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Chapter 1

PHILOSOPHICAL |SSUES OFBLACK HOLES
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Abstract

Black holes are extremely relativistic objects. Physiaalcesses around them
occur in a regime where the gravitational field is extremetgnse. Under such con-
ditions, our representations of space, time, gravity, &ednhodynamics are pushed
to their limits. In such a situation philosophical issuetunally arise. In this chapter
| review some philosophical questions related to black $iola particular, the rele-
vance of black holes for the metaphysical dispute betweesentists and eternalists,
the origin of the second law of thermodynamics and its retatd black holes, the
problem of information, black holes and hypercomputing,itiature of determinisim,
and the breakdown of predictability in black hole spaces8ml maintain that black
hole physics can be used to illuminate some important pnobla the border between
science and philosophy, either epistemology and ontology.

PACS 04.70.Bw, 97.60.Lf, 98.80.-k, 01.70.+w.
Keywords: Black holes, cosmology, philosophy of science.

1. The Philosophical Importance of Black Holes

Black holes are the most extreme objects known in the uréve@ur representations of
physical laws reach their limits in them. The strange phesrmarthat occur around black
holes put to the test our basic conceptions of space, timefrdmism, irreversibility, in-

formation, and causality. It is then not surprising that ithestigation of black holes has
philosophical impact in areas as diverse as ontology,&apsiogy, and theory construction.
In black holes, in a very definite sense, we can say that gplos meets experiment. But,
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alas, philosophers have almost paid no attention to thdgmrabraised by the existence of
black holes in the real world (for a notable and solitary gtiom see Weingard 1979; a
recent discussion of some ontological implications of blacles can be found in Romero
& Pérez 2014).

The purpose of this chapter is to palliate this omission anatdvide a survey of some
important philosophical issues related to black holes. malopurport to deliver an exhaus-
tive study; such a task would demand a whole book devotedetdojsic. Rather, | would
like to set path for future research, calling the attentmedme specific problems.

In the next section | introduce the concept of a black holeo thds from a space-time
point of view, without connection to Newtonian analogiesadk holes are not black stars;
they are fully relativistic objects and can be understodg rom a relativistic perspective.
Hence, | start saying a few things about space-time andvigfat

In the remaining sections of the chapter | present and dissaseral philosophical
issues raised by the existence and properties of black.hbtigsarticular, | discuss what
happens with determinism and predictability in black halgace-times, the implications of
the existence of black holes for ontological views of time #me nature of reality, the role
of black holes in the irreversibility we observe in the umga issues related to information
and whether it can be destroyed in black holes, the appareakdiown of causality inside
black holes, and, finally, the role played, if any, by blackelsan the future of the universe.

2. Whatis a Black Hole?

A black hole is a region of space-time, so | start introduding concept of space-time
(Minkowski 1908).

Definition. Space-time is the emergent of the ontological compositiatl events

Events can be considered as primitives or can be derivedtfimmgs as changes in their
properties if things are taken as ontologically prior. Botpresentations are equivalent
since things can be construed as bundles of events (Romé&R8bR0Since composition
is not a formal operation but an ontological énspace-time is neither a concept nor an
abstraction, but an emergent entity. As any entity, spmee-tan be represented by a
concept. The usual representation of space-time is givendgimensional real manifold
E equipped with a metric field,;:

ST= <E> gab> .

It is important to stress that space-tineenota manifold (i.e. a mathematical con-
struct) but the “totality” of events. A specific model of spaime requires the specification
of the source of the metric field. This is done through anoftedd, called the “energy-
momentum” tensor field,;. Hence, a model of space-time is:

Mst = (E, gab Tap) -

For instance, a human body is composed of cells, but is no&jusere collection of cells since it has
emergent properties and specific functions far more contpiax those of the individual components.
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The relation between these two tensor fields is given by figlcheons, which represent
a basic physical law. The metric field specifies the geomdtigpace-time. The energy-
momentum field represents the potential of change (i.e. @fiteyeneration) in space-time.
All this can be cast into in the following axioms (Romero 2b)%4

P1 — Syntactic. The setFE is a C* differentiable, 4-dimensional, real pseudo-
Riemannian manifold.

P2 — Syntactic. The metric structure of is given by a tensor field of rank 2, in
such a way that the differential distan¢ebetween two events is:

ds® = ggpdz®da®.

P3 — Syntactic. The tangent space @ at any point is Minkowskian, i.e. its metric is
given by a symmetric tensay,;, of rank 2 and trace-2.

P4 — Syntactic. The metric ofE is determined by a rank 2 tensor fidlg, through the
following field equations:

Gab - gabA = HTalﬂ (1)

whereG, is a second rank tensor whose components are functions setond deriva-
tives of the metric. Both\ andx are constants.

P5 — Semantic. The elements of represent physical events.
P6 — Semantic. Space-time is represented by an ordered {&ir g,»):
ST= <E7 gab> .

P7 — Semantic. There is a non-geometrical field represented by a 2-ranlotdredd
T, on the manifold E.

P8 — Semantic. A specific model of space-time is given by:
Mst = (E, gap, Tap) -

So far no mention has been made of the gravitational field skbthed theory is purely
ontological, and hence, cannot be yet identified with Gdrieedativity. To formulate the

field equations we introduce the Einstein tensor:

1
Gab = Rab - §Rgab> (2)

2| distinguish purely syntactic from semantic axioms. Therfer establish relations between symbols and
formal concepts. The latter, relations between conceptebments of the reality.
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whereR,; is the Ricci tensor formed from second derivatives of theimahdR = ¢*° R,
is the Ricci scalar. The geodesic equations for a test paftiee in the gravitational field
are:
2,.a b c
4ot | po 42zt
d\? dX\ d\

with A an affine parameter arid, the affine connection, given by:

®3)

1
be = §9ad(3b9cd + Ocgvd — Oage)- 4)

The affine connection is not a tensor, but can be used to buéddsor that is directly
associated with the curvature of space-time: the Riemarsote The form of the Riemann
tensor for an affine-connected manifold can be obtainedutfir@ coordinate transforma-
tion ¢ — z“ that makes the affine connection to vanish everywhere, i.e.

[e(z)=0, Vz,a,b,c (5)
The coordinate systef* exists if

(bld,c - F;ch,d + Fgc ng - Fge Fgc =0 (6)

for the affine connectiol'y, (x). The left hand side of Eq. (6) is the Riemann tensor:
Rgcd = ng,c - I‘(blc,d + ch gd - ge le)c' (7)

When R, = 0 the metric is flat, since its derivatives are zeroKlf= R{ R4 > 0
the metric has positive curvature. Sometimes it is saidtti@Riemann tensor represents
the gravitational field, since it only vanishes in the abseoicfields. On the contrary, the
affine connection can be set locally to zero by a transfoomatif coordinates. This fact,
however, only reflects the equivalence principle: the gaticinal field can be suppressed
in any locally free falling system. In other words, the tamgspace to the manifold that
represents space-time is always Minkowskian. To deterrtfiremathematical object of
the theory that represents the gravitational field we haweitsider the weak field limit of
Egs. (1). When this is done we find that the gravitational miidk is identified with the
metric coefficientgoy =~ 100 + hoo and the coupling constantis —87G/c*. If the metric
represents the gravitational potentighenthe affine connection represents the strength of
the field itself This is similar to what happens in electrodynamics, whieeed-vectorA®
represents the electromagnetic potential and the tensdfié = 9, A, — 9, A, represents
the strength of the electromagnetic fiel@lhe Riemann tensor, on the other hand, being
formed by derivatives of the affine connection, represém@sdte of change, both in space
and time, of the strength of the gravitational field

The source of the gravitational field in Egs. (1), the tenseldfi,;, stands for the
physical properties of material things. It represents thergy and momentum of all non-
gravitational systems. In the case of a point masand assuming spherical symmetry, the
solution of Egs. (1) represents a Schwarzschild black hole.
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The Schwarzschild solution for a static maddscan be written in spherical coordinates
(t, r, 0, ¢)as:

-1
ds? = <1 - %) Fdt* — <1 - 25324) dr? — r?(d6* + sin® 0d¢®).  (8)

The metric given by Eq. (8) has some interesting propertlest’'s assume that the
massM is concentrated at = 0. There seems to be two singularities at which the metric
diverges: one at = 0 and the other at

2GM
2

rg = . 9
The lengthrg is known as theSchwarzschild radiusf the object of masd/. Usually, at
normal densitiesys is well inside the outer radius of the physical system, ardstiiution
does not apply to the interior but only to the exterior of thgect . For a point mass, the
Schwarzschild radius is in the vacuum region and the engiaeestime has the structure
given by (8).

