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Article
Black Hole Construction from the Minkowski
Manifold

Christopher A. Laforet

Abstract: The Schwarzschild manifold is constructed by taking a point on the Minkowski manifold
and stretching it into a 4-sphere. This stretch causes gradients in the temporal and spatial coordinate
densities around the sphere, leaving a hole of null space-time in the manifold centered at the spatial
location of the original point. It is shown that this accurately models the Schwarzschild metric and is
used to prove that radial infalling geodesics become null at the horizon and come to rest there. The
light-like nature of the worldline is confirmed by analyzing it in Kruskal-Szekeres (KS) coordinates.
It is shown that the worldline in KS coordinates has an undefined derivative at the horizon at any
point other than the origin of the KS coordinates. It is then demonstrated that the origin of the KS
coordinate system can be reached in the falling frame by exploiting the time symmetry of the manifold
and that the falling worldline is indeed light-like there. The light-like nature of the worldline means
that the horizon is length contracted to a point in the falling frame, such that the event horizon is
proven to be the source of the Schwarzschild metric and the end point of gravitational collapse.

Keywords: general relativity; Schwarzschild; black holes

1. Introduction

The Schwarzschild metric in Schwarzschild coordinates has a well-known coordinate singularity
at the event horizon. This singularity is removed from the metric using coordinate transformations,
with the most popular transformation being the Kruskal-Szekeres coordinates, which are regular at
the horizon. However, the meaning of the the Kruskal-Szekeres coordinates in terms of spacelike and
timelike basis vectors is not clear. For much of the spacetime, the Kruskal-Szekeres coordinates are
mixtures of space and time such that the meaning of the slope of a worldline in these coordinates is
not always clear. Nonetheless, these coordinates have been used to argue that the event horizon can be
crossed by falling observers since there is no coordinate singularity in the Kruskal-Szekeres system.
This has led to the acceptance of the existence of Black Holes into which objects can fall and can never
escape back out to the external Universe.

In the reference text ‘Gravitation’[1], the authors depict a falling worldline crossing the event
horizon in Kruskal-Szekeres coordinates in Figure 32.1(b) of the text, though there is no accompanying
calculation of the worldline in Kruskal-Szekeres coordinates. The only such calculation found in the
literature is in [2], where the author claims to demonstrate that all worldlines are null at the horizon in
Kruskal-Szekeres coordinates regardless of their state of motion. However, as the author notes in that
work, the proof actually demonstrates that the Kruskal-Szekeres derivative of the falling worldline is
undefined at T = X > 0 in Kruskal-Szekeres coordinates. The author nonetheless concludes that in
order for the extended spacetime to be consistent, the geodesic must in fact be null at the horizon.

The existence of Black Holes that can subsequently evaporate create an information paradox
where information falling into a Black Hole is lost once the Black Hole evaporates due to Hawking
radiation. Therefore, the possibility of objects falling into a Black Hole creates a physical paradox
which has yet to be conclusively resolved.

If nothing was able to fall past the event horizon of the Schwarzschild metric, then there would
be no information paradox to begin with. Therefore, this paper provides proof of the following
hypotheses:

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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®  The external Schwarzschild metric is describing a Minkowski manifold in which a hole has been
made in the spacetime by stretching a point in space in the manifold into a 4-sphere, leaving a
null space-time in the manifold inside the 4-sphere

e  The internal Schwarzschild metric is describing a Minkowski manifold where the entire
manifold has been compressed into a 4-sphere centered on a point in time. The 4-sphere is
surrounded by null space-time

e The consequence of the first two hypotheses is that the internal and external Schwarzschild
metrics are describing two separate, disconnected spherically symmetric spacetime manifolds

e The worldline of radially falling frames become null at the event horizon and the horizon itself
becomes length contracted to a point in the falling frame as the frame approaches the horizon.
The consequence of this is that the event horizon is the source of the Schwarzschild metric and
the end point of gravitational collapse

Therefore, in this work, the analysis done in [2] is extended, providing an unambiguous proof that the
falling worldline is null at the event horizon without having an undefined Kruskal-Szekeres derivative
at the horizon.

