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aCCE|eration  Cin4—-how to do thermodynamics

(w strings & walls) * Cin 3 -how to do needlework!



STRINGS!




An accelerating black hole in 4D is described by the C-metric
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f determines horizon structure —
black hole / acceleration /




Simplest illustration of thermodynamics is with a simple
deficit. We can “cut out” a portion of the angular coordinate
— this is a legitimate GR solution and can be sourced by a
cosmic string (more or less!)
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K measures a deficit or “cosmic string” on axis,
keeping the angular coordinate at fixed periodicity
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Take Schwarzschild-AdS with a deficit: f = 1-2m/r+r2/£
Black hole horizon defined by =0, look at small changes in f.
Horizon still defined by f(r) = O.

of of
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Changes r+,




Temperature has usual definition, but entropy depends on K:

T:flfl;+) S:% S’

-and we want to do thermodynamics including the string, so
we have to take into account varying K.
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Tension is related to K:

1,1
=7 K

SO easily get

Finally 3 477741




Putting together:

2K m
0="" (T55+2( —r+)5u+vap—5(g))
So identify m

M = —
K

Then also get Smarr relation:

M =2TS5 — 2PV




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

A=TyL —m

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.




To get acceleration (A) add different tensions for N and S

strings:
5. = 277(1 _ %) — o7

In general, the C-metric has
acceleration horizon, so
thermodynamics would refer
locally to black hole horizon — here
we can see the nontrivial nature of
the spacetime more readily.

We looked at slowly accelerating




AdS from an off-
centre perspective.

An observer hovering

change cords to get

away from centre of
AdS is accelerating 7

This is SLOWLY
ACCELERATING
RINDLER

Y




BLACK HOLE

The slowly accelerating black hole
iIn 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.




Finding the thermodynamics is via a similar method, looking at
differences due to adding mass / angular momentum etc. Main
technical ingredient is to note that “t” in the metric may not be

the asymptotic time
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This will rescale temperature, and also changes computations of
the mass.
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We computed the mass via conformal completion as well
as holographically (Fefferman-Graham):

(T7") = diag{pE, —pe/2+ 11, pg/2 — 11}




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

Y

m
M:/PEﬁ:?

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

a=/1— A202

Get a consistent first law with corrections to V and TD
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Useful to express chemical potentials in terms of charges,
rather than geometrical quantities, eg Christodoulou-Ruffini

mass formula;
2 2 5 79
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Physically, it is more natural to think in terms of average and
differential deficits. We therefore encode:
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These chemical
expressions allow us to
easily explore Hawking-
Page transitions
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As well as analytic results for snapped swallowtails. (With Q
or J, T can have two turning points in S at low pressures)

Gradually dropping charge causes a swallowtail to appear in
the free energy, which then snaps at a critical Q (J).
G




Also proved a new reverse isoperimetric inequality
appropriate for conical deficit black holes:
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WALLS!
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We can look for an exact solution in 3D with the same type
of structure:

dy? dx?

s = PO = B4~ o)

With general solution: Q(z) =c+bz +az®, Py)= A21 7 Q(y)

Which, after coordinate rescaling/shifts reduces to:

Class | Q(x) P(y) Maximal range of x
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Take each in turn. The first class looks very similar to the 4D
C-metric (r=-1/Ay, t = at/A, X = cos(¢/K))

ds?
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Slow Acceleration Al < 1 No horizon




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

1 ] 1

m,. — — _

C 4 K
Because of the nonzero extrinsic curvature along ¢==x m,
(thanks to A) there is a wall of tension =

0.06 -

0.04 -

0.02




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

A determines the
displacement from origin,
and x, both the particle




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

o = w(§)? [de_Azgz d¢” ]

A2

And, after setting alpha to the same value as 4D, the
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Mass.
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Compare to “particle” mass from conical deficit:




Although these have been derived as “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.













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

Blue lines are constant ¢, and have -7\
zero extrinsic curvature,
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Recall the BTZ black hole is an
identification of the Rindler wedge:

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




Looking at BTZ from the exact solution perspective:
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Adding A in the class 2’s
skews the constant ¢ lines,
changing the way AdS is
sliced and adding extrinsi
curvature to constant ¢—
lines — here is a slightly INR'SK
distorted BTZ (slow
acceleration)




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




Hiding within class | is a new BTZ-like solution. If Al>1,
have a horizon at 5 1

Yn = 1— A2/2
For the accelerating particle, we usually take y<-y,, with
y ~ -1/Ar, but can also have y € (yp, x) € (xy,1)

To make this look more familiar, take

At !
_a7 y_Ap7

K = 7/ arccos (x4 ) > 7/ arccos (yp) > 2

x = cos (¢p/K)

where

So that this solution is clearly disconnected from the



flp) =1— (A2 —1)p*/¢2

Plotting this solution in
global coordinates shows a
clear parallel with BTZ. This
time however, there is no
continuous link to the BTZ

metric.




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.
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= Have shown how to allow for varying tension in
thermodynamics of black holes.

= Conjugate variable is Thermodynamic Length

» Thermodynamics of accelerating black holes is computable
— non-static and non-isolated.

» A key technical point is the normalisation of timelike Killing
vector

» Have derived extensive expressions for the TD variables and
a new Reverse Isoperimetric Inequality.




