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Abstract: In the last couple of years it has been demonstrated that black hole spacetimes contain many more marginally outer trapped surfaces
(MQOTS) than had been previously recognized. For example, there is an infinite family of axialy symmetric MOTS even in the Schwarzschild
solution, of which the apparent horizon is only the first element. In a recent series of papers (arXiv: 2104.10265, 2104.11343, 2104.11343) we
demonstrated that these exotic new MOTS play akey rolein black hole mergers and, in fact, are the missing pieces needed to complete the apparent
horizon & ogair of pants&€« diagram. This merger turns out to be far richer than that of event horizons and, staying with clothing analogies, is better
represented by arococo ball gown than a pair of pants.& nbsp;

In thistalk, | will overview the techniques that we used to find these surfaces, explain the role played by the exotic MOTS in resolving the merger of
apparent horizons during a (head-on, non-rotating) black hole merger and also show how the stability operator brings order to what initially appears
to be a chaotic melee of (often self-intersecting!) MOTS as they create, annihilate and weave through time. The stability operator was initially
introduced by Andersson, Mars and Simon to characterize when a MOTS will smoothly evolve in time, but | will show that it can aso be fruitfully
understood as the Jacobi operator for MOTS.
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We want to know:

1) What is the full apparent horizon “pair of pants” diagram?

2) What is a "typical” marginally outer trapped surface?

3) Does this all have physical implications?

Pirsa: 21060051 Page 3/82



Marginally Outer Trapped Surfaces (MOTS)

£ outward null normal

closed spacelike two-surface

Outward null expansion: 55;\/& = \/c_]ﬁ(g)
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Marginally Outer Trapped Surfaces (MQOTS)

£ % outward null normal

closed spacelike two-surface

Outward null expansion: 55;\/& = \/c_gﬁm

® Regular (convex) surface: 6., > 0

e OQutertrapped surface: 6, < 0

e Marginally outer trapped surface (MQTS): 6, = 0

Apparent horizon => MQOTS

3
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Spherical Symmetry

Simplest MOTS: Schwarzschild Black Holes

2m

- —) dv? + 2dvdr + r2dQ?

v = constant

9(,{/_) =0
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Spherical Symmetry

Simplest MOTS: Schwarzschild Black Holes

ds® = — (1 - ﬂ) dv® + 2dvdr + r2dQ?

r
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Spherical Symmetry
Apparent horizons can “jump”

* Lemaitre-Tolman-Bondi describes the collapse of timelike dust

; : B(r ;%) r :
o 2 o 2 2
dz_‘: = —dt + (W) d! + R(m, ) ds? (YOdZIS 705)

where A(r,,t) , B(ro,t) and R(r,,t) are explicit functions of (7,, %)
and m( /T/O/ \/_pd! df d¢ (initial mass distribution)

* MOTSat Opy =0 <= R(ro,t) = 2m(r,)

* Allows us to evolve dust/spacetime and track MOTS

initial
matter | time

.uzs}

spacelike i
density _ 5 N b : . (FLRW + Schwarz)
e 1 o PRD 2004
" ! 1 timelike
—— |

1

|B, Brits, Gonzalez,
’ W Van Den Broeck
| : T T ® CQG 2006

Mass distribution MTT evolution ° MTT signature

0005

&
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Spherical Symmetry

MOTS “creation” and "annihilation”

increasing radius
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Spherical Symmetry

MOTS “creation” and "annihilation”

e e e e
" ggnlhl

increasing radius

orweaving through time...
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A pair of pants for apparent horizons? (pre 2018)

Since at least 2000: one continuous “horizon"
(S. Hayward, Proceedings MG9, gr-qc/0008071)

Saggy pair of pants

_‘/' (Masta, Andersson, Metzger, Szildgyi, Winicour, 2015, CQG 32, 235003)

(Gupta, Krishnan, Nielsen, Schnetter, 2018, PRD97, 084028)

AH finders lost track of the original (and inner) horizons

7
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MOTS Finders
1) Standard r = R(6, ¢)

Second order elliptic PDE for R(6, ¢)

star-shaped

Not
star-shaped

Not
star-shaped
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MOTS Finders

1) Standard r = R(6, ¢) 2) Reference Surface:

I _ Yi(,A A a
Second order elliptic PDE for R(6, ¢) x' = X,u) + y N

Second order elliptic PDE for y(u?)
X! (u®) from previous time step

star-shaped

Not
star-shaped

Not

Pook-Kolb, Birnholtz, Krishnan, Schnetter
star-shaped

PRD 100, 084044 (2019)
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2 O’I 8 The existence and stability of marginally trapped surfaces

Daniel Pook-Kolb,!:? Ofek Birnholtz,®> Badri Krishnan,’? and Erik Schnetter? 6

Phys. Rev. D 99, 064005 (2019)

my = 0.2, my = 0.8, d = (L6985 my = 0.2, my = 0.8, d = 0.65
0.4 4 0.4 1
0.0 0.0
" "
0.4 —0.4
m— apparent horizon m— apparent horizon
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~= larger hesizan - ~==- larger harizon :
—— inner commen MOTS —— inmer common MOTS
0.8+ F 11,8 -
=04 L] 0.4 -4 0.0 R
x x
ns marginal surfaces shortly after the common {b) The inner common MOTS and the AH rapidly move
rined. For this s Son, the inner common am rom each other as d ¥ Aividual
MOTE and the AH are very close to each other. MOTSs are relatively undistortec 6,

NOT my = 0.2, my = 0.5, d =04 my = 0.2, my =08 d=0.25

star-shaped

0.0+

-0.4
0.4
m— apparent horizon

smialler horizon
===- larger horizan
inner commen MOTS

m— apparent horizon
< smaller horizon

~==- largerhorizon

—— inner common MOTS.

—0.4 00 04 0.4 LAY 04
z T

Boyer-Lindquist (time-symmetric) initial data
9
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2019

Self-intersecting marginally outer trapped surfaces
Daniel Pook-Kolb,'2 Ofek Birnholtz,® Badri Krishnan,"? and Erik Schnetter?®:®:6

Phys. Rev. D 100, 084044 (2019)

B ' DEFINITELY NOT
| | star-shaped
e . + needed good
| = - guess for
: — T 0/ reference surface

Axisymmetric black hole merger - NOT initial data

10

Pirsa: 21060051 Page 15/82



What happens next?

N

ARE THERE MORE MOTS IN HEAVEN AND EARTH
THAN WERE DREAMT OF BY OUR HORIZON FINDERS?

* \
/ |

| /

NEED AN AGNOSTIC MOTS FINDER

<—

Ll
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Axisymmetric MOT(0O)S

(originally IB, R. Hennigar, S. Mondal, improved in IB, R. Hennigar, D. Pook-Kolb)

* Spacetime slice: (Z, hy, D;, K;) with future unit timelike normal u,

fjs
* Surface in slice: (S, g5, ds, k) with outward unit spacelike normal »;
» Timelike expansion: k,, = q'K..

y

* Spacelike expansion: ky, = qABkg)

e Qutward-null expansion: 6, = k,, + k¢,
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Axisymmetric MOT(O)S

(originally IB, R. Hennigar, S. Mondal, improved in IB, R. Hennigar, D. Pook-Kolb)

* Spacetime slice: (Z, hy, D;, K;) with future unit timelike normal u,

k) [}5

e Surface in slice: (S, g4 5, dy, k) with outward unit spacelike normal

o Timelike expansion: k., = g"K;;

e Spacelike expansion: k= qABk(N)

[. Outward-null expansion: 6, = k) + k(N)J

MOTS: 6, = 0 (a2nd order PDE)

= quN ‘|‘CIUK’1J =0= q”é‘f\% = (Fk Ni +K@J)
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Axisymmetric alternative: MOTSodesics

0.64

74

0.4 MOTSOdESiC:
curve in the

(p,2) plane

0.21 NA

—— g

Focus on
2D curve 0.4

-0.61

-0.8 '

S : (P(s), Z(s), d) v : (P(s), Z(s)) P

kn = (TiTj =+ (g?q;J) D;N; = —Ny(T*D,T®) + (/BtéﬁngiNj

i . Ky
k_u_ — qi-jfh?;j — Ka-bTaTb + R_(;-’;b

Pirsa: 21060051 Page 19/82



Axisymmetric alternative: MOTSodesics

7| .
04 MOTSodesic:
02] 4 cunveinthe
il (p,2) plane

—>

Focus on

2D curve 0.4

S : (P(s), Z(s), d) e (P(‘;J Z(s)) P
A ) B __
T°D4T” = kN Coupled, 2nd order DEs

For any ICs there IS a solution

(though usually not closed)

x=N%D InR+ (K T“Tb+%)
a ab R2

(similar to: Apparent horizons in the two black hole problem, Cadez, 1974)
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Example: MOT(0)S in Schwarzschild

e Schwarzschild in Painlevé-Gullstand (spacelike, horizon penetrating slices)