It is easy to see that strange things occur closgytd-or instance, for the proper time

we get:
1/2
dr — (1 LM ) dt. (10)
rc
or o
it = (1 oM > dr, (11)
rc

Whenr — oo both times agree, sbis interpreted as the proper time measure from
an infinite distance. As the system with proper timapproaches tos, dt tends to infinity
according to Eq. (11). The object never reaches the Schelaldsurface when seen by an
infinitely distant observer. The closer the object is to thbvarzschild radius, the slower
it moves for the external observer.

A direct consequence of the difference introduced by gyawitthe local time with
respect to the time at infinity is that the radiation that pesarom a given > rg will be
redshifted when received by a distant and static obseniece$he frequency (and hence
the energy) of the photon depend on the time interval, we gép virom Eq. (11):

2GM —1/2
Moo = (1 — fc2 > . 12)
Since the redshift is: \ \
z="2, (13)
then 12
2GM\ "~
l—i—z:(l— r02> : (14)

and we see that when — rg the redshift becomes infinite. This means that a photon
needs infinite energy to escape from inside the region détethbyrg. Events that occur
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0

r=2GM /

r

Figure 1. Space-time diagram in Eddington-Finkelsteirrdmates showing the light cones
close to and inside a black hole. Heres= 2GM = rg is the Schwarzschild radius where
the event horizon is located (units= 1).

atr < rg are disconnected from the rest of the universe. The surfeiegrdined by = rg
is anevent horizonWhatever crosses the event horizon will never return. iBtise origin
of the expression “black hole”, introduced by John A. Whe#&léhe mid 1960s. The black
hole is the region of space-time inside the event horizon.

According to Eq. (8), there is a divergencerat rs. The metric coefficients, however,
can be made regular by a change of coordinates. For instamcanvconsider Eddington-
Finkelstein coordinates. Let us define a new radial cootdinasuch that radial null rays
satisfyd(ct + r,) = 0. Using Eq. (8) we can show that:

2GM r—2GM/c?
Tx =T+ —3 2
c 2GM/c
Then, we introduce:
v =ct+ ry.

The new coordinate can be used as a time coordinate replac¢ingEq. (8). This yields:

ds* = <1 — 2G—M> (dt? — dr?) — r2dQ?

rc2
or GM
2
ds? = (1 - ) dv? — 2drdv — r2dO?, (15)
rc
where

d0? = df? + sin® 0dy>.

Notice that in Eq. (15) the metric is non-singularrat= 2GM/c*. The only real
singularity is at- = 0, since there the Riemann tensor diverges. In order to phospiace-
time in a(¢, r)-plane, we can introduce a new time coordinate- v — r. From the metric
(15) or from Fig. 1 we see that the line= rg, § =constant, and = constant is a null
ray, and hence, the surfacerat rg is a null surface. This null surface is an event horizon
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because inside = rg all cones have: = 0 in their future (see Figure 1). Everything
that crosses the event horizon will end at the singularitiyis Ts the inescapable fate for
everything inside a Schwarzschild black hole. There is ng wwavoid it: in the future of
every event inside the event horizon is the singularity. E\my, that no signal coming from
the center of the black hole can reach a falling observetedine singularity is always in
the future, and a signal can arrive only from the past. Argllobserver will never see the
singularity.

Many coordinates systems can be used to describe black. hélesthis reason, it
is convenient to provide a definition of a black hole that idependent of the choice of
coordinates. First, | will introduce some preliminary ugedefinitions (e.g. Hawking &
Ellis 1973, Wald 1984).

Definition. A causal curve in a space-tini@!, g.,) iS a curve that is non space-like,
that is, piecewise either time-like or null (light-like).

We say that a given space-tii&/, g,;) is time-orientableif we can define oveiM a
smooth non-vanishing time-like vector field.

Definition. If (M, ga) is a time-orientable space-time, théme M, the causal future
of p, denoted] ™ (p), is defined by:

Jt(p) = {q € M|3 a future — directed causal curve from pto q}. (16)

Similarly,

Definition. If (M, g.) is a time-orientable space-time, thém € M, the causal past
of p, denoted] ~ (p), is defined by

J™(p) = {q € M|3 a past — directed causal curve from pto q}. (17)

The causal future and past of any Setc M are given by:

TN = 7t (18)
peS
and,
IS =J T . (19)
peS

A set S is saidachronalif no two points ofS are time-like related. A Cauchy surface
is an achronal surface such that every non space-like canvé ¢rosses it once, and only
once,S. A space-timg M, g,;) is globally hyperbolidff it admits a space-like hypersurface
S C M which is a Cauchy surface farl.

Causal relations are invariant under conformal transftiona of the metric. In this
way, the space-time&M, g,;) and (M, Gup), wheregy, = Q2g4, with Q a non-zeroC”
function, have the same causal structure.
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Let us now consider a space-time where all null geodesidsstag in a region7
end at7*. Then, such a space-timg}/, g.;), is said to contain &lack holeif M is not
contained inJ~ (7). In other words, there is a region from where no null geodeait
reach theasymptotic flat future space-time, or, equivalently, there is a regiodbthat is
causally disconnected from the global future. THtack hole region BH, of such space-
timeisBH = [M — J~(J )], and the boundary d8H in M, H = J~(J ) M, is the
event horizon

Notice that a black hole is conceived as a space-tiegéon i.e. what characterises
the black hole is its metric and, consequently, its cuneatihat is peculiar of this space-
time region is that it is causally disconnected from the ofghe space-time: no events
in this region can make any influence on events outside therregdence the name of
the boundary, event horizon: events inside the black h@eeparated from events in the
global external future of space-time. The events in theldtade, nonetheless, as all events,
are causally determined by past events. A black hole doesepotsent a breakdown of
classical causality.

A useful representation of a black hole is given by a Cartan®se diagram. This
is a two-dimensional diagram that captures the causaliortabetween different points
in space-time. It is an extension of a Minkowski diagram vehere vertical dimension
represents time, and the horizontal dimension represpatesand slanted lines at an angle
of 45° correspond to light rays. The main difference with a Minkkinsagram (light cone)
is that, locally, the metric on a Carter-Penrose diagranoigamally equivalerft to the
actual metric in space-time. The conformal factor is chaserh that the entire infinite
space-time is transformed into a Carter-Penrose diagrafmité size. For spherically
symmetric space-times, every point in the diagram cormedpdo a 2-sphere. In Figure 2,
| show a Carter-Penrose diagram of a Schwarzschild spamee-ti

From the Carter-Penrose diagram, it is clear that there ismelike curve that starting
from the interior region of the black hole can reach the conédly flat future infinity. All
curves in this region can only end in the singularity.

Schwarzschild black holes are spherically symmetric, ratating objects. All known
astrophysical systems have some angular momentum. Ircyarti since black holes of
stellar mass are expected to result from the collapse ofineestsrs, they should be rapidly
rotating objects due to the momentum conservation. Theicradta rotating mass in vac-
uum is the Kerr metric. For a rotating body of magsand angular momentum per unit
massa, this metric can be written as:

ds* = gudt® + 2g14dtdd — gppdd® — SA™ dr? — $d6? (20)
gt = (& —2GMrx™) (21)
Gty = 2GMac?% " 1rsin? 0 (22)
9o = [(r*+d*c?)? —a’c?Asin? 9]= " sin? 0 (23)

3Asymptotic flatness is a property of the geometry of spame-tivhich means that in appropriate coordi-
nates, the limit of the metric at infinity approaches the roetf the flat (Minkowskian) space-time.

4] remind that two geometries are conformally equivalenhire exists a conformal transformation (an
angle-preserving transformation) that maps one geomethetother. More generally, two Riemannian metrics
on a manifoldM are conformally equivalent if one is obtained from the ottreough multiplication by a
function onM.
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Singularity (r = 0)

Black Hole

O
Time

Space

Figure 2. Carter-Penrose diagram of a Schwarzschild blakk h

Y = r?+aPc?cos?d (24)
A = r2—2GMc *r+ad%c 2 (25)

This is the Kerr metric in Boyer-Lindquist coordinatés r, 6, ¢). The metric re-
duces to the Schwarzschild metric fo= 0. In Boyer-Lindquist coordinates the metric is
approximately Lorentzian at infinity.

