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New no-scalar-hair theorem for black holes
Alberto Saa

Departamento de Fisica de Particulas, Universidade de Santiago de Compostela,
15706 Santiago de Compostela, Spain

(Received 13 October 1995; accepted for publication 2 February 1996)

A new no-hair theorem is formulated which rules out a very large class of non-
minimally coupled finite scalar dressing of an asymptotically flat, static, and spheri-
cally symmetric black hole. The proof is very simple and based on a covariant
method for generating solutions for nonminimally coupled scalar fields starting
from the minimally coupled case. Such a method generalizes the Bekenstein
method for conformal coupling and other recent ones. We also discuss the role of
the finiteness assumption for the scalar field. © 1996 American Institute of Phys-
ics. [S0022-2488(96)00905-1]
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Regular Phantom Black Holes

K. A. Bronnikov'** and J. C. Fabris®'

'Center for Gravitation and Fundamental Metrology, VNIIMS, 46 Ozyornaya Street, Moscow 119361, Russia
*Institute of Gravitation and Cosmology, PFUR, 6 Miklukho-Maklaya Street, Moscow 117198, Russia

SDeparmmenm de Fisica, Universidade Federal do Espirito Santo, Vitoria, 29060-900, Espirito Santo, Brazil
(Received 24 November 2005; published 27 June 2006)

We study self-gravitating, static, spherically symmetric phantom scalar fields with arbitrary potentials
(favored by cosmological observations) and single out 16 classes of possible regular configurations with
flat, de Sitter, and anti—de Sitter asymptotics. Among them are traversable wormholes, bouncing
Kantowski-Sachs (KS) cosmologies, and asymptotically flat black holes (BHs). A regular BH has a
Schwarzschild-like causal structure, but the singularity i1s replaced by a de Sitter infinity, giving a
hypothetic BH explorer a chance to survive. It also looks possible that our Universe has originated in
a phantom-dominated collapse in another universe, with KS expansion and isotropization after crossing
the horizon. Explicit examples of regular solutions are built and discussed. Possible generalizations
include k-essence type scalar fields (with a potential) and scalar-tensor gravity.

DOI: 10.1103/PhysRevLett.96.251101 PACS numbers: 04.70.Bw, 95.35.4+d, 98.80.-k
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Finslerian structure of black holes
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* Finsler geometry (FG)
* Zermelo navigation problem and FG

 Painlevé-Gullstrand coordinates and the
Finslerian structure of black holes
— Spherical static cases (Schwarzschild)

- Kerr black holes
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Finsler geometry
Bernhard Riemann Dissertation (H ab) (1854)

Ueber
die Hypothesen, welche der Geometrie zu Grunde liegen,

Von

B. Riemann.

Aus dem Nachlass des Verfassers mitgetheilt durch R. Dedekind?).

Plan der Untersuchung.

Bekmmtliuh setzt die Geometrie sowohl den Begriff des Raumes, als
die ersten Grundbegriffe fiir die Constructionen im Raume als etwas
Gegebenes voraus. Sie giebt von ihnen nur Nominaldefinitionen, wih-
rend die wesentlichen Bestimmungen in Form von Axiomen auftreten.
Das Verhiiltniss dieser Voraussetzungen bleibt dabei im Dunkeln: man
sieht weder ein, ob und in wie weit ihre Verbindung nothwendig, noch
a priori. ob sie moglich ist.

Diese Dunkelheit wurde auch von Euklid bis auf Legendre,
um den beriihmtesten neueren Bearbeiter der Geometric zu mnennen,
weder von den Mathematikern, noch von den Philosophen, welche sich
damit beschiftigten, gehoben. Es hatte dies seinen Grund wohl darin,
dass der allgemeine Begriff mehrfach ausgedehnter Grossen, unter wel-
chem die Raumgrissen enthalten sind, ganz unbearbeitet blieb. Ich
habe mir daher zunichst die Aufgabe gestellt, den Begriff einer mehrfach
ausgedehnten Grisse aus allgemeinen Grossenbegrifien zu construiren.
Es wird daraus hervorgehen, dass eine mehrfach ausgedehnte Grijsse ver-