2m : : f
ds® = — (1 — _m) dT? + 2d7dr + dr? + r? (d92 + sinzf‘)d(pz)
r

M
Kijdz'da! = [ —dr® — V2Mr (d6% + sin® 0dg?)
. =

4

R:R(‘)(@—H}) for KZZ—(-;)+COt®'

R
R

G’):g (2(2)—5) ji\/g(m?@?ﬂ)

Easily solved using Maple, Mathematica or whatever

14
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MOTSodesics of Schwarzschild |

MOTS

0 T T .
1 3 4
_]_ /
,)_AOTOS: marginally outer trapped

open surfaces

]
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=il
<159
-1.94

_2.0.

=219

MOTSodesics of Schwarzschild |

0

201 02 03 04 05 06 07 08

r, = 1.996m

ro = 2m

Ty = 2.01m
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MOTSodesics of Schwarzschild |

I

) Another MOTS! . o

03 03

0.2- 0.2

b 1ol 0.1
B 0 fritrrrrrrrrrere
D+ 020 0.10 020

-0.1- ~0.1-

_1-

0.2+ 0.2+

03+ 03

= -0.4- -0.4-
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Exotic MOTS in Schwarzschild!

Marginally outer trapped surfaces in the Schwarzschild spacetime:
Multiple self-intersections and extreme mass ratio mergers

PHYSICAL REVIEW D 102, 044031 (2020) IB, Robie Hennigar, Saikat Mondal
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Exotic MOTS in Schwarzschild!

Marginally outer trapped surfaces in the Schwarzschild spacetime:
Multiple self-intersections and extreme mass ratio mergers

PHYSICAL REVIEW D 102, 044031 (2020) IB, Robie Hennigar, Saikat Mondal

/’/'- \
\ TN A i s !
| RS S S S PR S
".\ / '.\ /| &,.- o _m i _\Ij _\l 2y
;i
How generic are these?
Very!

ObSEI’VEd in (1B, RH, Hari Kunduri, Sarah Muth, Billy Chan, in preparation):
assorted Schwarzschild coordinates, Reissner-Nordstrom, Kerr,
Gauss-Bonnet, LQG-inspired, 5D (Schwarzschild + Myers Perry)
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Should we be surprised?
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Simplest Case (Riemannian geometry)
3D spacetime = 2D slice = 1D “surface", K;‘j =0
Then O =X, +ky =0
=>qile-AG =0
=—=T'T'D,N; =0
==NT'DT' =0
=——> MOTSodesics = geodesics

on (Riemannian)

Closed geodesics (MOTS)

+ “open" geodesics

= infinite number of
marginally outer
trapped

open surfaces (MOTOS)

two-surface!
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Simplest Case (Riemannian geometry)
3D spacetime = 2D slice = 1D “surface", K;‘j =0
Then O =X, +ky =0
=>qile-AG =0
=—=T'T'D,N; =0
==NT'DT' =0
=——>MOTSodesics = geodesics

on (Riemannian)

Closed geodesics (MOTS)

+ “exotic” closed
two-surface!
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Are there more MQOTS in Brill-Lindquist?

1.0

0.8

0.6

0.41

0.2

0.0

-0.27

-0.471

Pirsa: 21060051 Page 30/82



Pirsa: 21060051

MOTS in Brill-Lindquist Initial Data
hijdz'dz? = 1(r, z)* (dp® + d2* + p°de?)
K;; =0 (time symmetric)

Constraints reduce to: VQ-;/; =0
EOMS: 74D, T? = xN®

P = Z 4+ 4(?%' - 6P(P¢r ‘['sz)
P Yo Y

. ZP 4,  6Z(Piy, + Z1,

5o 2P W - 6Z(Pyr + Z9,)
P " ys ¥

2|
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MOTOS in Brill-Lindquist (Time Symmetric) Initial Data

2+/p% + 22

Schwarzschild: Vsenw = 1+

22
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MOTOS in Brill-Lindquist (Time Symmetric) Initial Data

Schwarzschild: Ysenw = 1+

4

m

2/p* + 22

[

= = \
0¥
2 7
0.5
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22

2 ? /‘2;!
05
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MOTOS in Brill-Lindquist (Time Symmetric) Initial Data

Schwarzschild: Vsenw = 1 +

m

2/p* + 22

0.5

— \
0¥
2 7 1
Rr
0.5

1 [ 1

Z 0.5 \\ 4 0.5

3 O ofs/ 1 1.5 2 4
/ﬁ M

-0 &5
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MOTS in Brill-Lindquist Initial Data

b =1

M1 Mo

+ +
22+ (z—a/2)2  24/p?+ (2 +a/2)?

