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SAMMANFATTNING 

Denna studie tittar närmare på fysiken kring svarta hål och dess relaterade fenomen. Vi tittar närmare 

bestämt på ett svart hål vid namn Gargantua vilket representeras i  filmen Interstellar.  

Genom att använda filmen som inspiration studerar vi Gargantuas inflytande på tid, planetbanor och 

tidvattenkrafter. Följande studie visade att fysiken i denna undersökning till fullo stämmer överens 

med den som representeras i Interstellar vilket gör fysiken i filmen väldigt trovärdig. 

Jag visar att Gargantua måste rotera extremt fort, endast            procent mindre än det maximalt 

möjliga för ett svart hål. Vid denna extrema rotation uppnås en tidsdilatation på  ̇        vid det 

avstånd där stabila planetbanor återfinns. Planetbanor möjliggörs då vid ett avstånd av ungefär halva 

Schwarzschild radien (  
 

 
  ) vilket betyder att planeter befinner sig precis utanför 

händelsehorisonten för ett maximalt roterande svart hål. Den extrema tidsdilatationen vid sådana nära 

avstånd till det svarta hålet är en kombination av detta korta avstånd, planetens hastighet i 

omloppsbanan och så kallad frame dragging. Frame dragging beskriver effekterna på rumtiden som ett 

resultat av rotationen på det svarta hålet. 

Tidvattenkrafter kring ett svart hål visade sig minska i styrka då dess massa ökar för objekt som 

befinner sig utanför händelsehorisonten. Med en stor nog massa på det svarta hålet kunde en planet 

undvika att slitas sönder men detta begränsade planetens storlek till en radiell utsträckning på ungefär 

        vilket motsvarar      jordradier (      ). 

 

 

 

 

 

 

 

 



ABSTRACT 

This report looks closer on the physics of black holes and their related phenomena. Particularly, this 

report studies a certain black hole called Gargantua that is portrayed in the movie Interstellar. By 

using this as a source of inspiration we look at Gargantua’s effect on time, planetary orbits and tidal 

forces. The following report showed that the physics studied here corresponded fully to the physics 

represented in Interstellar, making the movie very credible from a physics point of view. 

I show that the black hole portrayed in Interstellar needed to spin at a rate of             percent less 

than its maximum possible to achieve a timedilation of   ̇        at the distance where stable 

planetary orbits are found. At a spin this high, planets can have stable orbits as close as half the 

Schwarzschild radius (  
 

 
  ) which means they are located just outside the event horizon of a 

maximally rotating black hole. The enormous timedilation at planets orbiting near the event horizon is 

a result of the planets close proximity to the black hole, its orbital velocity and frame dragging. Frame 

dragging describes the effects on spacetime on account of the rotation of the black hole. 

Looking at the tidal forces on objects surrounding the black hole it was found that an increasing mass 

would actually decrease the tidal forces on objects outside the event horizon. For a sufficiently large 

mass on the black hole, a planet could avoid being ripped apart but this restricted its size to a radial 

extension of about         which corresponds to      earth radiuses (      ). 
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1. INTRODUCTION 

“There are at least three barriers in the way to a full understanding of Einstein’s General Relativity. 

The first is the inadequacy of our imagination.”  

- J.L Martin 

1.1  THE INSPIRATION – SCIENCE FICTION 

During the last decades the most recurring subject of popular science has seemed to be a lot about 

taking turns around Einstein’s theory of relativity, bending and breaking it to create the most exotic 

movie plots thinkable. Movies like Planet of the Apes in 1968 where the relativity of time allows 

astronauts to travel into the distant future to today’s movies like Interstellar in which mankind 

investigate the possibilities of a black hole harboring habitable planets in its orbits.  

This project puts the physics of such movies under the magnifier in order to clarify what the physics 

and the laws that govern it actually have to say about these phenomena. 

The movie Interstellar will in particular serve as the main source of inspiration to the topics I will 

discuss in this investigation since it represents the particular phenomena’s of black holes and its 

related cosmological environments. 

For readers not familiar with or readers unable to recall what physical aspects Interstellar deal with. I 

will shortly, but perfectly adequately, explain some important parts in order to relieve the reader of the 

need to have any prior knowledge of the movie. 