1) Diese Abhandlung ist am 10. Juni 1854 von dem Verfasser bei dem zum
Zweck seiner Habilitation veranstalteten Colloquium wit der philosophischen Facultiit
wu Gottingen vorpelesen worden. Hierans erklict <ieh dia Tamer dar Trocebolloon o
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Finsler geometry
Bernhard Riemann Dissertation (Hab.) (1854)
' TM ds = F(x*,... 2™ dx", ..., dz°)
Without the quadratic restriction
F?(2";dz") = gi;(x)dz"da”

Finslerian (1918)
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Paul Finsler

Finsler geometry
Dissertation (Hab.) (1854)

TeM ds = F(x*,... 2™ dx", ..., dz°)

. ISSN 0002-9920
of the American Mathematical Society

September 1996 Volume 43, Number 9

Shiing-Shen Chern

RE5

- Finsler Geometry Is Just
. Riemannian Geometry

' without the Quadratic

| Restriction

= page 959

Optional Mathematics Is
Not Optional
page 964
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* Randers spacetime

JANUARY 15, 1941 PHYSICAL REVIEW VOLUME 359

On an Asymmetrical Metric in the Four-Space of General Relativity

GUNNAR RANDERS :
Yerkes Observatory of the University of Chicage, Chicago Illinots

(Received October 1, 1940)

Physical space-time allows of a metric of asymmetrical properties because of the unidirection
of time. The simplest possible asymmetrical generalization of Riemannian metric is considered.
The study of this metric is here mainly confined to the mathematical aspects. However, the
physical consequences by application to space-time are obvious, and may be of interest by
leading directly to a description of the electromagnetic field. A close formal connection with
five-dimensional Riemannian geometry is shown, which might carry interest for the physical
interpretation of five-dimensional relativity.
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PHYSICAL REVIEW D VOLUME 48, NUMBER 8 15 OCTOBER 1993

_F’(>(7 )\dX) — )\F(X7 dX) Relation between physical and gravitational geometry

Jacob D. Bekenstein*
for a” A > O Department of Physics, University of California at Santa Barbara, Santa Barbara, California 93106
e and The Racah Institute of Physics, Hebrew University of Jerusalem, Givat Ram, Jerusalem 91904, Israel!
(Received 19 November 1992)

The appearance of two geometries in a single gravitational theory is familiar. Usually, as in
the Brans-Dicke theory or in string theory, these are conformally related Riemannian geometries.
Is this the most general relation between the two geometries allowed by physics? We study this
question by supposing that the physical geometry on which matter dynamics takes place could be
Finslerian rather than just Riemannian. An appeal to the weak equivalence principle and causality
then leads us to the conclusion that the Finsler geometry has to reduce to a Riemann geometry
whose metric, the physical metric, is related to the gravitational metric by a generalization of the
conformal transformation involving a scalar field.
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* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
influence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.
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Find the minimum-time trajectory between to fixed points A and B.
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* Optimal control problem (1931)
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Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
influence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.
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Zermelo navigation problem

Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
influence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.
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Zermelo navigation problem

Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
influence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.

Geodesic (Fermat) formulation?
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Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
influence of a given time-independent drift (wind) vector field W.
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Zermelo navigation problem

Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
influence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.

Geodesic (Fermat) formulation?
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Zermelo navigation problem

Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
influence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.
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Zermelo navigation problem

Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
influence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.

Weak drift
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Zermelo navigation problem

Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
influence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.
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* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
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Zermelo navigation problem

Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
influence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.
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Zermelo navigation problem

Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
influence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.
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Zermelo navigation problem

Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
influence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.
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Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
influence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.
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Zermelo navigation problem

Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
influence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.
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Zermelo navigation problem

Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
influence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.
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Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
influence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.
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Zermelo navigation problem

Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
iInfluence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.

Critical drift
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Zermelo navigation problem

Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
iInfluence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.
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Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
iInfluence of a given time-independent drift (wind) vector field W.
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Zermelo navigation problem

Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
iInfluence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.
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Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
iInfluence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.
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Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
iInfluence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.
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Zermelo navigation problem

Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
influence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.
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Zermelo navigation problem

Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
iInfluence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and B.
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Zermelo navigation problem

Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
iInfluence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and/,;’"/

\\A Pl Strong drift
v e P |

| 1
E ¥ [ > | Wil > 1
- -
-~ -~ ! I
- - - N \ |
-~ - ~ \
- ™ - N \ |
- - iy SO \ /
= - ~ \ /
// - S~ )
- -
” -
# Ptie
- -

‘o« /

4." e 1 4

_a—""-'_’_‘-




Zermelo navigation problem
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* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
iInfluence of a given time-independent drift (wind) vector field W.
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Zermelo navigation problem

Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
iInfluence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and/,;’"/
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Zermelo navigation problem

Ernst Zermelo

* Optimal control problem (1931)

A (non-relativistic) particle moves with constant (unit) velocity V under the
iInfluence of a given time-independent drift (wind) vector field W.