O

14

(Lo}

P 23 P [
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What happens if this data is evolved?

24
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Exotic MOTS annihilate original apparent horizons

MOTSs at t = 5.0743756 M

60 o
0.6 1
50 4 0.4 7
0.2
409
. £t H 0.0
—y =i
= ' " S
s 30 § ; o —0.2 1
{ End of PookKolb, 0.4 1
20 _ = Bimholtz, Kfishnan,
5! Schnetter efolution —0.6 1
10 7 0.8
—1.0 1
{] T T T T T T T T
0 1 2 3 4 5 6 —0.5 0.0 0.5
t/M x/M
25
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Exotic MOTS annihilate original apparent horizons

MOTSs at t = 3.433333 M
60
0.6 1
50 . 0.4 1
0.2
0] i
. ol 0.0 -
= N _ -
g3 | = —0.2
. ! End of PookKolb, 0.4 1
20 - st Birnholtz, Krishnan,
’ g1 Schnetter evolution —0.6 1
10 -0.8
—1.0 1
(} T T T T T T T T
0 1 2 3 4 5 6 —0.5 0.0 0.5
t/M x/M
25
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Exotic MOTS annihilate original apparent horizons

MOTSs at t = 1.930280 M

i End of Pook-Kolb,
2 Bimholtz, Krishnan,
E Schnetter evolution
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Exotic MOTS annihilate original apparent horizons

MOTSs at t = 5.348142 M

i End of PookKg b,
= Bimholtz, KrisHnan,
5! Schnetter evoltion
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Exotic MOTS annihilate original apparent horizons

MOTSs at t = 0.932154 M

[ End of Pook-Kolb,
= Bimholtz, Krishnan,
51 Schnetter evolution
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Exotic MOTS annihilate original apparent horizons

MOTSs at ¢ = 5.347520 M

End of Pook-Kolb,
5 Bimholtz, KrisHnan,
51 Schnetter evolytion
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Exotic MOTS annihilate original apparent horizons

MOTSs at t = 1.012107 M

{ End of Pook-Kolb,
2 Bimholtz, Krishnan,
51 Schnetter evolution
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Exotic MOTS annihilate original apparent horizons

MOTSs at t = 5.343690 M

[ End of PookKdb,
st Birnholtz, Kristjnan,
5 Schnetter evolgtion
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Evolution of Inner and Quter "Horizons"

MOTS that annihilates inner “horizon”
MOTSs at ¢ 1.587180 M

70 7

1.0
60 -
{ 0.5 4
:: 10 1 ‘_ 1 \ 0.0 1
304 | | End of Pook«Kalb,
| Birnholtz, Krishnan, 0.5 1
20 4 : £ Schnetter evolution :
| " . w |
" Inner "horizon" ~
10 ; -1.0 4
0 T T T T T T T T T T
0 | 2 3 1 : ~1.0 _0.5 0.0 0.5 1.0
t/M /M
Outer horizon

27

Pirsa: 21060051

Page 45/82



Evolution of Inner and Quter "Horizons"

MOTS that annihilates inner “horizon”
MOTSs at ¢ 1.281812 M

0] -
60
- 0.5 4
501 & \—/)
Taq 1\ 0.0 -
E: 30 End of Pook-Kolb,
Birnholtz, Krishnan, 0.5 1
20 4 " Schnetter evolution '
' " . =t
"Inher "horizon" ~
10 4 | —1.0 1
0 T T T T T T T T T T
0 1 2 3 -4 ) -1.0 —0.5 0.0 0.5 1.0
t/M z/M
Outer horizon

27
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Evolution of Inner and Quter "Horizons"

MOTS that annihilates inner “horizon”
MOTSs at t = 2.778571 M

1.0 1

-

End of Pook-Kolb,
i Birnholtz, Krishnan,
% Schnetter evolution

Inner "hori

I Ll

—-1.0 -0.5

Quter horizon
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Evolution of Inner and Quter "Horizons"