The content of the movie significant to this paper is the supermassive black hole called Gargantua that 

sits at the center of a system of orbiting bodies. This is where the astronauts in Interstellar travel with 

their spaceship to investigate this system’s ability to provide habitable planets. In the most familiar 

case the sun plays the part of this gravitational dictator. Pulling surrounding bodies into orbit, dictating 

the environment of the system as it pleases. Here, this role is played by the black hole[2].  

The take-off point for this investigation will be this black hole and the physical environment that 

comes with it. How does the black hole effect things such as space, time, gravitation and planetary 

motions?  There is of course a great deal of other phenomena related to black holes but I will 

concentrate mainly on the four highly intertwined topics just stated as they stir up a lot of questions 

related to the movie, from a physics point of view. 
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1.2  THE PHYSICS OF IT ALL 

The physics that will be used for analysis rests in particular on the work of Albert Einstein in his 

general theory of relativity, and the solutions to his famous field equations[4]: 

                                                                    
   

      (1.1) 

Solving these equations is beyond the scope of this project. Instead I will use the already existing 

solutions formulated by Karl Schwarzschild and Roy Kerr, called the Schwarzschild metric and the 

Kerr metric. The Schwarzschild metric describes space and time surrounding a non-rotating, 

electrically uncharged black hole. While the Kerr metric generalizes to a rotating, electrically 

uncharged black hole. As hinted, the deductions following the metrics will obey general relativity as 

the theory describing gravity while upcoming estimations on tidal effects will use Newton’s theory of 

gravity. Together the resulting equations will serve as the basis for all the deductions that will be made 

in this paper[1,4]. 

1.3  REVIEWING SCIENCE FICTION 

Seeing that many of the phenomena in Interstellar at first glance might feel exaggerated and perhaps 

even fictional to some, the physics involved should need some reviewing.  

By either confirming or contradicting the validity of the physics involved, this project will shed light 

on a subject viewed as incomprehensible by the vast majority, taking it down to a level that can be 

appreciated by physicist and non-natural science readers alike. 

By investigating the physical environment around black holes I can make simple deductions on 

planetary motions, its possibilities and limitations. Furthermore I will research how the gravity of the 

black hole influences the passage of time for different observers at different distances from the black 

hole. The mathematics of Schwarzschild and Kerr allows solving these problems without going deep 

into the theory of general relativity of which I intend to stay away from to any extent possible.  

A good example on the kind of phenomena I intend to deal with come from one of Interstellar’s 

scenes: A crew on board a spaceship, simply by changing their position relative to the black hole, 

travel 7 years into the future for every passing hour[2]. How is this possible? 

This, amongst other things will be sought to answer in this project. 

Upon finishing this project I intend to have shed light on the authenticity of some of the physics in 

Interstellar. As the different solutions to the metrics have been found, there should be no question if 

the scientific consultants of Interstellar indeed used legitimate means when writing the plot, from a 

physics point of view.  



3 

 

In order to study the  environment of a black hole, in particular the one portrayed in Interstellar, one 

can ask three primary questions that when answered will give more or less all the basic information 

needed for this investigation: 

- How close to the event horizon of the black hole can we find stable planetary orbits? 

- How does the timedilation depend on the distance to the black hole? 

- How great are the tidal forces on objects surrounding the black hole? 

The reader should later feel certain of the answer to these questions as the results of the investigation 

are presented in chapter 4. 

Kip Thorne, theoretical physicist and consultant/executive producer for Interstellar, describes in his 

book The science of Interstellar how he came to some of the conclusions regarding the mass and spin 

of the black hole and how these quantities affect planet orbits and time etc.[2]. 

When the results have been determined this will be an interesting source of comparison. 
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2. REVIEW 

2.1  POPULAR SCIENCE – ACCORDING TO THE AUTHOR 

Perhaps the foundation for any scientific research begins with something as simple as popular science. 

In fact, any strife for further knowledge, if not spurred by some natural instinct, might very well be 

rooted in the curiosity planted by popular science. Somewhere there, in our imagination, every 

individual journey into the future begins. Most often this journey is spent entirely on trying to find 

answers to confounding questions. Other times, preferred by a great many, it ends not with trying to 

reach this answer, but to actually do reach it.  

Without the inspiration fed to us by this, hopefully, never-ending amazement of the unknown, we 

might not continue on our relentless quest towards greater knowledge and understanding. Perhaps, we 

might never even begin our journeys at all. 