The element,; no longer vanishes. Even at infinity this element remains¢aée wrote
approximateht orentzian above). The Kerr parameter ! has dimensions of length. The
larger the ratio of this scale t6'Mc~2 (the spin parametera, = ac/GM), the more
aspherical the metric. Schwarzschild’s black hole is thecip case of Kerr's fon =
0. Notice that, with the adopted conventions, the angular eraom J is related to the
parameter by:

J = Ma. (26)

Just as the Schwarzschild solution is the unique staticuracsolution of Egs. 1?)
(a result called Israel’'s theorem), the Kerr metric is théque stationary axisymmetric
vacuum solution (Carter-Robinson theorem).

The horizon, the surface which cannot be crossed outwasdigtermined by the con-
dition g,, — oo (A = 0). Itlies atr = rP"* where

o = GM 2 + [(GMe™2)? — 2722 (27)

Indeed, the track = 7%, § = constant withdg/dr = a(r? + a?)~!dt/dr hasds =
0 (it represents a photon circling azimuthatiy the horizon, as opposed to hovering at
it). Hence the surface = r{"* is tangent to the local light cone. Because of the square
root in Eq. (27), the horizon is well defined only far = ac/GM < 1. An extreme
(i.,e. maximally rotating) Kerr black hole has a spin paramnei = 1. Notice that for
(GMc=?)? — a%c2 > 0 we have actually two horizons. The second, ittreerhorizon, is
located at:

= GMce? — [(GMc?)? - a26_2]1/2. (28)



10 Gustavo E. Romero

This horizon is not seen by an external observer, but it higesingularity to any observer
that has already crosseg and is separated from the rest of the universe. ot 0,
rii = 0 andr{™ = rg. The caséGMc?)? — a?c? < 0 corresponds to no horizons and
it is thought to be unphysical.

If a particle initially falls radially with no angular mom&mm from infinity to the black
hole, it gains angular motion during the infall. The angwelocity as seen from a distant
observer is:

_do (2GM/c*)ar
Cdt (24 a2c72)? — a2¢2Asin? 9’

A particle falling into the black hole from infinite will acgqe angular velocity in the
direction of the spin of the black hole. As the black hole ipraached, the particle will
find an increasing tendency to get carried away in the sansesenvhich the black hole is
rotating. To keep the particle stationary with respect eodistant stars, it will be necessary
to apply a force against this tendency. The closer the panvdl be to the black hole,
the stronger the force. At a poimt it becomes impossible to counteract the rotational
sweeping force. The particle is in a kind of space-time ntemfs. The surface determined
by r. is the static limit from there in, you cannot avoid to rotate. Space-time iatnog
here in such a way that you cannot do anything in order to nagbtade with it. You can
still escape from the black hole, since the outer event borlzas not been crossed, but
rotation is inescapable. The region between the stati¢ &nmd the event horizon is called
the ergosphereThe ergosphere is not spherical but its shape changesheitiatitudes. It
can be determined through the conditign = 0. If we consider a stationary particle,=
constantf) = constant, and = constant. Then:

dt\?
? = gt <E> . (30)

Wheng;; < 0 this condition cannot be fulfilled, and hence a massive garttiannot be
stationary inside the surface defined gy = 0. For photons, sincds = cdr = 0, the
condition is satisfied at the surface. Solvipg= 0 we obtain the shape of the ergosphere:

Q(r, 9) (29)

M 1
Te = G—2 + = (G2M2 — a?c? cos? 9)1/2. (31)

C C

The static limit lies outside the horizon except at the palbsre both surfaces coincide.
The phenomenon of “frame dragging™ is common to all axialymmetric metrics with
diy 7 0.

An essential singularity occurs whep — oco. This happens i&2 = 0. This condition
implies:
r?2 4+ a%c2cos?f = 0. (32)

Such a condition is fulfilled only by = 0 and® = 3. This translates in Cartesian coordi-

nates t8:

2 +y?=ad’c? and z=0. (33)

5The relation with Boyer-Lindquist coordinates is = 72+ a2c 2sinfcosg, y =
V12 +a?¢c2sinfsin ¢, z = rcos 6.
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Figure 3. Sketch of a Kerr black hole, with its two horizonsg éme ring singulatrity.

The singularity is a ring of radiusc=! on the equatorial plane. & = 0, then
Schwarzschild’s point-like singularity is recovered. alf£ 0 the singularity is not nec-
essarily in the future of all events at< r™: the singularity can be avoided by some
geodesics.

A sketch of a Kerr black hole is shown in Figure 3.

Non-vacuum solutions of both spherically symmetric an@tiog black holes exists,
but since they are thought to be of no astrophysical impogahdo not discuss them here
(the interested reader can see Romero & Vila 2014 and Pufisii))2

3. Determinism and Predictability in Black Hole Spacetimes

Determinism is a metaphysical doctrine about the naturbefaorld. It is an ontological
assumption: the assumption that all events are given. Ibedraced to Parmenides and his
“what is, is” (Romero 2012). It is important to emphasise theterminism does not require
causality and does not imply predictability. Predictapiis a property of our theories about
the world, not a property of the world itself.

The confusion between determinism and predictability carréced to Pierre-Simon
Laplace and hi®hilosophical Essay on Probabilities

We may regard the present state of the Universe as the efféstpast and
the cause of its future. An intellect which at a certain momeould know
all forces that set nature in motion, and all positions oftalins of which na-
ture is composed, if this intellect were also vast enouglubmst these data to
analysis, it would embrace in a single formula the movemehthe greatest
bodies of the Universe and those of the tiniest atom; for sucimtellect noth-
ing would be uncertain and the future just like the past wdnalghresent before
its eyes.

According to Laplace, every state of the Universe is deteedhiby a set of initial con-
ditions and the laws of physics. Since the laws are repreddy differential equations
and there are theorems for the existence and uniqueneskitibss, determinism implies
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predictability. Theorems apply, however, only to mathéoahtobjects, not to reality. The
world is not mathematical, just some of our representatidrisare mathematical. The ex-
istence of solutions to some equations that representgaiyaivs does not imply physical
existence. Physical existence is independent of our cdioocsp Moreover, even in Newto-
nian space-times there are Cauchy horizons (Earman 1986keTare hypersurfaces from
where, even the in case of a complete specification of irdtgd, the solutions of dynamical
equations cannot predict all future events. This ariseauls of the absence of an upper
bound on the velocities of moving objects in the Newtoniapspts. For instance, consider
the trajectory of an object that is accelerated in such a \Wwayits velocity becomes in
effect infinite in a finite time. This object will be disconnied from all later times.

General Relativity assumes the existence of all eventesepted by a manifold (see
the axiomatic system presented in Section 2.). Hence, itdstarministic theory from
an ontological point of view. The Cauchy problem, howevanmot always be solved in
General Relativity. Cauchy horizons naturally appear imynsolutions of Einstein field
equations, and in particular, in those of rotating blackebolThe inner horizons of both
Kerr and Kerr-Newman black holes are Cauchy surfaces: injgossible to predict the
evolution of any physical system in the interior region frime specification of the initial
conditions over the horizon and the Einstein equationshigh the manifold is fixed, we
cannot always describe it from limited knowledge. GenerdaRvity is an example of a
physical theory that can be ontologically deterministi¢ banetheless epistemologically
underdetermined.

| remark that the existence of singular space-time models

Mg’lII‘lg = <E7 YGab, Tab>

does not imply a breakdown of the ontological determinacyheftheory. Singularities,
certainly, imply a failure in the predictability, but theyeanot elements of space-time itself.
| will elaborate more about this in Section 7.

The fact that there exist irreversible processes in theausg/implies that space-time is
globally asymmetric. The laws that constrain the space-sthphysical things, and there-
fore their potential to change, however, are invariant utidee reversal. Black holes might
play a crucial role to link the the global structure of spéio@e with the local irreversibility
expressed by the Second Law of Thermodynamics. | turn nohiggtoblem.

4. Black Holes and the Second Law of Thermodynamics

The Second Law of Thermodynamics states thatentropy of a closed system never de-
creasesIf entropy is denoted by, this law reads:

as
— >0. 34
dt — (34)
In the 1870s, Ludwig Boltzmann argued that the effect of canml¢g moving gas
molecules is to ensure that the entropy of a gas would ineraatil it reaches its max-
imum possible value. This is his famotstheorem Boltzmann was able to show that
macroscopic distributions of great inhomogeneity (i.e.high order or low entropy) are



Philosophical Issues of Black Holes 13

formed from relatively few microstate arrangements of rooles, and were, consequently,
relatively improbable. Since physical systems do not tendad into states that are less
probable than the states they are in, it follows that anyesysivould evolve toward the

macrostate that is consistent with the larger number of astates. The number of mi-

crostates and the entropy of the system are related by tlarfuental formula:

S =knW, (35)

wherek = 10723 JK~! is Boltzmann’s constant arid’ is the volume of the phase-space
that corresponds to the macrostate of entrSpy

More than twenty years after the publication of Boltzmarinisdamental papers on ki-
netic theory, it was pointed out by Burbury (1894, 1895) thatsource of asymmetry in the
H-theorem is the implicit assumption that the motions ofghe molecules are independent
before they collide and not afterwards. This essentiallamsethat the entropy increase is
a consequence of theitial conditionsimposed upon the state of the system. Boltzmann’'s
response was:

There must then be in the universe, which is in thermal daoyiilin as a
whole and therefore dead, here and there, relatively semithns of the size of
our world, which during the relatively short time of eons idé® significantly
from thermal equilibrium. Among these worlds the state phility increases
as often as it decreases.