2. Creating a Hole in the Minkowski Manifold

The Schwarzschild metric is the simplest non-trivial solution to Einstein’s field equations. It is the
metric that describes every spherically symmetric vacuum spacetime. The the external form of the
metric can be expressed as:

7% = (1 - 77) at? — j —dr? — 202 1)

2

Equation 1 is the external metric (where r > r;) with t being the timelike coordinate and r being the
spacelike coordinate. The Schwarzschild radius of the metric is given by r; = 2GM in units with
¢ = 1 and is commonly known as the Event Horizon. The external metric is the metric for an eternally
spherically-symmetric vacuum centered in space.

But this metric comes from assuming a stress-energy tensor that is zero everywhere, meaning
there is no mass anywhere in the manifold, even at the center. Therefore, this metric is describing
a spherically symmetric Minkowski-like manifold (not in the sense that the manifold is flat, but
in the sense that there is no matter or energy present anywhere in the metric). The question then
becomes: how can the Minkowski manifold, which is massless everywhere, be deformed to give us
the Schwarzschild metric?

Let us imagine Minkowski space-time which is flat everywhere in space and time. We choose
a point in space (at all times) on the manifold and label it as the spatial origin 7 = 0. Thus we use
spherical coordinates to describe the metric with r as the spacelike coordinate. For future clarity, we
will label the Minkowski time coordinate 7, representing the proper time of observers at rest in their
own frame.

Now we make a hole in the manifold by stretching the space-time at the point r = 0 into a 4-sphere
(because the hole is in space as well as in time at that location in space). In doing so, we have done two
things:

¢ We have given the manifold an intrinsically spherical shape with an intrinsic center
*  We have created a null space-time in the region inside the 4-sphere where space and time itself
are absent (this would be the definition of creating a hole in the manifold)

So we assert that the Schwarzschild metric, which is the only spherically-symmetric solution to
Einstein’s field equations describes 3 distinct, separate manifolds. When % < 1, we get the manifold
described above where there is a hole in the Minkowski manifold. The spacetime is not flat anywhere
in this metric. We cannot actually set  to infinity in this metric, as this is mathematically dubious.
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The best we can do is say that the spacetime approaches the Minkowski space-time as ** approaches
zero. The Minkowski metric is only achieved when rs = 0. Since r; = 2GM, we might think that
this means that the Minkowski metric is just the Schwarzschild metric when there is no mass present
on the manifold. But this is false. As mentioned previously, the Schwarzschild metric comes from
solving the field equations with a zero stress-energy tensor (and assuming spherical symmetry). So the
Schwarzschild metric with non-zero 7, already assumes no mass or energy anywhere on the manifold.
Therefore, by setting r; = 0, we are really saying is that there is no hole in the Minkowski manifold.

The internal metric, where % > 1, is yet another distinct manifold. Note that we used u instead
of 75 because for the internal case, u is a timelike radius, not a spacelike radius, and the definition
rs = 2GM does not apply to this internal manifold. The internal manifold will be discussed further in
section 3 and a much deeper analysis of the internal metric is the topic of a future work.

Returning our attention to the external metric with non-zero rs, we will now examine how the
stretching of a point into a 4-sphere to create the hole in the manifold affects the Minkowski coordinates.
Since the manifold is continuous, it is helpful to make an analogy here to true strain in a perfectly
elastic material in continuum mechanics. Since we are stretching the center of the manifold from a
point into a 4-sphere (as opposed to just ‘cutting a hole out of the manifold’) with a finite radius, both
the space and time will be strained by the stretch such that their strain is zero infinitely far from the
hole.

We can characterize this strain as follows. We start with Minkowski space-time with a point
designated r = 0 and a second point ¥ some distance away from that point such that the distance r is
greater than the radius of the hole being created. We now stretch the point at r = 0 into a hole with
radius r = rs. The true strain is defined as:

_[OL . (Lg
€= L—ln(LO> @)

Where Lr is the final length and L is the initial length and the ratio:

Lp
— =A 3
- ®)
is known as the "stretch factor". In this case, the initial length is the distance from r to 0, L, = r. The
final length after the stretch is L = r — ;. Substituting into equation 4 we get:

e—ln(r_rrs>—ln<l—:s) @)

The strain goes to 0 as r — oo and goes to negative infinity (infinite compressive strain) when r — ;.
The strain analogy is also useful when considering the speed of light in the Manifold as will be
demonstrated below.