MOTS that annihilates inner “horizon”

MOTSs at ¢ 1.324417 M

1.0 A

n

© End of PookKolb,
i Birnholtz, Krishnan,

T Schnetter evolution

er "horizon”

—-1.0 —0.5

Quter horizon
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Evolution of Inner and Quter "Horizons"

MOTS that annihilates inner “horizon”
MOTSs at t 2.835683 M

1.0 A

© End of Pook-Kolb,
i Birnholtz, Krishnan,
% Schnetter evolution

—-1.0 —0.5

Quter horizon
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Evolution of Inner and Quter "Horizons"

MOTS that annihilates inner “horizon”
/ MOTSs at t = 5.514583 M

1.0 A

 End of Pook Kol
| Birnholtz, Krishngn,
T Schnetter evoluti

“Inner "horizon"

—-1.0 —0.5

)
Quter horizon
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Evolution of Inner and Quter "Horizons"

MOTS that annihilates inner “horizon”

MOTSs at ¢

1.443944 M

1.0 A1

| End of Pook-Kolb,
i Birnholtz, Krishnan,
% Schnetter evolution

Inner "horizon" ™

Quter horizon

—-1.0

—0.5

s
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Evolution of Inner and Quter "Horizons"

MOTS that annihilates inner “horizon”
MOTSs at t 3.787934 M

1.0 A1

" End of PookKolb,
i Birnholtz, Krishnan,
4 Schnetter evolution

—-1.0 —0.5

. B
Quter horizon
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Evolution of Inner and Quter "Horizons"

MOTS that annihilates inner “horizon”

MOTSs at ¢

1.107581 M

1.0 A

| End of PookKolb,
i Birnholtz, Krishnan,
i Schnetter evolution

Inner "horizon" ~

Quter horizon

Ll

—-1.0

Ll
—0.5

s

0.0
z/M
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Evolution of Inner and Quter "Horizons"

MOTS that annihilates inner “horizon”
MOTSs at t 4.630010 M

1.0 A

1)

{ End offPookKolb,
i Birnhdtz, Krishnan,
% Schnefter evolution

Inner "horizon" ~

Ll Ll

—-1.0 —0.5

Quter horizon
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Outer/inner split: one of many

S 86 E=6M Spter 86 1 =0.725 M Sipmer 8t t=1.5M
1.0 g

0.50 4

0.5
0.25 A
- 004 o 000 A
= " _0.25

0.50

0.25

- D004

" _n2

0.5 1
—{1.5( 4 —0.50
1.0 4 o 0.75 075
1.0 {1.5 1] 0.5 L0
/M
Sinner 8t T 22 3.8628 M
0.50

0.0
0.25

0.00 4

= =
~ = —0.25

0.4 q

0.6 1

0.5 0.0 0.5
/M

0.5 0.0 0.5
/M

Siner 8t 172 0.8181 M Smaatt=3M Site At t == 4.9667 M

inner

0.50
0.04
0.25
0 - 0.2
- 00 - 5
" _0.95 4 2] R
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Part of the AH "Ball Gown"

F o

29
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Part of the AH "Ball Gown"

29
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Part of the AH "Ball Gown"

29
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Part of the AH "Ball Gown"

29
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But there are many, many, many more MOTS...

wormhole straddling MOTS
MOTSs at ¢ = 0.000000 M

el 1.0 1
80 1 final outer AH
O
. 60
:“: ) = 0.0 1
“ 404 E£
~0.5
origi )
20
“"-a—,“‘--‘-“ -‘5
_ ~1.01
original smaller AH
(] T T T T T T T T T T
0 1 2 3 1 5 6 ~1.0 —0.5 0.0 0.5 1.0
l‘l,r".ﬂlf .!'f-"f:‘llr

30
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But there are many, many, many more MOTS...

wormhole straddling MOTS
MOTSs at t = 2.156112 M

et ¥ 1.0 -
80 final outer AH
0.5 4
. 60
E‘: ) :: 0.0 1
* 404 £
~0.5 1
original larger Al )
20 d E
&:
~1.0 1
original smaller AH
(] T T T T T T T T T T
0 1 2 3 4 5 6 10  -05 0.0 0.5 1.0
t/M z/M
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But there are many, many, many more MOTS...