Boltzmann (1895).

As noted by Price (2004): “The low-entropy condition of oagion seems to be asso-
ciated entirely with a low-energy condition in our past.”

The probability of the large fluctuations required for thenfiation of the universe we
see, on other hand, seems to be zero, as noted long ago bygEad{d931): “A universe
containing mathematical physicists at any assigned ddté&vin the state of maximum
disorganisation which is not inconsistent with the existenf such creatures.” Large fluc-
tuations are rareK ~ exp —AS); extremelylarge fluctuation, basically impossible. For
the whole universeAS ~ 10'%* in units of k = 1. This yieldsP = 0.

In 1876, a former teacher of Boltzmann and later colleagileeatniversity of Vienna,
J. Loschmidt, noted:

Obviously, in every arbitrary system the course of eventstniecome
retrograde when the velocities of all its elements are smkr

Loschmidt (1876).

In modern terminology, the laws of (Hamiltonian) mechardcs such that for every
solution one can construct another solution by reversihgedbcities and replacing by
—t. Since the Boltzmann’s functiof/ [f] is invariant under velocity reversal, it follows
that if H[f] decreases for the first solution, it will increase for theoselc Accordingly, the
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reversibility objection is that the H-theorem cannot be aggal theorem for all mechanical
evolutions of the gas. More generally, the problem goesdgohd classical mechanics and
encompasses our whole representation of the physical wathis is becausall formal
representations of all fundamental laws of physics areriave. under the operation of time
reversal Nonetheless, the evolution of all physical processesdruttiverse is irreversible.

If we accept, as mentioned, that the origin of the irrevdligikis not in the laws but in
the initial conditions of the laws, two additional problemmerge: 1) What were exactly
these initial conditions?, and 2) How the initial condispf global nature, can enforce, at
any time and any place, the observed local irreversibility?

The first problem is, in turn, related to the following oneg¢erthe cosmological setting
is taken into account: in the past, the universe was hottdradrsome point matter and
radiation were in thermal equilibrium; how is this comp#ilwith the fact that entropy
has ever been increasing according to the so-called Pasithfgs, i.e. entropy was at a
minimum at some past time and has been increasing ever since?

The standard answer to this question invokes the expansitie oniverse: as the uni-
verse expanded, the maximum possible entropy increasédhetsize of the universe, but
the actual entropy was left well behind the permitted maximirhe source of irreversibil-
ity in the Second Law of Thermodynamics is the trend of theogytto reach the permitted
maximum. According to this view, the universe actually bega a state of maximum
entropy, but due to the expansion, it was still possible tieréntropy to continue growing.

The main problem with this line of thought is that is not trbattthe universe was in a
state of maximum disorder at some early time. In fact, algifsdocally matter and radiation
might have been in thermal equilibrium, this situation oced in a regime were the global
effects of gravity cannot be ignored (Penrose 1979). Simaeity is an attractive force,
and the universe was extremely smooth (i.e structurelessaily times, as indicated, for
instance, by the measurements of the cosmic microwave baaokg radiation, the grav-
itational field should have been quite far from equilibriuwith very low global entropy
(Penrose 1979). It seems, then, that the early universglwohally out of the equilibrium,
being the total entropy dominated by the entropy of the ¢a#ienal field. If we denote by
C? a scalar formed out by contractions of the Weyl tensor, tii@ircondition C? ~ 0 is
required if entropy is still growing tod&y

The answer to the second question posed above, namely, Ho®dcond Law is lo-
cally enforced by the initial conditions, which are of glblmature?’, seems to require a
coupling between gravitation (of global nature) and etmbgnamics (of local action). In
what follows | suggest that black holes can provide the keytfis coupling (for the role of
cosmological horizons in this problem see Romero & Pérd4 0

The electromagnetic radiation field can be described indimag of the 4-potentiall“,
which in the Lorentz gauge satisfies:

POAY(F, t) = 4mj*(F, t), (36)

with ¢ = 1 andj° the 4-current. The solutior® is a functional of the sourceg'. The
retarded and advanced solutions are:

®This is because the Weyl tensor provides a measure of thenmgeneity of the gravitational field. See
Romero, Thomas, & Pérez (2012) for estimates of the gramital entropy of black holes based on the Weyl
tensor.
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j“(r,t— F—r) . j“(r,t— F—r) .
A (F) t) = / _ d3r' + / — d&r’, (37)
V‘rct ‘F— 7" BWct ‘F— ’I"/
j <r,t—|— r—r’) . Jj (r,t—|— r—r’) .
adv (7 1) = / - d*r' + / - 4. (38)
Vadv ‘7?‘— 7”’ OWVadv "F— T,

The two functionals of“(7, t) are related to one another by a time reversal transforma-
tion. The solution (37) is contributed by sources in the pasihe space-time poini(#, ¢)
and the solution (38) by sources in the future of that poitie htegrals in the second term
on the right side are the surface integrals that give theritoribns from i) sources outside
of V' and ii) source-free radiation. I is the causal past and future, the surface integrals
do not contribute.

The linear combinations of electromagnetic solutions e solutions, since the equa-
tions are linear and the Principle of Superposition holdss usual to consider only the
retarded potential as physical meaningful in order to esttinthe electromagnetic field at
p(7, t): F% = 9°Ab, — 9" A%,. However, there seems to be no compelling reason for

ret ret*

such a choice. We can adopt, for instance (in what followslaisimplified notation),

A*(F, t) = % </J+ adv + / ret) dv. (39)

If the space-time is curvedR®*“ R ;.q # 0), the null cones that determine the causal
structure will not be symmetric around the pojnt, t¢). In particular, the presence of
event horizons can make very different the contributionsfboth integrals.

Hawking'’s black hole area theorem (Hawking 1971) ensurasitha time-orientable
space-time such that for all null vectok§ holds Rpk%kb > 0, the area of the event
horizons of black holes either remains the same or increastscosmic time. More
precisely:

Theorem. Let (M, g4) be a time-orientable space-time such tRagk*kb > 0 for all
null k*. LetX¥, andXs be space-like Cauchy surfaces for the globally hyperbe@lgian
of the space-time witl.o C J*(3), and beH, = H(\ 31, He = H() X2, whereH
denotes an event horizon. Thel > H;.

The fact that astrophysical black holes are always immers#te cosmic background
radiation, whose temperature is much higher than the hotamperature, implies that they
always accrete and then, by the first law of black holes (Bards al. 1973)Hy > H;.
The total area of black holes increases with cosmic time. adoeetion should include not
only photons but also charged particles. This means thabtaknumber of charges in the
past of any poinp(7, t) will be different from their number in the correspondingufé.
This creates a local asymmetry that can be related to then8d.aw.

We can introduce a vector field! given by:
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L“:[/ret—/ﬁadv] dv # 0. (40)

If g L2T® # 0, with T® = (1,0, 0,0) there is a preferred direction for the Poynting
flux in space-time. The Poynting flux is given by:

S =4rE x B = (T{A1. TH1, o), (41)

whereE and B are the electric and magnetic fields &g, is the electromagnetic energy-
momentum tensor.

In a black hole interior the direction of the Poynting flux dsvard the singularity. In
an expanding, accelerating universe, it is in the globalriutlirection. We see, then, that a
time-like vector field, in a general space-tifi¥e, g,;), can beanisotropic There is a global
to local relation given by the Poynting flux as determinedhgydurvature of space-time that
indicates the direction along which events occur. Phygicatesses, inside a black hole,
have a different orientation from outside, and the causattire of the world is determined
by the dynamics of space-time and the initial conditions.ciacopic irreversibility and
time anisotropy emerge from fundamental reversible laws.

There is an important corollary to these conclusions. Ladmervations about the
direction of events can provide information about globatiees of space-time and the
existence of horizons and singularities.

5. Time and Black Holes

Presentism is a metaphysical thesis about what there ianlbe expressed as (e.g. Crisp
2003):

Presentismlt is always the case that, for evetyz is present.