We can visualize the effect of the hole on the coordinates by looking at a space-time diagram in one
spatial direction (the space-like axis represents a single ray emanating from the center of the manifold).
Figure 1 shows the coordinates after the hole has been introduced into the manifold overlaid on top of
the original Minkowski manifold. The curved lines represent the time coordinate ¢ on the deformed
manifold, and the non-uniformly spaced vertical lines represent the space coordinate (which we will
call s to distinguish them from the » Minkowski coordinate) on the strained manifold.
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Figure 1. The effect of a Hole in the Minkowski Manifold on Coordinates

Let us focus on the coordinate singularity coming from g;1 of the Schwarzschild metric in equation
1. We can see why g17 goes to infinity in the metric when looking at Figure 1. In the figure, the spacing
between the s coordinates lines relative to the r coordinate lines goes to zero at rs as a result of the
strain from the hole. We can formalize this with the coordinate transformation:

ds - 1_%617’ (5)
v r

Substituting this into equation 1, the metric becomes (ignoring the angular term):
2_(1_ 71 2 42
d7? = (1 - ) a2 — ds ©)

Therefore, g17 of the r coordinate, representing the magnitude of the 9, vector goes to infinity at s
because the magnitude of the ds vector, representing the proper distance basis vector goes to zero
at r;. In other words, for regions close to rs, a small change in r leads to a large change in s because
the s coordinate is so closely spaced relative to the r coordinate there. So by changing the spacelike
coordinate from r to s, we have removed the coordinate singularity in the metric. We also note that the

speed of light in this metric is given by:
ds\ Ts
(&)= -3 ”

Returning to the strain analogy from equations 3 and 4, note that the manifold density p at » will
be inversely proportional to the stretch factor A at r. More formally, we can say:

A
Y ®)

Where Ay = 1 is the stretch factor infinitely far from the hole and py is the density infinitely far from
the hole. We can define pp = 1, meaning we define the density of the Minkowski manifold as 1, which
gives us the relationship:

p=1= ©)
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Combining equations 9 and 7 we obtain the relationship between the speed of light and the manifold
density:
c= ! (10)
P
Which is the same way in which the speed of sound is related to the density of an elastic material
with a Young’s modulus of ppA¢ = 1. This also tells us that p = ppep where g and € are the vacuum
permeability and permittivity.

Now let us shift our focus to the time coordinate. Since the hole is a 4D sphere, meaning that
the time coordinate is also affected by the hole as depicted in Figure 1, the time dimension will also
be infinitely strained at the horizon, which is what is depicted in Figure 1. This is captured by the
relationship:

dt = | ———dt 11)

The spacing of the s coordinate is simple to understand because the coordinates are vertical and
parallel. But the deformed time coordinate is more interesting due to the curvature of the coordinate
lines. Let’s take one of these t coordinate lines and show the orientation of the s and ¢ basis vectors at
different distances from the edge of the hole in the frame of an inertial observer falling from infinity.
Figure 2 depicts this situation. The s basis vectors are horizontal and the ¢ basis vectors are normal to
the tangent of the t coordinate line. The decreasing lengths of the vectors reflects the decrease in the
distance between coordinate lines of each basis as r; is approached.

—
r

[
Lad
=N
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Figure 2. s and ¢ Basis Vectors Along a Line of Constant ¢

In Figure 2, we see that g—; goes to infinity at ¥ = r; because we measure dt in the direction of the ¢
basis vector at r. As r approaches 7, the ¢ basis vector rotates relative to the T basis, resulting in infinite
density as the frame approaches r; (see Figure 1).

Figure 2 illustrates why an inertial observer is accelerated in the deformed manifold. In Minkowski
spacetime, an inertial frame moves at the speed of light in their frame’s 9; direction. This is also the
case in the Schwarzschild manifold. The difference is that with the Schwarzschild manifold, the inertial
observer’s d; vector is not perpendicular to the 9, vector. Therefore, the inertial frame still moves at the
speed of light in the d; direction, but this vector now has a component in the 9, direction. So the inertial
frame’s motion (which in Minkowski space was motion only in time), has components in both the 0
and 9, directions. At infinity, all motion is in the d; direction, but at any finite distance, the d; vector
will have components in both the d; and 9, directions. As r decreases during the fall, the magnitude of
the d; component decreases and the magnitude of the d, component increases (giving the acceleration)
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until at 75, all the motion is in the 0, direction, indicating that the inertial frame becomes null there (it
moves through space at the speed of light).

