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I The Penrose diagram for BH evaporation.

I Originally introduced by Hawking in 1975
Particle Creation by Black Holes.

I Versions of it are central to many discussions of
BH evaporation, unitarity, and information loss.

I Yet, its precise physical content is ambiguous and
unclear, many inequivalent versions in the literature.

I Metric? Coordinates? Physical model?

I Usually drawn based on hand-sketched assumptions
�! not based on a mathematical derivation.
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Where is r = 2M?
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Where is r = 2M?
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Where are Cauchy surfaces?
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Where are Cauchy surfaces?
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Other ambiguities like:

I How to draw internal time-dependent
features like the mass, area, entropy,
trapped surfaces, etc?

I How is the Hawking radiation backreaction
modeled in the spacetime?

I And so on...

To remedy ambiguities we want a firmer
mathematical basis.
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Goal: Define a clear, mathematically rigorous spacetime, that adequately
models the evaporation process, for which the diagram and physical
features can be explicitly calculated.

Plan:

I Introduce the class of models.

I Analyze the model and the diagrams.

I Extract the qualitative features of the spacetime.

I Consequences for unitarity? (Briefly!)
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Let’s build up a simple shell model of
BH formation and evaporation.

I Massless scalar �eld

I Slicing/gluing construction
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BH formed by shell collapse.
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Arbitrary accretion curve.
Discrete stepwise approximation.

7 / 31



Allowed metrics:

ds2 = �f (r) dt 2 + f(r) �1 dr 2 + r 2 d
 2 :

Arbitrary metric function f (r).

Examples:

... and combos like Hay-dS etc.
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Metric function and mass function:

f (r) = 1 �
2 m(r)

r

Eigenvalues of G�
� in ON basis:

� =
m0(r)
4�r 2

p
 =
m00(r)
8�r

Radius r is physical, de�ned by area.
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How to model evaporation?

Based on calculations of hT�� i ren

for massless scalar �eld.

I DFU 1976 (Davies, Fulling, Unruh)
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Gluing Schwarzschilds of decreasing mass
naturally gives this T�� structure.
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Model forces us into some constraints!

I Consistency =) r nuc > 2m.

I Energy conservation =) r nuc ! 2m.

Radiation shells must be emitted from
just outside AH at dynamical r = 2M.

9 / 31



Arbitrary evaporation curve.
Discrete stepwise approximation.
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All together: ds 2 = �
�

1 � 2m(u;v)
r(u;v)

�
du dv + r(u; v) 2 d
 2
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All together: ds 2 = �
�

1 � 2m(u;v)
r(u;v)

�
du dv + r(u; v) 2 d
 2

So that's the schematic | now let's do it for real!

...and verify this was drawn correctly.
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Gluing rules: (B-I formalism)

I Match intrinsic metric on the shell ! radius matching.

+ !

I Shell stress tensor in EF coords (ingoing/outgoing matters!)

T�� = � n � n � �(w); � = �
�m
4�r 2

:

When shells cross: (evap nucleation points)

I Energy conservation =) DTR relation: f A (r 0 )f B (r 0 ) = f C (r 0 )f D (r 0 ).
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Accretion/Evaporation Dynamics:
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Schwarzschild and Hayward Interiors:

I Schwarzschild: Point mass. In�nite density singularity.
I Hayward: Not-quite-point mass. Tiny Planck density QG matter \core".

H/S metrics di�er only in the region of super-Planckian
Kretschmann curvature.

` p � r core � 2m; r core = (2m` 2
p )1=3
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Generating diagrams explicitly:

I Requires obtaining a global, compact, double-null coordinate system.
I Developed methods for arbitrary f (r) with arbitrary number of horizons.
I See algorithms paper or xhorizon.
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Numerical diagrams

First: less realistic parameters for easier visibility.

More realistic requires several views to piece together vastly di�erent timescales.
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Numerical diagrams: (Schwarzschild interior)

Perspectives: \Early", \Late", \Zoom".
Same diagrams (conformally related), squished in di�erent ways.
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Numerical diagrams: (Schwarzschild interior)

Perspectives: \Early", \Late", \During".
Same diagrams (conformally related), squished in di�erent ways.
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