The quantification in this scheme is unrestricted, it rammer all existents. In order to
render this definition meaningful, the presentist must pl@\a specification of the term
‘present’. Crisp, in the cited paper, offers the followingfidition:

Present The mereological sum of all objects with null temporal aliste.

The notion of temporal distance is defined loosely, but irhsaievay that it accords with
common sense and the physical time interval between twagveérom these definitions it
follows that the present is a thing, not a concept. The ptasehe ontological aggregation
of all present things. Hence, to say thatis present’, actually means:“is part of the
present”.

The opposite thesis of presentism is eternalism, alsocclgr-dimensionalism. Eter-
nalists subscribe the existence of past and future objddis.temporal distance between
these objects is non-zero. The name four-dimensionalismesdorm the fact that in the
eternalist view, objects are extended through time, and they have a 4-dimensional

"Notice that the electromagnetic flux is related with the raacopic concept of temperature through the
Stefan-Boltzmann lawL = AosgT*, whereoss is the Stefan-Boltzmann constant.
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volume, with 3 spatial dimensions and 1 time dimension. @&lae different versions of
eternalism. The reader is referred to Rea (2003) and refesaifierein for a discussion of
eternalism.

I maintain that presentism is incompatible with the existeaf black holes. Let us see
briefly the argument, considering, for simplicity, Schwaatzild black holes (for details, see
Romero & Pérez 2014).

The light cones in Schwarzschild space-time can be cakuifsdom the metric (8) im-
posing the null conditions?> = 0. Then:

G-=(1-2H), (42)

dt r

where | made: = 1. Notice that when — oo, dr/dt — +1, as in Minkowski space-time.
Whenr — 2GM, dr/dt — 0, and light moves along the surfagce= 2GM . The horizon

is therefore anull surface Forr < 2G M, the sign of the derivative is inverted. The inward
region ofr = 2GM is time-like for any physical system that has crossed thenthary
surface. As we approach to the horizon from the flat space-tigion, the light cones
become thinner and thinner indicating the restriction ® plossible trajectories imposed
by the increasing curvature. On the inner side of the hortherlocal direction of time is
‘inverted’ in the sense that all null or time-like trajeaes have in their future the singularity
at the center of the black hole.

There is a very interesting consequence of all this: an gbsen the horizon will have
her presenalongthe horizon. All events occurring on the horizon are simnédtzaus. The
temporal distance from the observer at any point on the diria any event occurring on
the horizon is zero (the observer is on a null surfdee= 0 so the proper time interval is
necessarily zeR). If the black hole has existed during the whole history & tmiverse,
all events on the horizon during such history (for exampéedmission of photons on the
horizon by infalling matter) arpresentto any observer crossing the horizon. These events
are certainly not all present to an observer outside theklflate. If the outer observer is a
presentist, she surely will think that some of these evenmtsad exist because they occurred
or will occur either in the remote past or the remote futuret iBwe accept that what there
is cannot depend on the reference frame adopted for theiptemerof the events, it seems
we have an argument against presentism here. Before gaitigeifunto the ontological
implications, let me clarify a few physical points.

| remark that the horizon 1) does not depend on the choiceeotdordinate system
adopted to describe the black hole, 2) the horizon is an atesaull surface, in the sense
that this property is intrinsic and not frame-dependentl 3hnit is a hon-singular surface
(or ‘well-behaved', i.e. space-time is regular on the hamiz

In a world described by special relativity, the only way toss a null surface is by
moving faster than the speed of light. As we have seen, tmstithe case in a universe
with black holes. We can then argue against presentism dtenfipllowing lines.

ArgumentAl:

8Notice that this can never occur in Minkowski space-timegcsithere only photons can exist on a null
surface. The black hole horizon, a null surface, can be ethsm the contrary, by massive particles.



18 Gustavo E. Romero

P1: There are black holes in the universe.

P2: Black holes are correctly described by General Relativity

P3: Black holes have closed null surfaces (horizons).

e Therefore, there are closed null surfaces in the universe.
ArgumentA2;

e P4: All events on a closed null surface are simultaneous withesent on the same
surface.

e P4ji: All events on the closed null surface are simultaneous thitbirth of the black
hole.

e P5: Some distant events are simultaneous with the birth of taekkhole, but not
with other events related to the black hole.

e Therefore, there are events that are simultaneous in oaeerefe frame, and not in
another.

Simultaneity is frame-dependent. Since what there existaedepend on the reference
frame we use to describe it, we conclude that there are mouksineous events. Therefore,
presentism is false.

Let us see which assumptions are open to criticism by thesptiss.

An irreducible presentist might plainly rejeétl. Although there is significant astro-
nomical evidence supporting the existence of black holes amenzind 2007, Paredes
2009, Romero and Vila 2014), the very elusive nature of tioégects still leaves room for
some speculations like gravastars and other exotic congtgetts. The price of reject-
ing P1, however, is very high: black holes are now a basic compoofambst mechanisms
that explain extreme events in astrophysics, from quasdretso-called gamma-ray bursts,
from the formation of galaxies to the production of jets indily systems. The presentist
rejecting black holes should reformulate the bulk of corgerary high-energy astrophysics
in terms of new mechanisms. In any caB4,is susceptible of empirical validation through
direct imagining of the super-massive black hole “shadawthie center of our galaxy by
sub-mm interferometric techniques in the next decade (Eajcke et al. 2011). In the
meanwhile, the cumulative case for the existence of blatéshie overwhelming, and very
few scientists would reject them on the basis of metaphlsmasiderations only.

The presentist might, instead, rejd¢2. After all, weknowthat General Relativity fails
at the Planck scale. Why should it provide a correct desoripif black holes? The reason
is that the horizon of a black hole is quite far from the regrdmere the theory fails (the
singularity). The distance, in the case of a Schwarzschédkhole, isrg. For a black hole
of 10 solar masses, as the one suspected to form part of the/lsypstem Cygnus X-1, this
means30 km. And for the black hole in the center of the galaxy, aboutillon km. Any
theory of gravitation must yield the same results as Gerieeddtivity at such distances.
So, even if General Relativity is not the right theory for thassical gravitational field, the
correct theory should predict the formation of black holeder the same conditions.
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There is not much to do witk4, since it follows from the condition that defines the null
surface:ds = 0°; similarly P4i only specifies one of the events on the null surface. A pre-
sentist might refuse to identify ‘the present’ with a nulifage. After all, in Minkowskian
space-time or even in a globally time-orientable pseuda¥Rinnian space-time the present
is usually taken as the hyperplane perpendicular to the tmoa. But in space-times with
black holes, the horizon is not only a null surface; it is assurface locally normal to
the time direction. In a Minkowskian space-time the planéhefpresent is not coincident
with a null surface. However, close to the event horizon ofazlo hole, things change,
as indicated by Eq. (42). As we approach the horizon, thesurface matches the plane
of the present. On the horizon, both surfaces are exacthcioEnt. A presentist reject-
ing the identification of the present withcdosednull surface on an event horizon should
abandon what is perhaps her most cherished belief: theifidatibn of ‘the present’ with
hypersurfaces that are normal to a local time-like directio

The result mentioned above is not a consequence of anyydart@hoice of coordinates
but an intrinsic property of a black hole horizon. This stad¢@t can be easily proved. The
symmetries of Schwarzschild space-time imply the exigtari@ preferred radial function,
r, which serves as an affine parameter along both null diretiorhe gradient of this
function,r, = V,r satisfies¢ = G = 1):

rirg = <1 - ﬂ) . (43)

r

Thus,r® is space-like forr > 2M, null for » = 2M, and time-like forr < 2M. The 3-
surface given by = 2M is the horizonH of the black hole in Schwarzschild space-time.
From Eq. (43) it follows that®r, = 0 over H, and henceH is a null surfac®.

PremiseP5, perhaps, looks more promising for a last line of presewmtidence. It
might be argued that events on the horizon are not simultengoth any event in the
external universe. They are, in a very precise sense, ctitanff the universe, and hence
cannot be simultaneous with any distant event. Let us worla@ounterexample.