Figure 3 shows the tilted dt vector multiplied by the local speed of light c with its components
in the T and r directions from the Minkowski manifold. On the right side of the figure, we divide all
sides of the triangle by dt such that the length of the hypotenuse becomes just the speed of light at r
and the components become temporal and spatial velocities of the frame.

dr cdt » d C
it
ds

ds
dt

Figure 3. Components of dt Vector During a Fall

2 2
(5 ()
ds

And given that ¢ = (E) = — =, we see that equation 12 is exactly the metric in equation 6,
c
indicating that the way in which the t and s coordinates have been modelled in Figures 1 and 2 is

From this triangle, we get:

accurate.

So we have seen how the falling observer is modelled in these coordinates, but how can we
understand the proper acceleration of the rest frame in this manifold? In Minkowski spacetime, a
frame feels acceleration when there is a gradient in their spatial velocity over time. The magnitude of
this acceleration at a given time is given by the gradient of the spatial velocity over time at that time.
The rest frame in the Schwarzschild manifold can be thought of in a similar manner except the proper
acceleration is a function of the gradient of the rest frame’s temporal velocity gradient over space.
The magnitude of the rest frame’s proper acceleration at a given location is given by the gradient of
the temporal velocity over space at that location. The temporal velocity of the rest observer at r is

% =,/1-— 775 the proper acceleration of the rest observer is:
d <d1’) _Ts 1 _GM 1 (13)
dr \dt )~ 22 . 12 :
r VN

Which is the expression for the proper acceleration of an observer at rest at r [3].

Furthermore, if we imagine a region of spacetime where the rest frame’s % < 1 was constant
over r (this could also be a stationary point on the curved t coordinate), then an observer at rest at r
would have her time dilated relative to the rest observer in Minkowski space-time, but the observer
would be inertial (i.e. the observer would not need to accelerate to stay at rest) since the gradient of
the time dilation in that case would be zero. An observer in free fall in this scenario would accelerate
up to the region where the gradient is zero and then continue falling at a constant speed relative to rest
observers while in that region of the space-time.
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Finally, reference [4] tells us that % for an observer falling from rest at r = 7 is given by:
dr
Z—_ (1 14
i = 09
Combining equations 14 and 5, we get the needed derivative:
ds drds
dt — dtdr 1

These are the velocity of an observer falling from rest at 7y in r and s coordinates. We can see from this
that in s and t coordinates, which yield a metric without a coordinate singularity, the falling observer
comes to rest at ;. Equation 7 also indicates that light also comes to rest there.

Thus, we have shown that the geodesics of inertial observers become null at the edge of the hole
and that there is no space-time inside the hole. Furthermore, the inertial geodesic remains at r; due to
the fact that the length of the s and f basis vectors go to zero at rs per Figure 2. We can also see that the
geodesic remains at the horizon by looking at equation 15. We use equation 15 instead of equation 14
because the ds and dt densities are the same at any given r. This velocity goes to zero when r = s,
proving that the geodesic remains at rest there.

Note that the magnitude of this velocity increases to a maximum at some r > rs (maximizing at
r = 21, in the case of an observer falling from infinity) and then decreases to zero at rs. We can see why
this is the case by re-expressing equation 15 as:

ds 1%

The % part comes from the orientation of the dt vector relative to the ds vector (quantified by the
second square root in equation 15). This quantity increases during the whole fall until it reaches 1 at 7;.
The first square root in equation 15 represents ¢, which decreases during the fall. The magnitude of ¢
changes the length of the dt vector per Figure 3. Therefore, the magnitude of % for the falling observer
is increased during the fall due to the change in orientation of the dt vector, and is reduced due to the
change in the length of the vector. When the effect of the change in the orientation of the vector on the
% component is greater than the effect of the reduction in length of the vector, % will increase. But at
some point, depending on where the fall started, these changes will balance each other, which is where
the magnitude of % is maximized, after which the effect from the reduction in length of the dt vector
becomes dominant, decreasing the magnitude of % to zero at 7.

Creating the Schwarzschild manifold by making a hole in the Minkowski manifold makes the fact
that geodesics come to rest at rs intuitive since there is by definition no space-time inside the hole of
the manifold, so there is nowhere else in space for the geodesics to go, they must remain at rest there.
In fact, if one begins by postulating that creating a hole in the Minkowski manifold is equivalent to
introducing a stretch factor A over the manifold and that the speed of light over the manifold is equal
to v/A (which amounts to postulating equation 10), then one can derive the Schwarzschild geometry
using the presented analysis without needing to solve the field equations.