From this wide field of popular science, scientists and laymen alike are inspired to reach for new 

heights in everything from actual scientific research to things as general as science fiction. 

Science fiction, serving as the actual inspiration of this very paper, has produced countless examples 

of groundbreaking physics. Either created from pure imagination, with no scientific credibility at all, 

or by reaching to the very edge of what theoretical models can provide, combining both facts and 

fiction to create science fiction like, for example, Interstellar. 

As a last remark, before continuing into the more scientific parts of this paper, let me remind you of 

some words spoken by perhaps, the greatest mind of all time – past, present and future. 

“Logic will get you from A to B. 

Imagination will take you everywhere.” 

- Albert Einstein 
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2.2  GRAVITY, NOW AND THEN 

Gravity equals curvature.  

Perhaps this statement doesn’t represent what most people say when they talk about one of the most 

familiar forces to mankind. Instead, we like to think of gravity just as a result of this simple 

equation(2.1): 

                                                                               
  

    (2.1) 

The equation, very accurate as it may be, still doesn’t explain anything at all as to why gravity acts the 

way it does. It is merely a description of what we see and measure when studying gravity. 

To arrive at a more fundamental understanding, involving curvature of spacetime, we need to take a 

long trip backwards in time, starting with Galileo Galilei. We then work our way forward, past Isaac 

Newton and into the era of Albert Einstein and the realm of general relativity, the last frontier before 

reaching the modern understanding of gravity. 

As early as the 16:th century Galileo took the first steps towards one of the most important and 

fundamental principles of gravity, the equivalence principle[1,3] (The principle of today is a bit 

enhanced but still has the same fundamental formulation suggested by Galileo).  

The equivalence principle of Galileo suggests that all objects, when dropped towards the ground fall 

with the exact same velocity, independent of their mass. This was tested by Galileo by dropping iron 

balls of different mass from the leaning tower of Pisa. He noticed that the balls, when dropped 

simultaneously, hit the ground at the same time. But is this true in all cases? As Galileo pointed out, 

surely a feather does not fall with the same velocity as a cannonball? The reason for this, Galileo 

reasoned, simply is air resistance. By conducting this experiment with very high density objects, the 

influence of air resistance was minimized and so the logic could be saved. 

Together with the conclusion that the velocities of all falling objects are exactly equal came the other 

important realization. If it was true for velocity, it must also be true for acceleration[3]. 

This conclusion launches us directly into the physics of Isaac Newton. 

Isaac Newton came up with the three fundamental laws of motion that describe a great deal of 

phenomenon in our universe. Newton’s second law(2.2) describes the relationship between 

acceleration, mass and force. 

                                                                                    (2.2) 

This equation is particularly interesting for this discussion since it actually deals with the acceleration 

mentioned in the subject of falling iron balls. As a ball is dropped, a constant force acts on it, pulling it 

towards the ground. The higher the mass of the object, the stronger the force needs to be in order for 

the acceleration to be equal for different objects with different masses.  
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This immediately hints to the fact (strengthened by the equivalence principle) that more massive 

objects must be harder to accelerate, in other words, they have to be more inert. 

This inertness connected to mass is easily found in everyday life. Consider kicking a football. It flies 

of easily into the air by the impulsive force exerted by your foot. Instead, trick yourself into kicking a 

similarly sized rock and you will notice quite painfully that the massive rock doesn’t want to 

accelerate as easy as the football, immediately revealing its inertness.  

With gravity, as we have noticed, this doesn’t matter. Everything, no matter how inert it is, will always 

accelerate with the same speed towards the ground unless some force other than gravity acts on it at 

the same time[3]. 

And as pointed out by the literature[3]: 

“Once this law of motion(invariance of gravitational acceleration)  

was checked experimentally, Newton argumented to a reformulation of  

Galileo’s principle of equivalence: the mass of a body (ratio of force to acceleration)  

is proportional to its weight.” 

 

As the understanding of forces began to clear out, Newton set his eyes towards the heavens. This new 

perspective opened up the path towards his well-known law of gravity mentioned on the previous 

page(2.1). 

 

 

 

 

 

 

 

The great accomplishment made by Isaac Newton in is law of gravity, came perhaps from the simple 

question: Does the Moon fall? 