The so-called long gamma-ray bursts are thought to be tht fshe implosion of a
very massive and rapidly rotating star. The core of the staoimes a black hole, which
accretes material from the remaining stellar crust. Thiglpces a growth of the black hole

%ds = cdT = 0 — dr = 0, wheredr is the proper temporal separation.
AN interesting case is Schwarzschild space-time in theafleetPainlevé-Gullstrand coordinates. In these
coordinates the interval reads:

2
ds? = dT?* — <dr—|— ,/ﬂdT> — r2d0?, (44)
'
W21
T:t+4M(,/¥+%m’7 . (45)

2 +1
If a presentist makes the choice of identifying the presatit the surfaces of” =constant, from Eq. (44):
ds® = —dr? —r2dQ2. Notice that forr = 2M this is the event horizon, which in turn, is a null surfacenkle
with such a choice, the presentist is considering that teatdwrizon is the hypersurface of the present, for all
values ofT". This choice of coordinates makes particularly clear thatsual presentist approach to define the
present in general relativity self-defeats her positicspéice-time allows for black holes.

with
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mass and the ejection of matter from the magnetised ceertyar in the form of relativistic
jets (e.g. Woosely 1993). Approximately, one of these esentur in the universe per day.
They are detected by satellites ligsvift(e.g. Piran and Fan 2007), with durations of a few
tens of seconds. This is the time that takes for the black twokwvallow the collapsing
star. Let us consider a gamma-ray burst of, say, 10 secondforeBthese 10 seconds,
the black hole did not exist for a distant obser¢er. Afterwards, there is a black hole
in the universe that will last more than the life span of anynhn observer. Let us now
consider an observep2 collapsing with the star. At some instant she will cross thé n
surface of the horizon. This will occur within the 10 secorlat the collapse lasts for
O1. But for O2 all photons that cross the horizon are simultaneous, ingjuthose that
left O1 long after the 10 seconds of the event and crossed the haftmtraveling a long
way. For instance, photons leaving the planebadfone million years after the gamma-ray
burst, might cross the horizon, and then can interact with So, the formation of the
black hole is simultaneous with eventsy andO2, but these very same events(@? are
simultaneous with events that are in the distant futur® bf

The reader used to work with Schwarzschild coordinatesgparhwvill object thaiO2
never reaches the horizon, since the approaching prodessda infinite time in a distant
reference frame. This is, however, an effect of the choicthefcoordinate system and
the test-particle approximation (see, for instance, Ho2806, p.116). If the process is
represented in Eddington-Finkelstein coordinates, iesak finite time for the whole star
to disappear, as shown by the fact that the gamma-ray b@rsiuite short events. Accre-
tion/ejection processes, well-documented in active galawiclei and microquasars (e.g.
Mirabel et al. 1998) also show that the time taken to reachhtirézon is finite in the
asymptotically flat region of space-time.

My conclusion is that black holes can be used to show thaeptissn provides a de-
fective picture of the ontological substratum of the world.

6. Black Holes and Information

Black holes are often invoked in philosophical (and evenspia}) discussions about pro-
duction and destruction of ‘information’. This mostly ocsun relation to the possibility
hypercomputing and the application of quantum field theorthe near horizon region. |
shall review both topics here.

The expression ‘hypercomputing’ refers to the actual parémce of an infinite number
of operations in a finite time with the aim of calculating begidhe Turing barrier (Turing,
1936. For a definition of a Turing machine see Hopcrof & Ulin#dv9). It has been
suggested that such a hypercomputation can be performelarnr apace-time (Németi &
David 2006, Németi & Handréka 2006). The Kerr space-timlemgs to the class of the so-
called Malament-Hogarth (M-H) space-times. These are e@fas follows (Hogarth 1994):

Definition. (M, gq) is an M-H space-time if there is a future-directed time-like
half-curvey c M and a poinp € M such thagf7 dr = oo andy C J~ (p).

The curvey represents the world-line of some physical system. Becauses infinite
proper time, it may complete an infinite number of tasks. Btivery point iy , it is
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possible to send a signal to the pojnt This is because there always exists a cuyle
with future endpointp which has finite proper time. We can think ¢fas the “sender”
and~’ as the “receiver” of a signal. In this way, the receiver mayaobknowledge of
the result of an infinite number of tasks in a finite time. In arkapace-time this scheme
can be arranged as follows. The “sender” is a spacecratimglthe Kerr black hole with
a computer onboard. The “receiver” is a capsule ejected éythiter that falls into the
black hole. As the capsule approaches the inner horizotetsects more and more signals
from the orbiter, which emits periodically results of therqauter calculations into the black
hole. By the time the capsule crosses the inner horizon itdw@eved all signals emitted
by the computer in an infinite time (assuming that both thelblzole and the orbiter can
exist forever). This would allow the astronauts in the céos$o get answers to questions
that require beyond-Turing computation! (Németi & DaviadB). The whole situation is
depicted in Figure 4.

Figure 4. Carter-Penrose diagram of a Kerr black hole. Téiedtories of two physical
systems are indicated; remains in the exterior space-time for an infinite amouniroét
whereasy’ falls into the black hole. In the time it takes the latter tadle the inner hori-
zon, the former arrives to the conformal infinity. The linbattconnect both trajectories
represent signals sent fromto /.

There are many reasons to think that the described situetiphysically impossible.
| shall mention the following ones: 1) The required innerchldnole structure does not
correspond to an astrophysical black hole generated bytgtianal collapse. In a real
black hole the Cauchy horizon is expected to collapse inw@b@bly null) singularity due
to the backscattered gravitational wave tails that enterbtack hole and are blueshifted
at the Cauchy horizon (see next section and Brady 1999). fgialiility of the Cauchy
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horizon seems to be a quite general feature of any realistik nole interior model. 2) The
black hole is not expected to exist during an infinite duratiid should evaporate through
Hawking radiation, over very long (but always finite) timg.The performance of infinite
operations would require an infinite amount of energy (But@é7, Romero 2014). Even if
the universe were infinite, a finite spacecraft cannot maaipunfinite amounts of energy.
4) If signals are periodically sent to the receiver, the hiftisd electromagnetic radiation
would burn the capsule by the time it crosses the Cauchydrrixiémeti & David (2006)
argue that this might be circumvented by sending just ormeasigith the final result. This
suggestion faces the problems of the actual infinite: forranynent there will always be a
further moment, then, when the spaceship would send thisigs) The universe seems
to be entering into a de Sitter phase, so particle horizotisappear and block part of the
accessible space-time to the spacecraft limiting its nessu

| think that the cumulative argument is strong enough to etipp hypercomputing
avoidance conjeturaghe laws of physics are such that no actual hypercomputatm be
performed.

| turn now to another issue related to black holes and inftionathe destruction of
information by black holes. This seems to be a topic of highceon for quantum field
theorists, to the point that the presumed destruction ofimétion in a black hole is called
the “black hole information paradox”. | maintain that suchaaadox does not exist: black
holes cannot destroy any information. The reason is thatnmdtion is not a property of
physical systems. Itis not like the electric charge, masangular momentum. Information
is an attribute ofanguagesand languages are constructs, i.e. elaborated fictionsayo
that black holes can destroy information is like to say thaytcan destroy syntax. Let us
review the situation in a bit more detail.

The application of quantum field theory to the near horizagiore of a black hole
results in the prediction of thermal radiation (Hawking 487 A temperature, then, can
be associated with the horizon:

Ton = ng\zk ~ 107K (%) . (46)
We can write the entropy of the black hole as:
M 2
S = / Ton = IrF GABH + constant ~ 107" (M—®> kEJK L (47)

The area of a Schwarzschild black hole is:

167G2 M2
Agehw = 4118 = — (48)

In the case of a Kerr-Newman black hole, the area is:
2
a
Agn = An (i + =
KN us <T+ + C2>
2

= 4r [<? + C_Q\/G2M2 — GQ2 —a2> + =

(49)
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Notice that expression (49) reduces to (48)det @ = 0.

The formation of a black holes implies a huge increase obemtrJust to compare, a
star has an entropy 20 orders of magnitude lower than the corresponding black able
the same mass. This tremendous increase of entropy iscétettee loss of all the structure
of the original system (e.g. a star) once the black hole inéaf.

The analogy between area and entropy allows to state a satveffbr black holes
thermodynamics (Bardeen et al. 1973):

e Firstlaw (energy conservationfM = TpudS+Q. dJ+PdQ+6M. Here ), isthe
angular velocity,/ the angular momentund) the electric charged the electrostatic
potential, and M is the contribution to the change in the black hole mass dtigeto
change in the external stationary matter distribution.

e Second law (entropy never decreases): In all physical peaseinvolving black holes
the total surface area of all the participating black hobas mever decrease.

e Third law (Nernst’s law): The temperature (surface gravif a black black hole
cannot be zero. SincBzg = 0 with A = 0 for extremal charged and extremal Kerr
black holes, these are thought to be limit cases that camn@drhed in Nature.

e Zeroth law (thermal equilibrium): The surface gravity (fenature) is constant over
the event horizon of a stationary axially symmetric blacleho

If a temperature can be associated with black holes, thgngheuld radiate as any
other body. The luminosity of a Schwarzschild black hole is:

16woh*cd

LBH = 47T7°§ChWO'TéH ~ W (50)

Here,o is the Stephan-Boltzmann constant. This expression canitiemas:

M 2
Lgg = 10717 <W®> erg s L. (51)
The lifetime of a black hole is:
M M\?