It has been proven that the free-falling geodesics in the Schwarzschild manifold in singularity-free
coordinates become null at 7; and that null geodesics remain at 75, meaning that 7 is the endpoint of
gravitational collapse. If this is true in one set of coordinates, it must be true in all coordinates. We
will examine these geodesics in two other coordinate systems in this paper, the Kruskal-Szekeres and
Eddington-Finkelstein coordinates. It will be shown that while a cursory look at the metric in these
coordinate seems to indicate that the horizon is traversable, when we carefully examine free-falling
geodesics in these coordinates, we get the same results as found above, which should be expected.


https://doi.org/10.20944/preprints202303.0512.v8

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 December 2023 doi:10.20944/preprints202303.0512.v8

8 of 15

3. A Note on the Internal Schwarzschild Metric

The internal Schwarzschild metric (where r < r;) is the inverse of the deformed Minkowski
manifold described above. The internal metric describes a separate manifold where the entire
Minkowski manifold has been compressed down to a 4-sphere of finite r, where r is the timelike
coordinate in this case. The sphere is surrounded by null space-time. This manifold is also intrinsically
spherical with an intrinsic center. The fact that the manifold itself has an intrinsic center is why we get
a curvature singularity there. A detailed examination of nature of the internal metric will be the topic
of a followup work where it will also be shown that due to cosmological reasons, a real geodesic can
never actually reach the horizon. But in the rest of this paper, we will examine the inertial geodesic
in Kruskal-Szekeres coordinates to show that the key results found here, namely that the free-falling
geodesic becomes null at the horizon and that the geodesic does not cross the horizon, can be deduced
from the Kruskal-Szekeres coordinate chart as well.

4. The Falling Frame of the External Metric in Kruskal-Szekeres Coordinates

The Kruskal-Szekeres coordinates are the maximally extended coordinates for the Schwarzschild
metric. The coordinate definitions and metric in Kruskal-Szekeres coordinates are given below
(derivation of the coordinate definitions and metric can be found in reference [5] where v = T

and u = X).
T = (r - 1) ¢% sinh <t>
Ts 2rs

(17)
X = (r — 1> e’ cosh <t>
Ts 2rs
With the full metric in Kruskal-Szekeres coordinates given by:
24 2 2 2702
dr? = 2o (dT —dX)—rdQ (18)

Finally, we plot the metric on the Kruskal-Szekeres coordinate chart [6] in Figure 4:

Figure 4. Kruskal-Szekeres Coordinate Chart

In this paper, we will be focusing on region I in this chart, which is the spherically symmetric
spacetime around a spherically symmetric source in space.
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We can see in Figure 4 that for a rest frame (r = const), that ‘;—)T( depends on the value of t we
evaluate the derivative at since the derivative for the rest frame is the tangent to the hyperbola at t.
Since the metric is time-symmetric, we know that the actual physics does not depend on the value of ¢
and therefore, we need a deeper understanding of the meaning of the changing ‘;—}T( in the rest frame
and how it relates to the falling frame at the same point.

The time symmetry of the metric tells us that we can hyperbolically rotate the spacetime (rotate the
t coordinates in the coordinate chart) without changing the physics. For example, Figure 5 shows two
identical worldlines hyperbolically rotated relative to each other on the Kruskal-Szekeres coordinate
chart.

These

bt

worldlines are ’ N X
identical ‘

Figure 5. Hyperbolic Rotation of a Worldline on the Kruskal-Szekeres Coordinate Chart

These worldlines are the same because Ar and At are the same for both worldlines, such that their
proper lengths are the same. So the time translation symmetry of the metric translates to hyperbolic
rotational symmetry on the Kruskal-Szekeres coordinate chart.

We can use this fact to change how we visualize the worldline of an observer falling toward
the horizon. Rather than drawing the line from ¢ = 0 at some r to t = oo at the horizon, we can
continuously hyperbolically rotate the space as the observer falls such that the "present’ state of the
falling frame is always at f = 0. An example of this is given in Figure 6.
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Figure 6. Worldline of Falling Frame on the Kruskal-Szekeres Coordinate Chart with Continuous
Hyperbolic Rotation

In Figure 6, the observer begins falling at r = 1.4r;. This is represented by the rightmost point on
the X axis in the diagram. After At = 0.5, the observer has fallen to a lower radius represented by the
point to the left of the rightmost point. So rather than having the worldline grow up from ¢ = 0 as time
passes, we hyperbolically rotated the worldline points down as time passes to keep the present point
of the worldline on the X axis. This is a valid way of visualizing the worldline as a result of the time
symmetry of the metric.

