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Irreducible Mass and ‘No Hair Theorem

Gen. Rel. Black Holes specified by their mass, angular
momentum and electric charge: M, J, Q

Rotating Kerr Black Holes have all higher multipoles
by M, ] (no “hair”)

Irreducible Mass M.

ey~

(Christodoulou, 1972)
MZ=(M. +Q/4M. )* +]?/4M. 2

1rr

M. 2 = (Area)/ 161G AM. 2>0

1rr g

Smarr Formula: Puuh Classical

shlE— dA+ QdJ + D dQ

W(“'

. 1 1672 G?

Surface Gravity . _ = C 4
AGM { e Cls
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Black ‘Holes’... or Not
Singularity Theorems
Black Holes ‘inevitable’ in Gen. Rel. if
A Trapped Surface forms

One of Eneroy Conditions:

- Weak Energy Condition

po+p;, =20 1= 1.2, 3

by Quantum Fields, e.g. by Casimir Etfect

Strong Fnergy C()Ildltl()n

[)+Zp >0

=1
by Hadronic ‘Bag’, Cosmological Dark Energy,

[nflaion V(p): P; = —p < 0
| =1 _

->
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Gravitational Vacuum
Condensates

e Gravity is a theory of spin-2 bosons
e Its interactions are attractive
e The interactions become strong near i = R,

e Energy of any scalar order parameter must couple
to gravity with the vacuum eq. of state,

py = —py = — V(@)
e Relativistic Entropy Density s is (for 0),
IT's=p+p=0ifp=—p
e Zero entropy density for a single macroscopic
quantum state, kK In {2 = 0 for {2 = 1

e This eq. of state violates the energy condition,
p+ 3p = 0 (if py > 0) needed to prove
the classical singularity theorems

e Dark Energy acts as a repulsive core

A GBEC phase transition can stabilize
a high density, compact cold stellar
remnant to further gravitational collapse

Gravitational Vacuum Condensate Star Proposed (2001)
Today: It’s Realized in Schwarzschild Soln.II (1916)
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fr), hir)=1-

Static, Spherical Symmetry
2 Metric Fns.

2Gm(r) Misner-Sharp Mass

—p 0 0 O
3 Stress Tensor Fns. / J \
T _ )

g R Dl

2 Einstein Egs. \ 0 0 0 p, )
dm h df Gm

= 47 r? s e
dr p 2f dr 12 T AmLpr

1 Conservation Eq.
dp p+pdf 2(p—pL)

V, T = = + + —
T dr 20 L r
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Buchdahl Bound (1959)

Assuming c eqs. &

o 0 0
£ DI =i
oxH ot

ds® = — f(r)dt? + —— + 12 Q2
h(r)

B, = plr)

R> 3R, =3GM

or the prcwurc must divcrgc in the Interior
Note this R is outside horizon
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Schwarzschild Interior (1916)

Importance of Buchdahl Bound is:
Under Adiabatic Compression
-- Before the Event Horizon is Reached

Holds tor isotropic equation of state P | — P

Bound is Saturated by Schwarzschild Interior Soln.

Constant Density

dp 5 IM
iy r) = |

dr

Solve for Pressure p(7) , Metric Functions f(r), h(r)
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Buchdahl Bound (1959)

Assuming class j, S

! 0 0
£ CHEE ==
ot ot

o
ds“ = —f(r)dt- + Ll fridQA
' h(r)

B, — plr)

dp

=

dr
R> 3R, =3GM

or the prcequrc must divcrgc in the Interior
Note this R is outside horizon
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Schwarzschild Interior (1916)

[mportance of Buchdahl Bound is:
Under Adiabatic Compression
-- Before the Event Horizon is Reached

Holds for isotropic equation of state P | — P

Bound is Saturated by Schwarzschild Interior Soln.

Constant Density

dp - M
piT) = p 47 R3

dr

Solve for Pressure p(r) , Metric Functions f(r), h(r)
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Schwarzschild Interior Solution
Az

Constant Density , - _
) L ) P e L 75!

3

/
= A8
h(r) =1— H?r?
Buchdahl Bound Hz B R - 5 M
— 5 = .
& R3

Pressure . [ _\/] Sy 08 \/] S
plEli="0

Saturates

VI B — V1= 1
vetroes . : 1ff ') ()
Diverges at B SR\/ ' < 1 M

)
/(’ ) [5\/| — H?R? — ‘ I*‘)} Vanishes at R{)

Pressure becomes ge )< e IR,
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Interior Pressure

" R=1.126 R

150 |\

| \ z

100 |

from above [ \

central pressure di\-*crgcs
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Interior Pressure

Ncgatix-*c Pressure soln.

opens up for

R— R

trom above

from below and SRR .

negative pressure region 2 o4 06

fills entire interior with
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Schwarzschild Interior Solution
(I(m:‘tant Density ,,“(,,.) e .1‘.—71-[)‘/‘3 _— Ai ,,,.:5
A== 2 oy
. 871G _  2GM
H? = - —p = ,
J R'}
vV1— H?r?2 — /1 — H2R?
3v1— H?R? — /1 — H?r?
veroes R R i 9 ) |
Diverges at Ry L}]?Jv/ R < "]a”'_il M