We have already talked about the fact that all objects, when not affected by some other force than 

gravity, fall towards the ground in exactly the same way. Of course there were more to Newton’s work 

than just asking a simple question, it was also the trouble of answering it[3]. 

As it turned out, the Moon does fall. It falls, but luckily for us, it never touches the ground. It stays up 

simply because it has a large enough velocity component perpendicular to its radial direction (in an 

earth-moon reference frame). As we can see in figure 2 on the following page, the path of the moon in 

its orbit is traced out by the simultaneous pull of the earth and its tangential velocity[3]. 

 

Figure 1: Newton himself[11]. 
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Figure 3: Spacetime plot of different world lines[13]. 

Newton was able to formulate the laws which govern the motion  

of the planets and the Moon with a stunning precision. In great  

accordance with the contemporary work of physicist  

Johannes Kepler, the motion of almost all planets could be  

accounted for, making Newton’s law of gravity an unchallengeable  

“force” to be reckoned with. Even though we at this point have  

gone through hundreds of years of remarkable advance in the  

understanding of forces, and in particular gravity, we have not  

yet understood anything about how gravity interacts with matter. We know what it does, but have no 

clue as to how it does what it does[3,4]. 

Curvature… Finally!  

We are now at the point where we started this discussion of gravity. Gravity equals curvature. And 

just like that, we enter the realm of Albert Einstein and his theory of relativity. 

Albert Einstein started his work on relativity by theorizing the relativity of time and space in inertial 

reference frames. Einstein managed to show that time and space were not separated from each other, 

but could be unified into a 4-dimensional spacetime. From this theory, called special relativity, came 

these remarkable realizations that time and space was not absolute but rather twistable and stretchable. 

We can already sense the importance of this stretchability of spacetime when already enlightened of 

the relation between curvature and gravity, but that would be jumping the gun from a pre-general 

relativity point of view! 

It took Einstein some time to realize the way acceleration came into his theory of relativity. Noticing 

that acceleration behaved as curved lines in 2-dimensional spacetime plots, contrary to velocity plots 

that always entered as straight lines, was one of the first clues alerting Einstein of the relation between 

gravity and curvature (see figure 3). 

As we have already talked about, gravity and  

acceleration has a very unique relationship as stated  

by the principle of equivalence: everything 

accelerates at the same rate when acted on by  

gravity alone. Originating from this came perhaps 

the greatest Eureka moment of Einstein.  

When he imagined a worker falling from a rooftop,  

he wondered, what would the worker feel? 

Einstein realized that the worker should  

literary, feel nothing…   

Figure 2: The path of the  

moon as it orbits the earth[12]. 
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Figure 4: Geodesic lines on a sphere, 

also called great circles[14]. 

Remove any visual reference to the surrounding world and the worker would have no possible way of 

knowing whether he was in complete empty space or if he was a couple of meters above the ground. 

The worker would, in fact, not even know that he was falling. Once again we remove the sensation of 

air drag while falling, truly making this what we can call a free fall. 

It is these realizations that urge Einstein to think of gravity as a curvature in spacetime, forcing objects 

to accelerate in a free fall along straight lines in spacetime. 

Straight lines are somewhat ambiguous in this concept. Straightest possible lines (called geodesics) are 

a more accurate description of the motion of freely falling objects. These geodesics trace out the 

straightest possible line in any kind of geometry by moving in the locally straightest path. The 

emphasis on “locally” is vital for the theory. Globally, a geodesic  

need not even be close to a straight line. Take for example the  

geodesics of a sphere, like the earth. As shown in figure 4, the  

geodesics of the earth are the great circles (like the equator)  

looming round and round. Looking from the outside, these 

great circles are of course extremely curved. But for an 

observer too small to perceive these great curved circles,  

the geodesics appear as completely straight lines. 

There are of course an infinite number of geodesics on a  

sphere, but here only two of them are shown[3,4].  

Thus, to repeat it once again, objects in a curved spacetime, free fall along geodesic paths in 

spacetime. The question as to why they free fall along geodesics in spacetime should actually be 

answered by looking back at Newton[3]. 