When using this construction, we see that the falling worldline reaches the T = X = 0 point on
the diagram. And if the worldline does indeed become null at the horizon, this means the worldline
remains on the T = —X line since that is the null geodesic representing the horizon.

It is notable that since the T = £X lines are null geodesics at the same point in space (rs), this
means that all falling frames reach the horizon simultaneously regardless of where or when they begin
falling relative to each other. This fact is more evident when drawing the worldlines the traditional
way where they reach the horizon at T = X > 0. If two frames start falling from different radii at t = 0,
they will intersect the the horizon at t = co at different points along the T = X line in the coordinate
chart. But the proper distance between those points is zero and they are both at the same point in
space, therefore the two points are in fact coincident.

There appears to be a conflict between the construction in Figure 6 and the traditional construction
which has the worldline reach the horizon at t = co along the T = X line where T and X are greater
than zero. This conflict is significant because the construction presented here shows a worldline that
becomes null at the horizon whereas the traditional construction has a non-null worldline at the
horizon. It is impossible for both to be true and therefore the discrepancy must be resolved. To resolve
this conflict, we need a more detailed examination of the falling frame’s worldline in Kruskal-Szekeres
coordinates.

Let us first take the differentials of T and X in equations 17:

dX = a—Xdr + a—th

ar ot
dT = a—Tdr + a—Tdt )
Toor ot
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Calculating the partial derivatives, rearranging and defining R = L, we get:
gthep gmg & 22 \/w &
dX dr s\ . t
ar R [dt osh (2r5> (1= 7) sinh <2rs>} 0)
dT— ﬂsmh i —i—(l—r—s)cosh *t
dt dt 275 r 271
Next, we need to calculate 4 d from equations 20 by factoring out (1 — %) cosh (2—55) from each
equation and dividing:
d )1
aX dxd S(1-%) 7 +tanh () -

AT dEdT () anh () +1

7

This equation is the same equation derived in [2] but put in a slightly different form. Next, we make

the following definitions:
axy _ t
(dT)O = tanh <27’s> (22)

This is the derivative of the rest frame at ¢ since plugging % = 0 into equation 21, we get ‘{% =
tanh (i) Since we know the Schwarzschild metric is independent of ¢, this derivative must be a
non-physical artifact of the Kruskal-Szekeres coordinates at fixed r and is not related to any actual

change in motion through space and time.
And we define the relative velocity of the frame in motion relative to the rest frame as:

ax _dr rs\ 1
(r), =i (-%) @)

This is the relative velocity in Kruskal-Szekeres coordinates between the frame in motion and the rest
frame at . This derivative is 0 for the rest frame since dt = 0 in that frame. If we combine equations 23
and 14 we get:

I's _ Is
@A r ) (24)

Which is well behaved and equal to -1 when r = ;. Plugging these definitions into equation 21, we

get:
aX\) 4 (dX
dix _\dT ) T J (25)
1) @),
4T ) e \ 4T )
We recognize that equation 25 is the relativistic velocity addition formula giving us the total velocity
as the relativistic sum of the rest frame velocity and the relative velocity between the moving frame

and the rest frame. We can solve for ( dT) to get an expression for the relative velocity between a

frame in motion and the rest frame in Kruskal Szekeres coordinates:

(dx) (#),# 6
et 1_(%)0%

Assuming that (%) ranges from-1to1and 1 > > —1, we see that the relative velocity approaches

1 or-1 forall dT as the horizon is approached since the horizon is at t = %00, such that ( ) =1
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there. Equation 26 is also constant along a given hyperbola (i.e it is independent of t) since it represents
the relative velocity between the moving and rest frames.
Equation 26 is essentially a hyperbolic rotation of a given worldline point along a hyperbola of

constant » to t = 0. The reason this gives us the relative velocity is that at = 0, the Schwarzschild basis

vectors and Kruskal-Szekeres basis vectors are aligned there, meaning that the X and T in (%) l
re

are pure spacelike and timelike basis vectors and thus the derivative gives a true velocity relative to
the rest frame. This is in contrast to the general '% which is a derivative without a clear spacetime
meaning since the X and T coordinates are mixtures of space and time everywhere else.