S

Saturates

Buchdahl Bound

Pressure

plr) = p [

2
Tirli= l1 [3 \/'l — H?2R? — /. < } Vanishes at R,

Pressure becomes fgr )< e <R,
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Interior Pressure

Ncgati»-*c Pressure soln.

opens up for

from above

from below and

negative pressure region 2 o

fills entire interior with
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Interior Redshift

/(T) — & /)2 > () Non-negative

D=3y1-R,/R— +/1—- R,r2/R3 vanishes at same radius

8 l{. &) =y 5 1 ~ 4 ~ O
e where leLIng — Integrable

@) =
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R=R, Limit is Grav. Condensate Star (2001)

No divergence in
JP=E
o YN . o — e 2.2
Pressure becomes p = -0 h(]) — 1 — H*y

w=-1 ¥ 7((]) = il h(})

H =i

o8] o but | cusp
- Redshift cusp at R=R|

I,lll \/f

Discontinuity (classically)
in

(modified) static coordinates
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Komar Mass-Energy Flux (1959-62)

) — Ay \/% r’ (f) e QPL)

1 [h df GM

\
¥

R, s
M = 4r / dr 1/ }f re (p+p+2p1)
J0O 2




Transverse Pressure

1 i1 il
r— [0 +p)/%] =2(ps —p)f?

dr
0 r =R, Surface

T 8T _ 3.
ST s v (oL — bl = 3 P Ry’ (7 — Ro)

ST

R 3
=g =2 ()




Surface Tension
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First Law

dM =dFE, + 7. dA

p+p=81"+uiN=20
Zero Entropy/Zero Temperature Condensate

K i lcs non-analytic

No Trapped Surface, Truly Static, t 1s a Global Time

Surface Area is Surface Area Entropy

Surface Gravity is Surface Tension not Temperature
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Rindler-like C' Coordinates

o
_fm dt’ + g (£) dé + 2 (£) dQ?

/ ‘ —
Rg,. 2 e
b (1- 27 cmcesa

S

¢2 \ 4
- i D,
| H-(1-4m) ose<om

Surface is at £ = () { > £ temains

Generalizes Israel Jen. Condition to Null Boundary
Faithtul to Einstein Equivalence Principle as originally
concelved for coordinate transformations
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Surface Oscillations

dM =dFE, + 7. dA

Energy Minimized by A for fixed Volume
Surface Tension acts as a force

Surface Oscillations are

Surface Normal Modes are

Characteristic Frequency

() o irE. 8.1 (f\f ) kHz

Striking Signature for LIGO/VIRGO for
M ~ 10" * Mg
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Refraction of Null Rays at Surface

Surface at

R

L\‘

SI111 ’lt)(?:rt \/ 1 = bzb = S1n fﬁ-i'n..t
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Defocusing of Null Rays

Q—

Completely Different Imaging from a Black Hole
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Remarks

Characteristic of a Phase Boundary

Freezing of Time =» Critical Slowinw Down

— B S Pt L )
Yt = I K —f(fr —(pff>0
K, 1s everywhere «c: Hamiltonian exists & 1s

w. proper b.c. at 0 and o©
Quantum State of Test Field ~ Boulware State (No Flux)

Energy Density P = B e ——(— <0

H

MAf2
Both Weak & btrong Energy Conditions

when f(]’) e Lpi

R
i AT
Also time delay ~ ln (g) { ~ ~ \/Lle.s

All | by finite ¢ ' h(?)

Occurs at
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Gravastar Interior Echoes

Transmission (with log time delay) through surface

Regge-Wheeler radial coordinate I dr

Scalar Wave or Grav. Wave Eq. Ik

d2 .
( A+ 2 ) (/)w.{”. — W (/)w!f

Reflection from de Sitter interior barrier: ‘Echo’

black hele

0.10

! .
\

0.05 / *«_outgoing at infinity

; S~ —

0.00¢F
0.15

o™~ - -
= 0.10
= 0.05

0.00

/N 3
.’;: \
/ \
A
y
outgoing at infinity 4— p
0.15 !
= | l rifugal barrier star-like ECO
0.10} e _
H
0.05¢f : outgoing at Infinlty =
regular a @ canter |
H ||;1p|
i . o i . i

0.00
.5

r,/M
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Summary

Buchdahl Bound =2 Interior Pressure Divergence Develops

o

(inside out) before Event Horizon forms

R> 3R =3GM

Constant Density Interior Schwarzschild Solutidn Saturates
Bound & illustrates the generic behavior

Pressure Singularity is Integrable-Sensible Boundary Layer

Implies Formation of a O-fn. Surface & Surface Tension
& a Non-Singular (de Sitter ) Interior

Gravitational Condensatep Star nc Batr essure already

realized/inherent in Classical Gen. Rel. (19106)

Cold Quantum Fi ‘e of Gravitational Collapse

No Thermal Radiation/ Not a Firewall
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Summary

Area Term is Classical Mechanical Surface Energy

Entropy
QM, Unitarity

Both Echoes and Discrete Surface Modes

different imaging for FLH'T
Has been extended to slow rotation C. Posada-Aguirre,
MNRAS 468 (2017) 2128
Full Non-Singular Soln. Requires Quantum

Vacuum Condensate Energy

Regulated his - Boundary layer
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