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horizon forms?

* More specifically €1 o the ongmal black ho\es end’?

e \What does this question even mean?
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inside a black hole?

@ f+-outward null normal

/

S spacelike two-surface bounding a

"Reqular” convex surface: area of light she
Outer trapped surface: area of light shell s

three-dimensional region

| grows 8, >0
rinks 8, < 0

Outer trapped surfaces cannot send signa

s to infinity (Penrose PRL 65)
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outer untrapped
surface

outer trapped surface

apparent horizon

e The apparent horizon bounds the (outer) trapped region
(outer trapped inside, outer untrapped outside)

e |tisa marginally outer trapped surface (MOTS)

L RN and Kerr inner
{ horizons as well as ,
cosmo horizons are
' MOTS :

Schwarzschild, RN,
{ Kerr event horizons "{
| are MOTS and
I apparent horizons
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A local characterization of apparent horizons
AMOQTS S'in a time slice £, is a (local) boundary and strictly stably outermost it:

1) Small outward deformations become outer untrapped

\ /
\

2) Small inward deformations become outer trapped

"

Newman 1987

Hayward 1994

Andersson, Mars, Simon 2005
Pook-Kolb, Hennigar, Booth 2021
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3D Stability Operator for (non-rotating) MOTS

* In atime slice X, with N unit normal to S and tuture outward null I, = u + N

N~

variation of stability 2D surface Gauss ~ squareof  matter
\  expansion operator Laplacian  curvature null shear  term

N

/ 2 2
) Bn0y = Ly = — Dy + (Z =2llo, > - G- )y
_ (Andersson, Mars, Simon, 2005, PRL111102)
—~_ Y (Andersson, Mars, Simon, Adv.Theor.Math.Phys. 12 (2008) 4, 853-888)

 Lay = J,,0, isaself-adjoint linear elliptic operator on ys

As >0 e Eigenvalue spectrum is discrete and real 15> 0
Ay >0 e There is a smallest principal eigenvalue 4. All othersare larger. , ¢
43> 0 . . . A3 >0
A, >0 e Principal eigenfunctiony, > 0 1,=0
A >0 : _ : " A <0 X
o Strictly stable: all eigenvalues positive
A, >0 L 1,<0 X
o Unstable: one or more negative eigenvalues

Strictly stable Unstable
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Anaside. . What does “stable” mean?

This is geometric stability in the sense of minimal surfaces/geodesics.

Stable (no nearby closed geodesics)

(Lr—
Unstable ;// :
(max) . (L
\\!‘, |
Stable
" ‘\‘i; Unstable (nearby closed geodesics)
Almost the exact opposite of ODE stability!
ODE stability < nearby solutions i‘*
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MOTSs can have "exotic” properties

Self-intersecting marginally outer trapped surfaces
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Most MOTS are not horizons/boundaries...
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Reissner-Nordstrom (around inner horizon)
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Example: time evolution

e Time evolution of a MOTS:
0 =50, + 5,50,
= y=-L"Y_,N)50,]

e Unique if there are no vanishing eigenvalues

e [f the MOTS is marginally stable then there exists a
function yg such that: 6, y6, = Ly = 0 /

-----------------------------------

/

/
'8 Andersson Mars Simon, PRLO5

® Then 5(%+WON)9+ — O SO.
7"+ yyNis an equally good
“time-evolution” vector




MOTS time evolution - an example

_ MOTS pair annihilation N

~_ MOTS pair creation
DN \\%

Booth, Brits, Gonzalez, Van Den Broeck
CQQ 2006
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Numerical experiments:
horizon dynamics

Pook-Kolb, Hennigar, Booth PRL2021 (Summary)
Pook-Kolb, Hennigar, Booth PRD 2021 (Theory)
Booth, Hennigar, Pook-Kolb PRD 2021 (Numerical Results)
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Spherical Reissner-Nordstrom-deSitter
Symmetry

ds? = — Fdv? + 2dvdr + r2dQ?

A, 2m  q* ,
F=— ?r + 1 +— for functions A(a), m(a), g(a)
rooor

MOTSs bifurcations are exactly ODE bifurcations (modulo naming) with
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Only axisymmetry

Weyl-Schwarzschild

e All static, axisymmetric metrics can be written in the form

d82 _ _eUdtQ _|_€—2U—|—2V (dZ2 —|—d,02) —|—€_2U,02d¢2
where U = U(p,z)and V = V(p,z).

e These are vacuum solutions it U is a solution of the flat space Laplace equation:
U 10U U _
0p>  pop B

022
and 2¥ 8—UQ+ o) vV _,,0U00Y
8,0_'0 Op 0z " 0z '06,0 0z

e [ solutions can be classified in the usual way: monopole, dipole, quadrupole, octopole etc.




Weyl-distorted Schwarzschild

2 dr?
d52 _ _€2U (1 _ _m) 4 6—2U—|—2V (1 r —|—T2d92> 4+ 6_2UT2 Siﬂ20d¢2

e |f we demand no conical singularities on the horizon and deform from infinity, then
the metric on the horizon at r=2m is:

dS* = 4m?*e Y (e*V~*°df? + sin® 6d¢?)

where U(2m, 0) Zaz Pi(cos8) and V(2m,0) = 2U(2m, 0) — 2u,

with U(2m,0) =U(2m,7) = u, , ZOsz 1 =0, Zagk—uo



Weyl-distorted Schwarzschild

2
d82 _ —€2U (1 _ _m) 4 6—2U—|—2V (1 — 4+ 7"2d92> 4+ 6_2UT2 Siﬂ29d¢2

e |f we demand no conical singularities on the horizon and deform from infinity, then
the metric on the horizon at r=2m is:

dS* = 4m”e " (e* ~*"°dh” + sin® Od?)

where U(2m, 6) Zaz Pi(cos8) and V(2m,0) = 2U(2m, 0) — 2u,
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Weyl-distorted Schwazschild [ 55"

CQG 28:125018,2011

e Quadrupole solutions give a one-parameter () family of distortions

e 1 = 2mbendsbutitdoesn't break!

Not
embeddable
a=—32 a=-0.8 a=0.124 a > 0.125
2Lmeridian
Circumference
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Eigenvalues of quadrupole-distorted
Schwarzschild
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Figenvalues of quadrupole-distorted
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Eigenvalues of quadrupole-distorted
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Take aways

Most MOTS are not boundaries of trapped regions:
they simply identify regions of (very) strong gravity

Strictly stable MOTS are (at least local) boundaries

Stability operator als

o determines MOTS evolution

Evolution is unique except at stability transitions

Bifurcation theory co
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These are the ways that a black hole can "end”
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BLdS “crossing the cosmological horizon”

d=2 d = 1.65 d=1.5884 d=1.5

©
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T d=0387  d=038

F. Elizondo Lopez, IB (in progress)
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BLdS “crossing” the cosmological horizon

d=7
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