T W ~ 2.5 % 1063 <M—®> years. (52)

Notice that the black hole heats up as it radiates! This acbacause when the hole radi-
ates, its mass decreases and then according to Eq. (46tperture must rise. The black
hole then will lose energy and its area will decrease slowbyating the Second Law of
Thermodynamics. However, there is no violation if we coasig@igeneralised second law
that always holdsin any process, the total generalised entr6py Spu never decreases
(Bekenstein 1973).

Unfortunately, many physicists think that entropy and infation are the same thing.
This confusion seems to come from J. von Neumann, who adums#advithout some sar-
casm, Claude Shannon to adopt the expression ‘entropy’rteeritae information charac-
terised in the mathematical theory of communications agped by Shannon and Weaver
(1949):
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You should call it entropy, for two reasons. In the first plgoar uncer-
tainty function has been used in statistical mechanics rutidg name, so it
already has a name. In the second place, and more importragy knows
what entropy really is, so in a debate you will always havedtieantage.

Floridi (2010), p. 46.

Shannon’s information ‘entropy’, although formally definley the same expression, is
a much more general concept than statistical thermodynamtiopy. Information ‘entropy’
is present whenever there are unknown quantities that cdedseibed only by a probability
distribution. When some physicists write about a ‘Prireipf Information Conservation’
(e.g. Susskind & Lindesay 2010), what they really mean istf@entropy of an isolated
system in equilibrium should not increase, since it alreiadyt its maximum value. When
a black hole accretes matter, however, the entropy incse@lsey say that “information
is destroyed”). Even if the black hole finally radiates awlag whole mass absorbed, the
radiation will be thermal, so the entropy of matter will ciowie to increase.

As pointed out by Penrose, these considerations do nothékaccount the entropy of
the gravitational field. The state of maximum entropy of fietd is gravitational collapse
(Penrose 2010). As the black hole evaporates, the entrogsaeitation decreases. Even-
tually, after the black hole complete evaporation, radratvill be in thermal equilibrium
and gravity in a maximally ordered state. After a huge amaftime, the universe might
return to a state of minimum overall entropy. Black holeghis sense, might act as some
‘entropy regeneration engines’, restoring the initial ditions of the universe.

There is yet another sense of the so-called black hole irgtom paradox, related to
the breakdown of predictability of quantum mechanics irspnee of black holes. The
paradox here appears because of a confusion between do#blagd epistemic determin-
ism (see Sect. 3. above). A fundamental postulate of quanteohanics is that complete
description of a system is given by its wave function up to mtiee system interacts. The
evolution of the wave function is determined by a unitary rapa, and unitarity implies
epistemic determinism: initial and boundary conditionswalto solve the dynamic equa-
tion of the system and the solution is unique. If a system faregied and one component
cross the event horizon, measurements of the second contpeomet knowledge of the ini-
tial state will, however, not allow to know the state of themgmnent fallen into the black
hole. Epistemic determinism fails for quantum mechanicprizesence of black holes. |
confess not to see a problem here, since quantum interadi@nby themselves already
non-unitary. Ontic determinism, the kind that counts, isingeril heré!, and epistemic
determinism was never part of a full theory of quantum meitsan

7. Inside Black Holes

We have seen that black hole space-times are singular, satiteatandard General Rela-
tivity. Moreover, singularity theorems formulated by Pese (1965) and Hawking & Pen-
rose (1970) show that this is an essential feature of blatdshdNevertheless, essential or
true singularities should not be interpreted as represengaof physical objects of infinite

115ee Romero (2012, 2013a) on ontic determinism.
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density, infinite pressure, etc. Since the singularitiemdbbelong to the manifold that
represents space-time in General Relativity, they simahnot be described or represented
in the framework of such a theory. General Relativity is mgdete in the sense that it can-
not provide a full description of the gravitational behawi@f any physical system. True
singularities are not within the range of values of the bousrtables of the theory: they do
not belong to the ontology of a world that can be describefl d4idimensional differential
manifolds. Let us see this in more detail (for further distoiss see Earman 1995).

A space-time model is said to be singular if the manifBlds incomplete A manifold
is incomplete if it contains at least oneextendiblecurve. A curvey : [0,a) — FE
is inextendible if there is no point in E such thaty(s) — p asa — s, i.e. v has
no endpoint inE. A given space-time mod€lE, g,,) has anextensionif there is an
isometric embedding : M — E’, where(FE’, g,) is another space-time model afd
is an application onto a proper subsetif A singular space-time model contains a curve
~ that is inextendible in the sense given above. Singularespates are said to contain
singularities, but this is an abuse of language: singigariire not ‘things’ in space-time,
but a pathological feature of some solutions of the funddat@guations of the theory.

Singularity theorems can be proved from pure geometriagbgmties of the space-time
model (Clarke 1993). The most important of these theoremsado Hawking and Penrose
(1970):

Theorem. Let (E, g,5) be a time-oriented space-time satisfying the followingdion
tions:

1. R, VeV > 0 for any non space-liké @12,
2. Time-like and null generic conditions are fulfilled.
3. There are no closed time-like curves.

4. At least one of the following conditions holds

e a. There exists a compagtachronal sét without edge.
e b. There exists a trapped surface.

e C. There is @ € FE such that the expansion of the future (or past) directed null
geodesics through becomes negative along each of the geodesics.

2R .1 is the Ricci tensor obtained by contraction of the curvatarsor of the manifolds.

13A space is said to be compact if whenever one takes an infinitéoar of "steps” in the space, eventually
one must get arbitrarily close to some other point of the spatius, whereas disks and spheres are compact,
infinite lines and planes are not, nor is a disk or a sphere avittissing point. In the case of an infinite line or
plane, one can set off making equal steps in any directiomowttapproaching any point, so that neither space
is compact. In the case of a disk or sphere with a missing paiig can move toward the missing point without
approaching any point within the space. More formally, atogical space is compact if, whenever a collection
of open sets covers the space, some sub-collection cangsistiy of finitely many open sets also covers the
space. A topological space is called compact if each of ienagvers has a finite sub-cover. Otherwise it
is called non-compact. Compactness, when defined in thisenanften allows one to take information that
is known locally — in a neighbourhood of each point of the gpa@nd to extend it to information that holds
globally throughout the space.

1A set of points in a space-time with no two points of the seitigtime-like separation.
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Then,(E, g4) contains at least one incomplete time-like or null geodesic

If the theorem has to be applied to the physical world, theotiygsis must be supported
by empirical evidence. Condition 1 will be satisfied if theeggy-momentuni’® satisfies
the so-calledstrong energy conditian7,,,VV?® > —(1/2)T¢, for any time-like vector
Ve, If the energy-momentum is diagonal, the strong energy iiondcan be written as
p+3p > 0andp + p > 0, with p the energy density ang the pressure. Condition
2 requires that any time-like or null geodesic experiencéiglad force at some point in
its history. Condition 4a requires that, at least at one tithe universe is closed and the
compact slice that corresponds to such a time is not intexdenore than once by a future
directed time-like curve. The trapped surfaces mentiomedbi refer to surfaces inside
the horizons, from where congruences focus all light raythersingularity. Condition 4c
requires that the universe is collapsing in the past or thedu

| insist, the theorem is purely geometric, no physical law®ked. Theorems of this
type are a consequence of the gravitational focusing ofrcemges.

Singularity theorems are not theorems that imply physixstence, under some condi-
tions, of space-time singularities. Material existenaencd be formally implied. Existence
theorems imply that under certain assumptions there atiuns that satisfy a given equa-
tion, or that some concepts can be formed in accordance witie £xplicit syntactic rules.
Theorems of this kind state the possibilities and limitsavhe formal system or language.
The conclusion of the theorems, although not obvious in n@ooasions, are always a
necessary consequence of the assumptions made.

In the case of singularity theorems of classical field thelike General Relativity,
what is implied is that under some assumptions the solutbtise equations of the theory
are defective beyond repair. The correct interpretatiothe$e theorems is that they point
out theincompletenessf the theory: there are statements that cannot be madenwiti
theory. In this sense (and only in this sense), the theoreertka Godel's famous theorems
of mathematical logit®.

