g1HM3ID0Q+5zSkBLXfPAISIeEHyBHXUvIbVPLjsV7DAhOpVxsWuWrLI1AZ4ndk5KKEeta345vYgmAQuBCqJU27ZicFMigVPBxkUnUSwmdEj6rK1pSAKm3HTyxhgfaaWH/UjqCgFP1N8TKQmUGgWe7gwIDNSsl4n/ee0E/HM35WGcAAvpdJGfCAwRzjLBPS4ZBTHShFDJ9a2YDogkFHRyWQj27MvzpFEp21bZvj0tVa/yOApoHx2iY2SjM1RFN6iG6oiiR/SMXtGb8WS8GO/Gx7R1wchn9tAfGJ8/pbSXTA==</latexit><latexit sha1_base64="nnb4gjqRTKZ/IqyZiu4EOJMxZOY=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBHcWJIi6EaounFZwT6gSctkOmmHTh7O3AgldOXGX3HjQhG3foM7/8ZJm4W2HrhwOOde7r3HiwVXYFnfxsLi0vLKamGtuL6xubVt7uw2VJRIyuo0EpFseUQxwUNWBw6CtWLJSOAJ1vSG15nffGBS8Si8g1HM3ID0Q+5zSkBLXfPAISIeEHyBHXUvIbVPLjsV7DAhOpVxsWuWrLI1AZ4ndk5KKEeta345vYgmAQuBCqJU27ZicFMigVPBxkUnUSwmdEj6rK1pSAKm3HTyxhgfaaWH/UjqCgFP1N8TKQmUGgWe7gwIDNSsl4n/ee0E/HM35WGcAAvpdJGfCAwRzjLBPS4ZBTHShFDJ9a2YDogkFHRyWQj27MvzpFEp21bZvj0tVa/yOApoHx2iY2SjM1RFN6iG6oiiR/SMXtGb8WS8GO/Gx7R1wchn9tAfGJ8/pbSXTA==</latexit><latexit sha1_base64="nnb4gjqRTKZ/IqyZiu4EOJMxZOY=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBHcWJIi6EaounFZwT6gSctkOmmHTh7O3AgldOXGX3HjQhG3foM7/8ZJm4W2HrhwOOde7r3HiwVXYFnfxsLi0vLKamGtuL6xubVt7uw2VJRIyuo0EpFseUQxwUNWBw6CtWLJSOAJ1vSG15nffGBS8Si8g1HM3ID0Q+5zSkBLXfPAISIeEHyBHXUvIbVPLjsV7DAhOpVxsWuWrLI1AZ4ndk5KKEeta345vYgmAQuBCqJU27ZicFMigVPBxkUnUSwmdEj6rK1pSAKm3HTyxhgfaaWH/UjqCgFP1N8TKQmUGgWe7gwIDNSsl4n/ee0E/HM35WGcAAvpdJGfCAwRzjLBPS4ZBTHShFDJ9a2YDogkFHRyWQj27MvzpFEp21bZvj0tVa/yOApoHx2iY2SjM1RFN6iG6oiiR/SMXtGb8WS8GO/Gx7R1wchn9tAfGJ8/pbSXTA==</latexit><latexit sha1_base64="nnb4gjqRTKZ/IqyZiu4EOJMxZOY=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBHcWJIi6EaounFZwT6gSctkOmmHTh7O3AgldOXGX3HjQhG3foM7/8ZJm4W2HrhwOOde7r3HiwVXYFnfxsLi0vLKamGtuL6xubVt7uw2VJRIyuo0EpFseUQxwUNWBw6CtWLJSOAJ1vSG15nffGBS8Si8g1HM3ID0Q+5zSkBLXfPAISIeEHyBHXUvIbVPLjsV7DAhOpVxsWuWrLI1AZ4ndk5KKEeta345vYgmAQuBCqJU27ZicFMigVPBxkUnUSwmdEj6rK1pSAKm3HTyxhgfaaWH/UjqCgFP1N8TKQmUGgWe7gwIDNSsl4n/ee0E/HM35WGcAAvpdJGfCAwRzjLBPS4ZBTHShFDJ9a2YDogkFHRyWQj27MvzpFEp21bZvj0tVa/yOApoHx2iY2SjM1RFN6iG6oiiR/SMXtGb8WS8GO/Gx7R1wchn9tAfGJ8/pbSXTA==</latexit>



General Thermo Parameters
M =

m(⌅+ a2/`2)(1�A2`2⌅)