Newton’s first law of motion, the law of inertia, says the following: Any body, at rest, or moving with 

constant velocity, will continue to stay at rest, or move at constant velocity in a straight line unless 

compelled otherwise by an external force[3]. The special thing about gravity, as stated by Einstein, 

is that gravity should not count as an external force acting on the object. Being acted upon by gravity 

is rather just following the geometry of spacetime while obeying Newton’s first law, following the 

straightest line possible given a certain geometry[3]. 

From these viewpoints of gravity Einstein began defining his field equations(1.1) that ended up being 

the modern representation of gravity, as curvature in spacetime. With this geometric representation the 

concept of intervals becomes an important subject for studying spacetime. Spacetime intervals can be 

thought of as analogous to distance intervals in regular Euclidian space. 
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Figure 5: Conceptual view of  

3-dimensional curvature about a point[15].  

Figure 6: 2-dimensional spacetime curved by the mass 

of the earth[16]. 

Euclidian intervals have the form of: 

                                                                            (2.3) 

Which can be seen as the length of the straight line connecting two points in 3-dimensional space. 

4-dimensional spacetime on the other hand, incorporates time into the intervals, changing the form of 

flat space intervals into what is called the Minkowski-metric(or interval): 

                                                                             (2.4) 

The importance of these intervals to general relativity cannot be understated. As we will see further 

on, these intervals, called metrics, will be used to find almost every quantity related to gravity studied 

in this paper.  

Below figure 5 and 6 gives a conceptual understanding of spacetime and the way it curves in the 

presence of massive objects. 

 

 

 

 

 

 

                  

The figure to the left gives a view of the way 3-dimensional curvature about a single point looks like. 

Although not analogous to the 4-dimensional spacetime curvature, it gives a good idea as to how to 

think about curved spacetime. The right hand figure actually gives a more accurate view of spacetime 

curvature. Here, spacetime is represented as a 2-dimensional structure curving into a third dimension 

by the effects of the massive earth. In reality the 4-dimensional spacetime curves into a fifth 

dimension. Figure 5 removes the need to think in abstract 4 and 5-dimensional space. Thinking in such 

ways is impossible for (probably most) human beings.  

Imagine an object located somewhere on the curved surface of figure 5. Think of the surface just as 

you would view a typical skate-bowl. A skateboarder tipping over the edge will speed along the bowl, 

following its geometric shape towards the bottom (and then continue onwards). In this case gravity is 

of course the reason the skater speeds down the bowl. If we now remove gravity and consider the 

curved spacetime alone. Just as with the skater moving down the bowl, any object located on the 

curved surface will be compelled to follow this curvature downwards towards the central mass.  
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By this definition we no longer need to view gravity as an actual force but instead just a natural result 

of the acceleration generated by the curvature. 

It was from these ideas that Einstein formulated his field equations(1.1) that in turn led to the solutions 

by Schwarzschild and Kerr. From here, this paper really starts making way, using the metrics to find 

all sorts of interesting quantities. Perhaps the most interesting of all, timedilation. 

As for the mystery of how mass curves spacetime, I will leave it for the reader to find out… 

2.3  ESCAPE VELOCITY 

Gravity never rests. This fact is rarely argued with and attempting too is deemed to fail miserably. 

To move up, away from the ground, one would not get anywhere if no force was applied to take us 

there. Bending your knees and pushing off gets you somewhere, just not very far. 

Jumping off the ground simply doesn’t give you enough upwards velocity. Below is the equation 

determining the velocity needed to exactly escape an object of mass   at a distance   away from the 

objects center of mass. 

                                                                             √
   

 
  (2.5) 

The meaning of exactly escaping this object is defined as to have zero velocity at the point where the 

gravity of the object is so small that it will not be able to pull you back down. 

Using (2.2) we can calculate the velocity needed to escape from the surface of the earth[3]. 

By plugging in the values of the earth’s radii and mass, we arrive at the value              [7]. 

As you can see, jumping won’t cut it… 

On the other hand, escaping a planet’s gravitation entirely isn’t always the objective. For instance, in 

Interstellar the crew of a spaceship lifting from the watery world Miller only has the objective to make 

their way to their mother ship, The endurance, located further out from the black hole. 

This trip wouldn’t nearly require the same speed as to escape the black hole entirely. 