Find the minimum-time trajectory between to fixed points A and/,;’"//
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Formulation as a geodesic (Fermat) problem

Consider a non-relativistic particle moving with constant (unit) speed in an
N-dimensional Riemannian manifold (M, hi;) subject to a time-independent
vector field drift (wind) W* such that ||W||? = h,; W' W.
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Formulation as a geodesic (Fermat) problem

Consider a non-relativistic particle moving with constant (unit) speed in an
N-dimensional Riemannian manifold (M, hi;) subject to a time-independent
vector field drift (wind) W* such that ||W||? = h,; W' W.

Can the trajectory that minimizes the transit time for a particle traveling
between two distinct points of M be described by a geodesic of some
positive definite metric defined on M ?



Zermelo navigation problem and FG

Formulation as a geodesic (Fermat) problem

Consider a non-relativistic particle moving with constant (unit) speed in an
N-dimensional Riemannian manifold (M, hi;) subject to a time-independent
vector field drift (wind) W* such that ||W||? = h,; W' W.

Can the trajectory that minimizes the transit time for a particle traveling
between two distinct points of M be described by a geodesic of some
positive definite metric defined on M ?

YES!
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Zermelo navigation problem and FG

Formulation as a geodesic (Fermat) problem

Weak drift
W]l <1

Randers metric(!)

ds = F(x,dx) = \/aijd:cida:j + bjda’

. I‘i" rf
= p (/\h»g' j =H I;-][.fr,i I’I’D) F]_-lld f}_;,-_ - — T

where W; = h;;W7 and A = 1 — ||W]]2.

a; j
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Formulation as a geodesic (Fermat) problem

Critical drift
W] =1
Kropina metric

hi; dxtdx?
2Widxd

F(x,dx) =

defined on the half-tangent space

A= {dx e TuM : W;dz? > 0},



Zermelo navigation problem and FG

Formulation as a geodesic (Fermat) problem
Critical drift

wi=1] Q_,

Kropina metric

I'P.-;;I g dx : dfl,'j
2Widxd

F(x,dx) =

defined on the half-tangent space

A= {dx e TuM : W;dz? > 0},



Zermelo navigation problem and FG

Formulation as a geodesic (Fermat) problem

Critical drift

Limit A — 0 of the Randers metric
Kropina metric

ds = F(x,dx) = \/ ai;dztdz? 4 b;da?,

hijdx'da?
2Widzxd 1
a;; = 2 (

F(x,dx) =
I -'r;
Ahi; + WiW;) and b = _‘T'
defined on the half-tangent space
. vhere W, = h-,-jI-V-"' and A =1 — _|‘[I-"||2.
A={dxecT M : W;dx’ >0}, - - -
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Zermelo navigation problem and FG

Formulation as a geodesic (Fermat) problem

Strong drift
W] > 1

Lorentz-Finsler metric

1 ; : s
F(x,dx) = ~5 (I-ﬂdj:‘ F \/(Hf’jdi:i‘)g + }khijdmidi‘-‘?)

defined on the conic region of the tangent space Ty M
given by

A ={X € TyM:

Mhijda'da? + (Wda?)® > 0, Wida? > o} .



Zermelo navigation problem and FG

Formulation as a geodesic (Fermat) problem

Strong drift
W] > 1

Lorentz-Finsler metric

1 ; : s
F(x,dx) = ~5 (I-ﬂdﬂ:‘ F \/(Hf’jdzlri‘)g + Ah.f;jd:r“'di?«”)

defined on the conic region of the tangent space Ty M
given by

A ={x € ToM : :

Mhijda'da? + (Wda?)® > 0, Wida? > o} . e



Zermelo navigation problem and FG

Formulation as a geodesic (Fermat) problem

Strong drift
Wl >1 Obtained by considering

_ _ A <0 inthe Randers metric
Lorentz-Finsler metric

F(x,dx) = . W;dz' F 1/ (W;dz7)* + Ah;;dzidxi
A\ J J

defined on the conic region of the tangent space Ty M
given by

A ={x € ToM : ﬂ

Mhijda'da? + (Wda?)® > 0, Wida? > U} . e
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Stationary spacetimes

ds® = Giade dz”