K⌅↵(1 + a2A2)

T =
f 0
+r

2
+

4⇡↵(r2+ + a2)
, S =

⇡(r2+ + a2)

K(1�A2r2+)
,

Q =
e

K
, � = �t =

er+
(r2+ + a2)↵

,

J =
ma

K2
, ⌦ = ⌦H � ⌦1 , ⌦H =

Ka

↵(r2+ + a2)

P =
3

8⇡`2
, V =

4⇡

3K↵


r+(r2+ + a2)

(1�A2r2+)
+

m[a2(1�A2`2⌅) +A2`4⌅(⌅+ a2/`2)]

(1 + a2A2)⌅

�

�± =
r+

↵(1±Ar+)
� m

↵

[⌅+ a2/`2 + a
2

`2
(1�A2`2⌅)]

(1 + a2A2)⌅2
⌥ A`2(⌅+ a2/`2)

↵(1 + a2A2)
<latexit sha1_base64="+PgDLoYGXTcPHHSyi8tNgwX4/sE="></latexit><latexit sha1_base64="+PgDLoYGXTcPHHSyi8tNgwX4/sE="></latexit><latexit sha1_base64="+PgDLoYGXTcPHHSyi8tNgwX4/sE="></latexit><latexit sha1_base64="+PgDLoYGXTcPHHSyi8tNgwX4/sE="></latexit>

⌅ = 1� a2

l2
+A2(e2 + a2)

<latexit sha1_base64="id80BgapX3ubHKkU90j042uu+RY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQKZYkCLoRqm5cVrAPaNIymU7aoZNJmJkIJXTvxl9x40IRt/6AO//GaZuFth64l8M59zJzjx8zKpVlfRu5ldW19Y38ZmFre2d3z9w/aMooEZg0cMQi0faRJIxy0lBUMdKOBUGhz0jLH91M/dYDEZJG/F6NY+KFaMBpQDFSWuqZRbdNL+1TNxAIp6jrTFKmW+Wq65RJ16lo5aRnlqyqNQNcJnZGSiBDvWd+uf0IJyHhCjMkZce2YuWlSCiKGZkU3ESSGOERGpCOphyFRHrp7JYJPNZKHwaR0MUVnKm/N1IUSjkOfT0ZIjWUi95U/M/rJCq48FLK40QRjucPBQmDKoLTYGCfCoIVG2uCsKD6rxAPkY5F6fgKOgR78eRl0nSqtlW1785Ktessjjw4AkVQBjY4BzVwC+qgATB4BM/gFbwZT8aL8W58zEdzRrZzCP7A+PwBu8KY6g==</latexit><latexit sha1_base64="id80BgapX3ubHKkU90j042uu+RY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQKZYkCLoRqm5cVrAPaNIymU7aoZNJmJkIJXTvxl9x40IRt/6AO//GaZuFth64l8M59zJzjx8zKpVlfRu5ldW19Y38ZmFre2d3z9w/aMooEZg0cMQi0faRJIxy0lBUMdKOBUGhz0jLH91M/dYDEZJG/F6NY+KFaMBpQDFSWuqZRbdNL+1TNxAIp6jrTFKmW+Wq65RJ16lo5aRnlqyqNQNcJnZGSiBDvWd+uf0IJyHhCjMkZce2YuWlSCiKGZkU3ESSGOERGpCOphyFRHrp7JYJPNZKHwaR0MUVnKm/N1IUSjkOfT0ZIjWUi95U/M/rJCq48FLK40QRjucPBQmDKoLTYGCfCoIVG2uCsKD6rxAPkY5F6fgKOgR78eRl0nSqtlW1785Ktessjjw4AkVQBjY4BzVwC+qgATB4BM/gFbwZT8aL8W58zEdzRrZzCP7A+PwBu8KY6g==</latexit><latexit sha1_base64="id80BgapX3ubHKkU90j042uu+RY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQKZYkCLoRqm5cVrAPaNIymU7aoZNJmJkIJXTvxl9x40IRt/6AO//GaZuFth64l8M59zJzjx8zKpVlfRu5ldW19Y38ZmFre2d3z9w/aMooEZg0cMQi0faRJIxy0lBUMdKOBUGhz0jLH91M/dYDEZJG/F6NY+KFaMBpQDFSWuqZRbdNL+1TNxAIp6jrTFKmW+Wq65RJ16lo5aRnlqyqNQNcJnZGSiBDvWd+uf0IJyHhCjMkZce2YuWlSCiKGZkU3ESSGOERGpCOphyFRHrp7JYJPNZKHwaR0MUVnKm/N1IUSjkOfT0ZIjWUi95U/M/rJCq48FLK40QRjucPBQmDKoLTYGCfCoIVG2uCsKD6rxAPkY5F6fgKOgR78eRl0nSqtlW1785Ktessjjw4AkVQBjY4BzVwC+qgATB4BM/gFbwZT8aL8W58zEdzRrZzCP7A+PwBu8KY6g==</latexit><latexit sha1_base64="id80BgapX3ubHKkU90j042uu+RY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQKZYkCLoRqm5cVrAPaNIymU7aoZNJmJkIJXTvxl9x40IRt/6AO//GaZuFth64l8M59zJzjx8zKpVlfRu5ldW19Y38ZmFre2d3z9w/aMooEZg0cMQi0faRJIxy0lBUMdKOBUGhz0jLH91M/dYDEZJG/F6NY+KFaMBpQDFSWuqZRbdNL+1TNxAIp6jrTFKmW+Wq65RJ16lo5aRnlqyqNQNcJnZGSiBDvWd+uf0IJyHhCjMkZce2YuWlSCiKGZkU3ESSGOERGpCOphyFRHrp7JYJPNZKHwaR0MUVnKm/N1IUSjkOfT0ZIjWUi95U/M/rJCq48FLK40QRjucPBQmDKoLTYGCfCoIVG2uCsKD6rxAPkY5F6fgKOgR78eRl0nSqtlW1785Ktessjjw4AkVQBjY4BzVwC+qgATB4BM/gFbwZT8aL8W58zEdzRrZzCP7A+PwBu8KY6g==</latexit>