It is also notable that equation 25 is undefined when t = oo because since (%) = —1 there and
re
(%) o = 1 there, we get:
ax -14+1 0
)y =0 27)
ar ), —-14+1 0

This is also what was demonstrated in [2]. Therefore, under these conditions, g—% and 5—;( are undefined
at the horizon when T and X are greater than 0. This suggests that there is a discontinuity in the
worldline when reaching the horizon at t = oo, even in Kruskal-Szekeres coordinates.

Figure 7 can help us see why equation 21 becomes undefined at the horizon by depicting the
space and time axes of the rest frames at different points on the Kruskal-Szekeres coordinate chart.

Figure 7. Boosted Rest Frames in Kruskal-Szekeres Coordinates

Along the X axis, the space and time bases are orthogonal and aligned with the Kruskal-Szekeres
basis vectors. As t moves away from 0 in either direction, the rest frames in which the derivative is
measured become increasingly Lorentz boosted. These boosts are an artifact of the Kruskal-Szekeres
coordinates and not physical boosts. We know this because 9; is a Killing vector. So if we move along
a hyperbola of constant r, the space-time bases are boosted as t increases, but we know that the frame
of the rest observer does not change over time due to the time symmetry of the manifold.

That the derivative is measured in increasingly boosted rest frames over time in Kruskal-Szekeres
coordinates is not a problem anywhere except at t = F-co. At those locations, the rest frame is infinitely
Lorentz boosted such that the space-time bases are collinear because the rest frame is light-like at the
horizon. In a light-like frame, the relative state of motion of other frames cannot be determined because
in the light like frame, one cannot make measurements of space and time due to the collinearity of the
bases.
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Now let’s calculate the situation described in Figure 6 where we calculate the worldline falling
along the X axis as the past worldline is hyperbolically rotated down. For this construction, we set
t = 0 in the equations since the derivative is always taken on the X axis. For this calculation, we put
the metric in the following form (we will be examining radial infall so dQ} = 0):

493

2
re% ((fg) — 1) dx? (28)

Since we are keeping t = 0, we can use the inverse of equation 24 for 1n the equation. We can solve

dt? =

for r in terms of X by setting t = 0 for the X equation in equation 17 and solving for

(W () ) @

Where W is the Product Log function. Substituting equations 29 and 24 into equation 28 allows us to
integrate the worldline along the X axis:

—(w(X)+1 1_1s
2 = A () ) 1 |ax? (30)

W(X%)—i—l m—g

Which goes to 0 as X goes to 0. But we can now show that this is exactly equivalent to falling in
Schwarzschild coordinates by first using equation 20 to solve for X when t = 0:

revs
aX = —dr
2r2\/ (£ — Ders
(31)
[rers E
4r3 /
Substituting equations 31 and the inverse of 23 into equation 28 gives:
de? — (1_*)ﬂ Sy E—
dr 1-1=
' (32)

—(1-)ar - L
r 1-=

And we can see that Equation 32 is in fact the Schwarzschild metric in Schwarzschild coordinates.

Therefore it has been proven that the worldline construction shown in Figure 6 is equivalent
to falling in Schwarzschild coordinates and it has been demonstrated that the worldline in that
construction is light-like at the horizon. When we couple this finding with the fact that the
Kruskal-Szekeres derivative is undefined at the horizon for any construction in which the worldline
reaches the horizon at T = X > 0, we can conclude that the event horizon is length contracted to a
point in a falling frame approaching the horizon as a result of the fact that the worldline becomes null
there.

Furthermore, we see from equation 31 that ¢ is zero at r = r5. Therefore, the falling frame
remains at the horizon along the T = £X lines in the Kruskal-Szekeres coordinate chart when it
reaches the horizon.
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5. The Falling Frame of the External Metric in Eddington-Finkelstein Coordinates

It has been shown using two different methods that the worldline of the falling observer becomes
null at the horizon. If this is true in one system of coordinates, it must be true in all coordinate systems
as a change of coordinates cannot change the physics of the manifold.

Nonetheless, let us examine another important coordinate system used to analyze the
Schwarzschild metric, the Eddington-Finkelstein coordinates.