— —dt? + hi; (d,,z,’ — 1f1-f”"dt) (ff:r:j — If’[f’jdt)
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Painlevé-Gullstrand coordinates

Stationary spacetimes

ds? = diadr” dr-
= —dt® + h;; (dz* — W'dt) (dz’ — W dt)

Null geodesics

ds =0 :> dt = F(x,dx)

B dx)= \/ a;jdxtdxd + bjda’,

1 W
4ij = 33 (Ahi; + W;W;) and b; = —‘—,

A
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Painlevé-Gullstrand coordinates

Stationary spacetimes
ds? = diadr” dr-
= —dt® + h;; (dz* — W'dt) (dz’ — W dt)

Null geodesics

ds =0 :> dt = F(x,dx)
B dx)= \/ u.ijri:,!:f""d:;:-f

1 ! -'r;
Ai; = — 1i; + W;W.,) and )y = ——,
] \2 (M ] Urﬂrj; 1 1 ‘

A

where W; = f.l.,-ﬂ-V-"' and A =1 — .|H"||2.



Painlevé-Gullstrand coordinates

Stationary spacetimes
ds? = digpdrdr
= —dt® + h;; (dz* — W'dt) (dz’ — W dt)
Null geodesics

ds =0 mmd) dt = F(x,dx) F(x,dx) # F(x, —dx)
B dx)= \/ r,.r,.?;_jri:r:"'*rﬂ:;:-f

1 ! -'r;
Ai; = — 1i; + W;W.,) and )y = ——,
] \2 ()J ] Urﬂrj; 1 1 ‘

A

where W; = f.l.,-ﬂ-V-"' and A =1 — .|H’r||2.
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Painlevé-Gullstrand coordinates
Schwarzschild black hole

ds® = gupdxde

= —dt* + h;; (dz* — W'dt) (dz’ — W dt)



Painlevé-Gullstrand coordinates

Schwarzschild black hole —

ds® = gupdxde . IM
2 i i j Wh= = —7
= —dt® + h;; (di, — W ’dt) (d:}::-” — W -J’dt) r



ds®

Painlevé-Gullstrand coordinates

Schwarzschild black hole

= g, dz"dz”

= —dt® + h;j (dz' — W'dt) (dz? — Wdt) r

Given the spherical symmetry of the problem, we can
consider, without loss of generality, the Randers (1),
Kropina (4), and the first Finsler-Lorentz (6) metrics
along the x axis. A unified description is given by

F(x,dx) = X (\/d$2 + A(dy? + dz?) + 4/ 2?]}1d£) :

(9)
with A = 1 — 2M/r. The three metrics correspond, re-
spectively, to r > 2M (A > 0), r = 2M (A = 0), and
r < 2M (A < 0). Hence, a unique Finslerian Lagrangian
is defined over the entire range of r, which implies that
geodesics can smoothly cross the submanifold r = 2M
provided the half-space (5) and conic (7) constraints are
satisfied in the respective regions.

hij = 0ij
2M

,f.

W= —

The Finslerian indicatrix (8) associated with (9) re-

duces to the simple expression

2
M ; ;
(dafz + ) +dy® +d2? =1, (10)
-



ds®

Painlevé-Gullstrand coordinates

Schwarzschild black hole

= g, dz"dz”

— _dt® + Ry (d:li'f:'i — Hf’idt) (d:x:-"" — W dt) N r

Given the spherical symmetry of the problem, we can
consider, without loss of generality, the Randers (1),
Kropina (4), and the first Finsler-Lorentz (6) metrics
along the x axis. A unified description is given by

F(x,dx) = % (\/d$2 + A(dy? + dz?) + 4/ 2ﬂ1d$) :

(9)
with A = 1 — 2M/r. The three metrics correspond, re-
spectively, to r > 2M (A > 0), r = 2M (A = 0), and
r < 2M (A < 0). Hence, a unique Finslerian Lagrangian
is defined over the entire range of r, which implies that
geodesics can smoothly cross the submanifold r = 2M
provided the half-space (5) and conic (7) constraints are
satisfied in the respective regions.