↵ =

p
(⌅+ a2/`2)(1�A2`2⌅)

1 + a2A2
<latexit sha1_base64="a9LeuS3BQxWwOyWT8f+Cr3vo89w="></latexit><latexit sha1_base64="a9LeuS3BQxWwOyWT8f+Cr3vo89w="></latexit><latexit sha1_base64="a9LeuS3BQxWwOyWT8f+Cr3vo89w="></latexit><latexit sha1_base64="a9LeuS3BQxWwOyWT8f+Cr3vo89w="></latexit>



“Chemical” Expressions
The expressions for the thermodynamic parameters are not 
particularly illuminating & analysis is facilitated by expressing 
the chemical potentials in terms of thermodynamical 
charges, rather than geometrical quantities like r+.

This reveals that it is more natural to think in terms of an 
overall average deficit, and the differential deficit that 
produces acceleration. We therefore encode these as:

� = 1� 2(µ+ + µ�) =
⌅
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C =
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�
=
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mA

⌅
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To show the impact of acceleration, focus on just the deficits
<latexit sha1_base64="Xu9WowvjEVvLaDdhFNnvkycxtJk="></latexit>

M2 =
�S

4⇡

h✓
1 +

8PS

3�

◆✓
1 +

8PS

3�
� 3C2�

2PS

◆i

<latexit sha1_base64="xxDj0dquNMI2E/dCPKhhWioQPng="></latexit>

T =
�S

8⇡M

h✓
1 +

8PS

3�

◆✓
1 +

8PS

�

◆
� 4C2

i

Keeping NP regular, looks 
like acceleration increases 
T, although have to bear in 
mind that tension reduces 
entropy for a given metric 
“m” parameter.



Hawking-Page

With a simple deficit (uncharged nonrotating black hole) it looks 
like D is almost irrelevant; the Gibbs free energy: G = M-TS is

D decreases the free energy – though the HP transition remains 
at the same T.
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Hawking-Page with A?

However, once we have 
acceleration the picture 
changes.

What does Hawking-
Page mean with 
acceleration?

T

G
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Zero Enthalpy

For small/low P black 
holes, the C-term 
becomes significant, 
and zeros the enthalpy 
(here shown for pure 
acceleration).
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Snapped Swallowtails

This same phenomenon leads to snapping swallowtails: as 
the charge of an accelerating charged black hole drops, a
swallowtail forms, then snaps at a critical Q.
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Reverse Isoperimetric 
Inequality

The Isoperimetric Inequality in Mathematics says that 
the minimal boundary length enclosing a given area is a 
circle (or suitable higher dimensional generalisation). 
This is a problem if true for thermodynamic volume and 
black holes, since it would say that a round black hole 
would minimize area for a given volume – but entropy 
should be maximized! Cvetic et al conjectured that 
black hole satisfied a reverse of this mathematical 
inequality, and demonstrated its validity for known 
examples.