If we approximate a given orbit to be a circular one, we can find from Newton’s law of 

gravitation(2.1) that the velocity needed to obtain orbit starting at a distance   from a massive body   

is given by[3]: 

                                                                           √
  

 
 

  

√ 
  (2.6) 

From the definition of escape velocity comes a very important quantity related to the studies of black 

holes. Namely the definition of the event horizon. As we will see in the subsequent chapter, the size of 

a static black hole is given by the radial distance at which the escape velocity equals that of 

light[3,4,1]. 
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Figure 7: Spacetime curvature at a black 

hole[17]. 

2.4  BLACK HOLES 

Infinitely curved spacetime, surrounded by, nothing… 

This is making the description of a black hole quite easy. But in essence this is what theorists believe 

might be the case with black holes[5]. 

A black hole contains a singularity in its center. A singularity is by mathematical definition “a point at 

which a given mathematical object is not defined[10].” In the case of a black hole, the singularity is 

the point where the curvature of spacetime becomes infinite, and so becomes defined by an infinite 

number, which in turn is a very undefined number. Inferred directly from this is the fact that the 

density of matter, creating the singularity, is also infinite. Either by looking at (2.1) or by a sufficient 

understanding of spacetime curvature, one can realize that at such points of infinite mass and 

spacetime curvature, gravity itself will also be infinite. It is this enormous force (generated by 

curvature) that drives all of the matter, inside and outside the black hole, towards the singularity. 

Outside the singularity, there is only empty space. That is, until you reach the event horizon(2.7). The 

event horizon is the point in the geometry of a black hole where the escape velocity equals the speed 

of light. As a consequence, from this point on the surface of the black hole, the only well-known entity 

to just barely escape this surface, is indeed light(or other light speed particles). 

                                                                                
   

    (2.7) 

Any celestial object of sufficiently large scale obeys the same gravitational laws as that of a black 

hole. For instance, the sun, being very large and massive, creates a very similar environment, 

gravitationally as that of a black hole. The black hole differs as mentioned in that it does not radiate 

heat and light(electromagnetic radiation) in the way that our sun does. Making black holes… Black[5]. 

Going back to the initial statement that a black hole is simply 

infinitely curved spacetime surrounded by emptiness, we can 

view figure 7 to the right. This gives a descriptive notion of 

what a black hole looks like in a spacetime geometry. 

The singularity, containing all the matter of the black hole 

is located at the very center of curvature in spacetime.  

Any object coming close enough to the black hole 

is inevitably forced by the curvature to move towards  

the singularity. As the picture shows, there is a distance  

to the singularity at which the nearest stable orbits are  

located. Heading further towards the singularity, would  

require the object to speed away from it with enormous effort in order to not end up in the singularity. 

At the point of no return, the event horizon, escape efforts are futile. 
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As suggested earlier, the one and only way of escaping the surface of the event horizon is by acquiring 

a speed that of light. And as the reader is quite aware of, with our present technology, this is 

impossible[1,4]. 

At this point we might ask ourselves, how do black holes form?  

As mentioned on the previous page, the gravitational environment of black holes resembles that of 

stars or other big and massive spherically symmetric (or near spherical) objects in the universe. The 

resemblance goes even further than the fact that the same calculations may be applied when 

calculating orbits around the sun as for a black hole[4]. 

Black holes are thought to be the remnants of gravitationally collapsed stars. Following the collapse of 

a star comes a variety of different scenarios, greatly dependent on the stars initial mass.  Still not 

entirely understood, stars that form black holes undergo a cascading gravitational collapse. The 

outward pressure of fusion processes cannot nearly manage to uphold the star, preventing it from 

collapsing. Not even the neutron/electron degeneracy pressure of neutron stars and white dwarfs are 

able to counteract gravity at this stage. The mass of the initial star, as mentioned, affect the outcome 

greatly. Perhaps understood intuitively is the fact that more massive stars have a higher tendency to 

form a black hole in its final stage than a low mass star. As the below equation show(2.8), a lower 

mass star require a higher density in order for the black hole to form, making high mass black holes a 

more common sight than very low mass black holes[3,7]. 

                                                                          
   

         (2.8) 

Beyond this quite basic understanding of black hole formation lie other, much more complex theories 

of black hole formation. Often, the environment at which black holes form is not free from other 

influences, such as companion stars etc. These disturbances can cause chaotic formation events that 

have a decisive effect on the ultimate final state of the black hole[4,5]. 