2M

7

The Finslerian indicatrix (8) associated with (9) re-

duces to the simple expression

2
oM :
(d.?: - ) +dy® +d2? =1, (10)
-

r=2M
(event horizon)

S S



Painlevé-Gullstrand coordinates
Kerr black hole

ds® = giodztdz”

= —dt* + h;; (dz* — W'dt) (dz’ — W dt)



Painlevé-Gullstrand coordinates
Kerr black hole

2 _
ds® = g, dzx*dz”
2 - Tt ] q
= —dt* + h;j (dz* — W'dt) (dz’ — W dt)
hijdadr? = %d?’Q + p*d6* + ©sin® 0 (do + 6d9)°, (Natario’s coordinates)
and drift W such that
. 102 -
Wida' = Svdr + 3 sin” 0Qd,

with

\/ 2Mr(r? + a? 2Mra
V= y = —e,
p? p*L

2Mra?

p°=12+a’cos?8, T =r>+a®+ =
p

sin? 0, § = —a’*sin(26) ] —d?



Painlevé-Gullstrand coordinates

Kerr black hole

ds® = diadr o

= —dt’ + h;j (dz* — W'dt) (dz? — W dy)

hijdzidai = %d-ﬁ + p2d0? + Ssin2 0 (db + 5d6)?,

and drift W* such that

2 -
Wdz' = %vdr + ¥ sin? 6Qdo,

with
\/ 2Mr(r? + a? 2Mra
B , Q= ——,
p? p*L
: : 5 2M
P2 =r2+a%cos?l, T=r’+a%+ ra’

02

sin® 6,

(Natario’s coordinates)

§ = —a? Sin(29)]

"2 )
E—(;1’.?‘.

¥

r 4+ 0

2 2
5 dx +
= (dy .

Indicatrix

2
2M
r

2Mav/r? + a?

ry

2



Painlevé-Gullstrand coordinates
Kerr black hole

Indicatrix
ds® = dapdrdr

5 5 . 5 : r? + a? i o\
= —dt* + h;j (dz* — W'dt) (dz’ — W dt) 5\ TV

2 oy
hijdz'dz’ = %d-ﬁ + p*d6* + ©sin® 0 (do + 6d9)°, (Natario’s coordinates) o b3 ( i 2Mar/r? + a2) i
' ry '

and drift W such that r=2M

(outer ergosurface)

2
Widz* = %vd’r + ¥ sin? 0Qdo,

with @ .
\/ 2Mr(r? + a?) 2Mra , : N =
o d (i

Uii= ¥ g )
p p*L

2Mra?

PP =r’+a%cos’8, L =r’+0a%+ 5
p

]
r=M4+ VM2 —qa?

(outer horizon)

. . = )
sin? A, § = —a? sin(29)/ %dfr.



The “river model” of black holes

The river model of black holes

Andrew J. S. Hamilton? and Jason P. Lisle
JILA and Department of Astrophysical and Planetary Sciences, Box 440, University of Colorado, Boulder,
Colorado 80309

(Received 11 October 2004; accepted 3 December 2007)

We present a lesser known way to conceptualize stationary black holes, which we call the river
model. In this model, space flows like a river through a flat background, while objects move through
the river according to the rules of special relativity. In a spherical black hole, the river of space falls
into the black hole at the Newtonian escape velocity, hitting the speed of light at the horizon. Inside
the horizon, the river flows inward faster than light, carrying everything with it. The river model also
works for rotating (Kerr—Newman) black holes, though with a surprising twist. As in the spherical
case, the river of space can be regarded as moving through a flat background. However, the river
does not spiral inward, but falls inward with no azimuthal swirl. The river has at each point not only
a velocity but also a rotation or twist. That is, the river has a Lorentz structure, characterized by six
numbers (velocity and rotation). As an object moves through the river, it changes its velocity and
rotation in response to tidal changes in the velocity and twist of the river along its path. An explicit
expression is given for the river field, a six-component bivector field that encodes the velocity and
twist of the river at each point and encapsulates all the properties of a stationary rotating black
hole. © 2008 American Association of Physics Teachers.

[DOL: 10.1119/1.2830526]




Summary



Summary

* Finding null geodesics of stationary spacetimes
admitting Painleve-Gullstrand coordinates is a Finsler
geometry problem.



Summary

* Finding null geodesics of stationary spacetimes
admitting Painleve-Gullstrand coordinates is a Finsler
geometry problem.

* Finslerian description offers an enhanced understanding
of the causal structure of black holes, presenting the
behavior of null geodesics on the ergosurfaces,
horizons, and their interior regions in novel geometric
terms.
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