wormhole straddling MOTS

80

60

area/M 2

40 4

inal outer AH

rl;ifll!(';nr

origipal larger AH

original smaller AH
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30

z/M

MOTSs at t = 4.365243 M

1.0 1

0.5 1

0.0

~0.5 1

—1.0 1

—1.0

1.0
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But there are many, many, many more MOTS...

wormhole straddling MOTS
MOTSs at ¢t = 6.000000 M

Pirsa: 21060051

— 1.0 -
80 7 final outer AH
0.5 -
601
= . 0.0 4
404 £
~0.5
origi
20 N
————
— ~1.01
original smaller AH
(] T T T T T T T T T
0 1 2 3 5 1.0 0.5 0.0 0.5 1.0
l‘;'f_'u .r;’f;qlf
p o027 k  -00:00
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* Are these-all apparent horizons?

m
S’
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* Are these-all apparent horizons?

(63

\\\\

» Do they separatetrapped/untrapped
regions? /-

\

K /

« Tirn to the stability operator,/.
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Stability Operator (Geodesics)

Unstable
(max) ——

32
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Stability Operator (Geodesics)

Stable

Unstable I
(max) —— U

Stable

32
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Stability Operator (Geodesics)

Stable

Unstable I
(max) — |

32
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Stability Operator (Geodesics)

Stable

o .
Governed by the second variation of length

52
(SU%NL = O,nky = — [ w(Z p)ds

where the Jacobi/stability operator is

32
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Stability Operator (Geodesics)

Stable

S
Governed by the second variation of length

9

5§NL = O,nky = — [ w(Z, p)ds
S

where the Jacobi/stability operator is

d2
5,”}/])(/: @'l‘K /4

Eigenvalue spectrum of ,9,0], determines stability:
A, > 0 = stable (minimum length)

32
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Stability Operator (Geodesics)

Stable

P
Governed by the second variation of length

9
5§NL = O,nky = — [ w(Z, p)ds

where the Jacobi/stability operator is

d2
5,”}/])(/: @'l‘K /4

Eigenvalue spectrum of ,9,0], determines stability:
A, > 0 = stable (minimum length)

34, < 0 = unstable, conjugate points for

nearby geodesics
—

32
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Stability Operator for (axisymmetric) MOTS

2D surface 2D Ricci square of

e MOTS can be classified by the stability operator ~ Laplacian ~ scalar nuflshesg
e NS J l J
/ bl \ ()'L,-DRQ(E) — LZ?_,-'_J — —/_\'Z,.-',? -+ (5 R — 2“()‘(3) H ) ()

(Andersson, Mars, Simon, 2005, PRL111102)

e A, # 0: MOTS smoothly evolves forward in time

e A, > 0: MOTS is stable

separates trapped from untrapped regions,
expansion is spacelike (AH, DH, FOTH)

e Some A, < 0: MOTS is unstable and
has “conjugate” points

33

Ivan Booth: Ultimate Fate of Apparent Horizons
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Stability Operator for (axisymmetric) MOTS

2D surface 2D Ricci square of
 MOTS can be classified by the stability operator Laplacian ey null shear

- AT J l J
N
o
11 R
b
A

X . | 1
dyrOy = Ly = —AY + (57?, — 2|op Hz) Y

(Andersson, Mars, Simon, 2005, PRL111102)

e A, # 0: MOTS smoothly evolves forward in time

o 2, > 0:MOTS is stable < apparent horizon /

separates trapped from untrapped regions,
expansion is spacelike (AH, DH, FOTH) black hole bounda ry

e Some A, < 0: MOTS is unstable and
has “conjugate” points

< notan apparent horizon

33 Ivan Booth: Ultimate Fate of Apparent Horizons
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)

Stability for spherical MOTS (Schwarzschild)

_ 1 ,
vRO@) = Lxy = (—A T 7—3) ¥ =y, = spherical harmonics

H 1
/ = + I(I + 1) = eigenvalue spectrum

: r
Laplacian on sphere B

Schwarzschild horizon: all eigenvalues positive == stable = apparent horizon
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Stability for spherical MOTS (Reissner-Nordstrom)

- L g N
dyrby =Ly =|-D+ 7 — 7 |¥
H H il ,-i-'.'

still spherical harmonics

Outer MOTS eigenvalues: rou=m+/m*~q

1 q?
A;m=l(l+1)+7——>0

ToH  Tow
= stable = apparent horizon

Inner MOTS eigenvalues: 7iu=m—1/m* - ¢

1 2,
M=+ D)+ — 2

T Tiy
= principle eigenvalue <0
= g determines number of eigenvalues

=> not an apparent horizon

35
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Stability for axisymmetric MOTS (Schwarzschild)