The metric in Eddington Finkelstein coordinates (with 4Q) = 0) for infalling particles is given by:

ds? = — ( - 775) dv? + 2dvdr (33)

Where v is defined as: .
v:t+r+rsln\r——1| (34)
S

Infalling null geodesics are given by the condition g—zr’ = 0. If we take the derivative of equation 34 and
apply equation 14 for the observer falling from rest at y we obtain:

do_d 1
drdr 1-5

(35)

Which, once again gives g at the horizon, meaning the worldline’s derivative is undefined there as
was the case with the Kruskal-Szekeres coordinates when we try crossing the horizonat T = X > 0.

But we can take another approach and set ﬁ—’r’ = 0 and check where the worldline meets that
condition. So we find where % = — L. For this condition, we require:

_Is -
1 r

=1 (36)

Which is satisfied when r = rs. Therefore, we find that the radial infalling worldline can also be shown
to be null at the horizon in Eddington-Finkelstein coordinates

6. Conclusion

Given the above analysis, it can be concluded that the external Schwarzschild metric can be
accurately modeled by starting with the Minkowski manifold and stretching a point in that manifold
into a 4-sphere. This stretching of a point into a sphere leaves a hole in the manifold of null space-time
and makes the coordinate densities of both the space and time bases a function of position where
the densities are infinite at the edge of the hole and decrease to 1 (the coordinate density of flat
space-time) infinitely far from the hole. This model allows us to accurately model the dynamics of
the Schwarzschild space-time using geometric techniques and allows the derivation of the proper
acceleration of the rest observer using basic trigonometry. It was proven that the horizon (the edge of
the hole) is indeed the endpoint of gravitational collapse and that all geodesics become null there.

A detailed analysis of the falling inertial geodesic was carried out in Kruskal-Szekeres and
Eddington-Finkelstein coordinates as well. It was demonstrated that the same results mentioned
above, namely the horizon being the end point of gravitational collapse where all geodesics become
null, can be derived from those metrics as well.


https://doi.org/10.20944/preprints202303.0512.v8

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 December 2023 doi:10.20944/preprints202303.0512.v8

150f 15

Finally, the internal metric describes a separate spherically symmetric manifold which is the
inverse of the external manifold. This manifold can be constructed by compressing the Minkowski
manifold into a 4-sphere surrounded by null space-time and reversing roles of the space and time
coordinates. Detailed analysis of the internal metric will be the topic of a followup work.
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article [and its supplementary information file].

Conflicts of Interest: There are no competing interests

References

1.  Misner, C.; Thorne, K.; Wheeler, J. Gravitation; Number pt. 3 in Gravitation, W. H. Freeman, 1973.

2. Mitra, A. Kruskal Dynamics for Radial Geodesics. International Journal of Astronomy and Astrophysics 2012,
2,174-179. doi:10.4236/ijaa.2012.23021.

3.  Raine, D,; Thomas, E. Black Holes a Student Text; Imperial College Press, 2015.

4. Augousti, A.; Gawelczyk, M.; Siwek, A.; Radosz, A. Touching ghosts: Observing free fall from an infalling
frame of reference into a Schwarzschild black hole. European Journal of Physics - EUR | PHY'S 2012, 33, 1-11.
doi:10.1088,/0143-0807/33/1/001.

5. Carroll, S.M. Lecture Notes on General Relativity, 1997, [arXiv:gr-qc/9712019v1].

6.  Figures 4, 5, 6, and 7 are modifications of: ‘Kruskal diagram of Schwarzschild chart’ by Dr Greg. Licensed
under CC BY-SA 3.0 via Wikimedia Commons. http://commons.wikimedia.org/wiki/File:
Kruskal_diagram_of_Schwarzschild_chart.svg#/media
/File:Kruskal_diagram_of_Schwarzschild_chart.svg, Accessed in 2017.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.4236/ijaa.2012.23021
https://doi.org/10.1088/0143-0807/33/1/001
http://xxx.lanl.gov/abs/9712019v1
https://doi.org/10.20944/preprints202303.0512.v8

	Introduction
	Creating a Hole in the Minkowski Manifold
	A Note on the Internal Schwarzschild Metric
	The Falling Frame of the External Metric in Kruskal-Szekeres Coordinates
	The Falling Frame of the External Metric in Eddington-Finkelstein Coordinates
	Conclusion
	References