Reverse Isoperimetric 
Inequality

Focus on uncharged case:

& combine the expressions
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This expression implies

hence a new inequality appropriate for conical deficit black 
holes:

New Reverse 
Isoperimetric Inequality
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Acceleration in 3D

How far can we push these ideas in 3 dimensions?

��

In 3D we have two 
different types of solution: 
a point mass (conical 
deficit) and the BTZ ”black 
hole”, i.e. 3D AdS with 
identifications.

The equivalent of a string 
one dimension down is a 
WALL.



Acceleration in 3D
From the geometry perspective
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3D AdS drops f - can we do the same here?

Turns out we can!



“C” in 3
We can look for an exact solution in 3D with the same type 
of structure:

With general solution:

Which, after coordinate rescaling/shifts reduces to:

Arenas-Henriquez, RG, Scoins: 2202:08823; Anber 0809:2789; Astorino 1101.2616



Accelerating Particle

Take each in turn. The first class looks very similar to the 4D 
C-metric (r=-1/Ay, t = at/A, x = cos(f/K))

Slow Acceleration   No horizon

Rapid Acceleration   Acc. horizon



Slow Acceleration

The presence of K now indicates both a conical deficit (the 
particle) and a domain wall at f=±p, i.e. codimension 1 
defect. The conical deficit at r=0 has a natural mass:

Because of the nonzero extrinsic curvature along f=± p, 
(thanks to A) there is a wall of tension



Slow Acceleration

We can do the same coord 
transformation as in the 4D 
slow acceleration case, to 
get the same sort of 
picture:

x
′  1  x

x  x+x
′  x+

A determines the 
displacement from origin, 
and x+ both the particle 
“mass” and wall tension. 



Particle Mass?

Can follow the same Fefferman-Graham prescription as for 
4D, giving the expected boundary metric:

And, integrating the holographic energy, get the mass:



Holographic Mass

Compare to “particle” mass from conical deficit:



New Solutions?

Although these have been derived as, and look like, “new” 
solutions, we know that in 3D, gravity does not propagate, 
so any ”vacuum” solution has to be locally equivalent to 
AdS. The transformation formulae for the various solutions 
are quite lengthy, but give an interesting alternative 
viewpoint, and help with understanding the “BTZ” family of 
solutions.



Rapidly accelerating light Particle

Main difference to 4D: no accelerating partner needed!



Rapidly accelerating heavy Particle



Acceleration with Struts



BTZ

Recall the BTZ black hole is an 
identification of the Rindler wedge:

Blue lines are constant f, and have 
zero extrinsic curvature, so can cut 
and paste along f–lines to form 
the BTZ black hole.



BTZ’s as class II
Looking at BTZ from the exact solution perspective:

A “skews” the constant f 
lines, changing the way AdS is 
sliced and adding extrinsic 
curvature, hence a wall and 
“acceleration”



Comparing the global picture to BTZ (Left) shows this 
distortion (here for slow acceleration)



Rapid BTZ’s

Because the distorted f–
lines now wrap back to the 
Rindler wedge horizon, for 
some values of f we get 
an “additional” horizon 
(different portions of the 
bulk Rindler horizon).



Novel BTZ
Hiding within class I is a new BTZ-like solution. If Al>1, 
have a horizon at 

For the accelerating particle, we usually take y<-yh with 
y ~ -1/Ar, but can also have 

To make this look more familiar, take

where

So that this solution is clearly disconnected from the 
non-accelerating solutions.
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Plotting this solution in 
global coordinates 
shows a clear parallel 
with BTZ. This time 
however, there is no 
continuous link to the 
BTZ metric.



Class iii - braneworld

Finally, the class 3 solutions 
don’t allow for an identification 
of a single bulk with a wall, 
instead we take 2 bulk copies 
a la Randall-Sundrum to form 
a braneworld.



Rapidly accelerating heavy particle – full bulk.



Summary
§ Have shown how to derive black hole thermodynamics with 
conical deficits, including acceleration.

§ Conjugate variable for tension is Thermodynamic Length

§ Classified all possible 3D AdS solutions with “acceleration”.

§ Class I are (mostly) accelerating “particles”; Class II are 
generalized accelerating BTZ; Class III are braneworld-type 
solutions.

§ Have found a new solution (in Class I) that is BTZ in nature 
but disconnected parametrically from BTZ.