Unstable Unstable Unstable Unstable Unstable
P ~ 2 negative 4, | | 4 negative 4,, | | 6 negative 4,, | | 8 negative 4,, | | 10 negative 4,
1 \\. A 1 11 it
\ I _
II'Il / ) '.:_\ \.l (_ \ |/1 _H\I -’JL_\‘]
: B T o O o
| | | l\ /,I N, v/
/ \, / \H_/ E
Stable| /[ g )
L l, A | i ) R
r=2m
0.6 0.6 0.61 0.6 0.6 0.6
/U'I \\ ;_1_5__5\ U_'f N 0.44 0.4 0.4
/ \ £ \\ 1N\ il BN T
| 02 / | 02 1 E ' (02 ) ( 02] ) ﬁ )
> : o | & R =4 'S 'I L ' P
EER I B OB R
<~ 1A = | Pl = ! R 2 15 i R
'\ -0.2 II'I [ 02 .I lQ ‘I | -021 | 02 /.' I.\_::__‘ /{l
/ / N o ot ; -
: / _/ d1 o B
g ___-./ \—ii‘_'zr—’/ 0] ~0.4 04 -04
Unstable Unstable Unstable Unstable Unstable Unstable
12 negative 4, | |14 negative 4, | | 16 negative 4, | |18 negative 4,, | | 20 negative 4,, | |22 negative 4,,
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Stability for axisymmetric MOTS (Schwarzschild)

Unstable Unstable Unstable Unstable Unstable
i ™ 2 negative 4, | |4 negative 4,, | | 6 negative 4,, | | 8 negative 4,, | | 10 negative 4,,
g S
1 \\_ o 11 14 1
\ I _
II'Il / J '.r ] \.l (_ \ -’JL_\‘]
: | Yolo e 5 o0
[ ) Ll b s ks id
/A / Nell 4
Stable| /| ;
E - LL e / -2 2
r = 2m _
06 0.6 LIX7)
) ez e 044 0.4
e b . L
| 02 ) [ 02 il \ ﬁ )
\g\ -.,\\(_\ :. -4 / \_\K\ |
=y %/ e 0. ) = = g
o @\ ,/(') 04 Y ( Q‘\l
'\ -02 .:l l-._l 024 - __#/,"II /II .\_\“_\_ _//
N /' ‘\\._ | -os i ! &
~04] - -0.37 —U —UL4 0.4 -0.4
] ] 1
Unstable Unstable Unstable Unstable Unstable Unstable
12 negative 4, | |14 negative 4, | | 16 negative 4, | |18 negative 4,, | | 20 negative 4,, | |22 negative 4,,
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Many MOTS during a merger...

MOTSs at t = 1.281296 M

: 1.0 1
80 -
0.5 1
G0 1
2 40-
—0.5
20 1
—1.0 1
0 T T T T T
0 6 ~1.0 _05 0.0 0.5 1.0
/M
Black = stable MOTS = apparent horizons
Ly has a vanishing eigenvalue at Blue = unstable MOTS

creation and annihilation points

(Pook-Kolb, Booth, Hennigar 2021)
37
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Initial AHs

Some MOTS during a head-on merger:

(stable)

(unstable

Pirsa: 21060051

Inner "AH"

38

Outer AH
(stable)

\
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Some MOTS during a head-on merger:

Outer AH
(stable)

nitial AHs /. \ /
(stable) _ |

A 4

~There is a rich dynamics of
MOTS inside the outer AH.

All MOTS except the outer
initial AHs are unstable.

BUT they critically interact
with the AHs during the
merger.

Inner “AH"
(unstable)

38
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Take Aways

mon than you likely tholight
OTSs finders

* MOTSs are much more ¢

* Most were invisible'to traditional |

39
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Take Aways

mon thdn you likely tholight
OTSs finders

* Exotic MOTS arg important-partetblack hole mergers '.

* MOTSs a__ré much more ¢

* Most were invisibleto traditional

* AHs are much rarer and distinguished b‘y-.the stability operator

e The stability operr,aﬁor provides alot of geoﬁﬁ\etric information

o Qur (non-rotating{) MOTS finder codes are p%blically available
github.com/daniel-dpk/distorted-motsfinder-public/

39
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