To interpret the singularity theorems as theorems abougxistence of certain space-
time models is wrong. Using elementary second order logtoviil to show that there
cannot be non-predicable objects (singularities) in tleoih (Romero 2013b). If there
were a non-predicable object in the theory,

(Fz)p (VP) ~ P, (53)
where the quantification over properties in unrestricteche Existential quantification
(3z) ., on the other hand, means

(Fz)p=Fx)A(z e E).
Let us callP; the property & € E’. Then, formula (53) reads:
(3z) (VP) (~ Pz A Piz), (54)

15Godel’'s incompleteness theorems are two theorems of matfzal logic that establish inherent limita-
tions of all but the most trivial axiomatic systems capali@aing arithmetic. The first theorem states that
any effectively generated theory capable of expressingaieary arithmetic cannot be both consistent and
complete (Godel 1931). The second incompleteness thealeows that within such a system, it cannot be
demonstrated its own consistency.
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which is a contradiction, i.e. it is false for any valuexof

| conclude that there are no singularities nor singular efieoes. There is just a theory
with a restricted range of applicability.

The reification of singularities can lead to accept an inbtecontology. We read, for
instance, in a book on foundations of General Relativity:

[...] a physically realistic space-timmaustcontain such singularities. [...] there
exist causal, inextendible geodesics which are incompleté If a geodesic
cannot be extended to a complete one (i.e. if its future esdlentinuation or
its past endless continuation is of finite length), thenegithe particle suddenly
ceases to exist or the particle suddenly springs into exsteIn either case
this can only happen if space-time admits a “singularity’'treg end (or the
beginning) of the history of the patrticle.

Kriele (1999), p. 383.

This statement and many similar ones found in the literator@mit the elementary
fallacy of confusing a model with the object being modell&gpace-time does not contain
singularities. Some of our space-time models are singutas this incomplete charac-
ter of the theory that prompt us to go beyond General Refatini order to get a more
comprehensive view of the gravitational phenomena. As & wexy clear to Einstein, his
general theory breaks down when the gravitational field a@indqum objects starts to affect
space-time.

Another interesting feature of black hole interiors is thxés&nce, according to the
unperturbed theory, of a region with closed time-like car¢€TCs) in Kerr and Kerr-
Newman black holes. This is the region interior to the sedwrizon; chronology violation
is generated by the tilt of the light cones around the ratatixis in this part of space-time
(e.g. Andrka, Niémeti, & Wuthrich 2008). The interior exehorizon is also a Cauchy
horizon — a null hypersurface which is the boundary of thariitiomain of dependence for
Cauchy data of the collapse problem. It results impossiblerédict the evolution of any
system inside the Cauchy horizons; they are an indicatidgheobreaking of predictability
in the theory. These horizons, however, exhibit highly pkdgical behaviour; small time-
dependent perturbations originating outside the black botergo an infinite gravitational
blueshift as they evolve towards the horizon. This blu¢sififnfalling radiation gave the
first indications that these solutions may not describe #regc internal structure of real
black holes. Simpson & Penrose (1973) pointed this out ni@e 40 years ago, and since
then linear perturbations have been analysed in detaiksBoi& Israel (1990) showed that
a scalar curvature singularity forms along the Cauchy barizf a charged, spherical black
hole in a simplified model. This singularity is charactedis®y the exponential divergence
of the mass function with advanced time. The key ingredigntlpcing this growth of
curvature is the blueshifted radiation flux along the inr@iZon (see also Gnedin & Gnedin
1993 and Brady 1999 for a review). Since then, the result veagmlised to Kerr black
holes (e.g. Brady & Chambers 1996, Hamilton & Polhemus 20ILh&se, and other results
about the instability of the Kerr black hole interior, suggihat CTCs actually do not occur
inside astrophysical black holes.
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8. Black Holes and the Future of the Universe

According to Eqg. (52), an isolated black hole withi = 10 M. would have a lifetime
of more than10°¢ yr. This is 56 orders of magnitude longer than the age of theeuse.
However, if the mass of the black hole is small, then it comdperate within the Hubble
time. A primordial black hole, created by extremely enaggesllisions short after the Big
Bang, should have a mass of at le@8t® g in order to exist today. Less massive black
holes must have already evaporated. What happens whenkahakclosses its mass so
it cannot sustain an event horizon anymore? As the blackdwaporates, its temperature
raises. When it is cold, it radiates low energy photons. Wihentemperature increases,
more and more energetic particles will be emitted. At somatpgamma rays would be
produced. If there is a population of primordial black hotbeir radiation should contribute
to the diffuse gamma-ray background. This background sdenie dominated by the
contribution of unresolved Active Galactic Nuclei and eumtrobservations indicate that if
there were primordial black holes their mass density shbeldess thari0—8 Q, where
Q) is the cosmological density parameter (). After producing gamma rays, the mini
black hole would produce leptons, quarks, and super-synurgrticles, if they exist. At
the end, the black hole would have a quantum size and the &natant will depend on
the details of how gravity behaves at Planck scales. The fiimaluct might be a stable,
microscopic object with a mass close to the Planck mass. garticles might contribute to
the dark matter present in the Galaxy and in other galaxidshsters. The cross-section
of black hole relics is extremely small0=5¢ cn? (Frolov and Novikov 1998), hence they
would be basically non-interacting particles. A differgossibility, advocated by Hawking
(1974), is that, as a result of the evaporation nothing tdletiind: all the energy is radiated.

Independently of the problem of mini black hole relics, itisar that the fate of stellar-
mass and supermassive black holes is related to fate of tiewimiverse. In an ever
expanding universe or in an accelerating universe as it séerbe our actual universe,
the fate of the black holes will depend on the acceleratida. ral'he local physics of
the black hole is related to the cosmic expansion throughctisenological scale factor
a(t) (Faraoni & Jacques 2007). A Schwarzschild black hole embedd a Friedmann-
Lemaitre-Robertson-Walker (FLRW) universe can be reprieskby a generalisation of the
McVittie metric (e.g. Gao et al. 2008):

= QGMét)r 2GM(t)]"
e
2 t a c°r
[1 + a(t)c?r }

Assuming thatM (t) = Mya(t), with M a constant, the above metric can be used to
study the evolution of the black hole as the universe expalidhe equation of state for
the cosmic fluid is given by? = wpc?, with w constant, then fow < —1 the universe
accelerates its expansion in such a way that the scale faigtenges in a finite time. This
time is known as the Big Rip. &b = —1.5, then the Big Rip will occur in~ 35 Gyr.
The event horizon of the black hole and the cosmic apparemtdrowill coincide for
some timet < tg;, and then the inner region of the black hole would be accesibé
observers. In case af > —1 the expansion will continue during an infinite time. Black
holes will become more and more isolated. As long as theip&ature be higher than
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that of the Cosmic Microwave Background radiation (CMBEythwill accrete photons and
increase their mass. When, because of the expansion, the t€iBerature falls below
that of the black holes, they will start to evaporate. On teg/\ong run, all black holes
will disappear. If massive particles decay into photons wrhdong timescales, the final
state of the universe will be that of a dilute photon gas. Gosime will cease to make any
sense for such a state of the universe, since whatever aitisevon a null surface. Without
time, there will be nothing else to happen. Penrose (201@yeker, has suggested that a
countable sequence of open FLRW space-times, each repngsarbig bang followed by
an infinite future expansion might occur, since the pastaondl boundary of one copy
of FLRW space-time can be “attached” to the future conforbmalndary of another, after
an appropriate conformal rescaling. Since bosons obeyathe df conformally invariant
guantum theory, they will behave in the same way in the rescatctions of the cyclical
universe. For bosons, the boundary between different syleot a boundary at all, but just
a space-like surface that can be passed across like any B#renions, on the other hand,
remain confined to each cycle, where they are generated aag.dlost of the fermions
might be converted into radiation in black holes. If this @srect, black holes would then
be the key to the regeneration of the universe.

9. Closing Remarks

In this chapter | have overviewed some philosophical prokleelated to black holes. The
interface between black hole physics and philosophy resnaiostly unexplored, and the
list of topics | have selected is by no means exhaustive. Ty f black holes can be
a very powerful tool to shed light on many other philosophisaues in the philosophy of
science and even in General Relativity. Evolving black sotgack hole dependence of the
asymptotic behaviour of space-time, the nature of inettia,energy of the gravitational
field, quantum effects in the near horizon region, turbulpdce-time during black hole
mergers, the classical characterisation of the gravitatibeld, and regular black hole inte-
riors are all physical topics that have philosophical digance. In black holes our current
representations of space, time, and gravity are pushecioviery limits. The exploration
of such limits can pave the way to new discoveries about thidvemd our ways of repre-
senting it. Discoveries in both science and philosophy.
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