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Context

Goal
Verify the first law of thermodynamics in the Ernst spacetime.

Pair creation:

I QED vacuum + electric field: unstable

I Virtual e+e−-pairs =⇒ real e+e−-pairs

I “Schwinger pair production”

I Replace e+ and e− by oppositely charged black holes

I =⇒ Pair production of black holes
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Outline

1. The Ernst spacetime.

I It exists.
I Some intuition

2. Thermodynamics of the Ernst spacetime
I How to define mass/thermodynamic quantities?
I Does the first law hold?
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Step [1]: The Melvin Universe

Metric:

ds2 = (1 +
1

2
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1
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Field strength:
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dρ ∧ dϕ

Fun fact
Flux:

Φ =

∫
F =

4π

B
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Step [2]: Adding the black holes

ds2 =
Λ2

A2(x − y)2

[
G (y) dt2 − G−1(y) dy2 + G−1(x) dx2

]
+

G (x)dz̃2

Λ2A2(x − y)2



A wormhole



Thermodynamics

First law of thermodynamics:

dU = T dS + µdN

Well known Black hole solutions obey a similar law:

dM =
κ

8π
dAbh + Φ dQ

Does this also hold for the Ernst spacetime?
Difficult:

I Not asymptotically flat

I Find that MADM = 0

I But the black holes do have a mass!?
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Results

I Yes, M can be defined for this solution.

I Use boost energy: EB :=
∫

Σ Tµνξ
µ dΣν to extract the mass

I Found
M =

q

2B
+O(q2)

I Frame dragging

I For the Ernst metric:

dM =
κ

8π
dAbh + Φ dQ−µ dB
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What next?

I What about the (generalised) second law (area theorem)?

dA

dt
≥ 0.

I Is there an honest way to derive Φ and µ?



Thank you.



Motivation

Quantum Gravity.

QFT+GR =⇒ Firewall paradox

Possible solution:

(GR) Wormhole = Entanglement (QM)

(Maldacena and Susskind)



Instanton

Wick rotation u 7→ iu.

sinh(Au) 7−→ i sin(Au),

cosh(Au) 7−→ cos(Au).
(1)