The simplest form of a black hole is the static Schwarzschild black hole. It has no angular momentum 

whatsoever and no electric charge. It is only defined by its mass which also decides the size of the 

black hole, given by the so called Schwarzschild radius, or perhaps more descriptively coined, the 

event horizon. One might suspect, from our discussion of black hole formation that an enormous 

gravitational collapse, chaotic as it may be, could rarely, perhaps never settle down in to a completely 

static object. The conservation of angular momentum in a collapsing gas etc. forbids such an event. 

We see the result of angular momentum conservation all around us. In our sun, in our solar system, in 

our galaxy, everywhere we look there is always rotation and movement in gravitationally accreted 

systems[4]. Still static black holes are thought to exist in the universe. As the rotation of a black hole 

has the property of enabling radiation of energy away from the black hole, this radiation may enable 

the rotation to decrease, perhaps even to a point where it ceases completely. 
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Going forward we look closer at the more realistic case of a rotating black hole, as described by Roy 

Kerr. Kerr’s solutions of Einstein’s field equation resulted in the Kerr metric. This solution contained 

the missing angular momentum that makes this sort of black hole a much more realistic astronomical 

entity. Together with the rotation of the black hole comes a series of phenomenon not presented in the 

Schwarzschild metric[4]. Contrary to the Schwarzschild metric, the Kerr metric contain so called cross 

terms. The cross terms shows that spacetime surrounding the black hole is merely axially symmetric 

(about the rotational axis) unlike the Schwarzschild metric that possesses complete symmetry. 

Because of this asymmetry introduced by the rotation, objects inside the gravitational field of the black 

hole are forced to follow the rotation of the black hole[4]. 

This effect follows naturally from what is called frame dragging. The rotating black hole simply 

drags spacetime with it, along the direction of rotation. By following natural geodesic paths in this 

distorted spacetime, objects move, just as in the case of gravity, in a free fall. Only this time the free 

fall involves angular (sideways) motion as well[4]. 

 

 

 

 

 

 

 

As depicted in figure 8, the frame dragging caused by the rotation creates a region of space 

surrounding the black hole called the ergoregion. Inside the ergoregion, the dragging of spacetime is 

so enormous that nothing, not even light can move against the whirling spacetime. If you would 

imagine a ray of light moving in the complete opposite direction of the rotating spacetime. At the very 

edge of the ergoregion, called the static limit, light would just barely be able to stand still for a 

moment. It would then immediately begin moving with the rotation of the black hole instead of the 

direction it is actually propagating, in its own proper reference frame. As hinted, and important to 

notice, is that this “zero velocity” light ray is only standing still according to outside observers. Inside 

the ergoregion, in the light ray’s own reference frame, it is speeding along through spacetime as usual. 

Contrary to a stationary black hole, where the event horizon was defined as the point where the escape 

velocity equals that of light. The rotating black hole does not possess such a straightforward definition 

for the event horizon. It is still the point where nothing can escape the black hole, but the rotation 

alters the definition on where it is actually located.  

Figure 8: Rotating black hole showing the event horizon 

and the surrounding ergoregion.  
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As we will see later on, the rotation pushes the event horizon closer towards the center of the rotating 

black hole, enabling objects to orbit closer to the black hole[4]. 

2.5  PLANETARY ORBITS, TIMEDILATION AND TIDAL FORCES 

These are the three main subjects up for discussion in this paper. 

Planetary orbits and timedilation will be studied with the full arsenal provided by general relativity. 

Tidal forces will be studied in the classical regime of Newtonian gravity, and thus not giving the same 

theoretical backing as with planetary orbits and timedilation. Still, the points sought to be made will 

find Newtonian gravity adequate for a conceptual understanding. 

Planetary orbits, or orbits in general, are governed by conservation laws. For instance, as the earth 

advances in its orbit around the sun, energy and angular momentum is always conserved. As for 

energy there is always a balance between kinetic energy and gravitational energy, keeping it constant. 

Angular momentum, given by the product  ⃗           is also a conserved quantity. For an elliptical 

orbit, in order to conserve angular momentum, the velocity changes as the distance changes. At far 

distances, the velocity is small. And at low distances, the velocity is greater. 

A direct consequence of these conservation laws are the perhaps most fundamental aspect of an orbit: 

An object in orbit always return to the same point relative to the center of rotation as it finishes 

consecutive revolutions around its orbit. This is usually called a closed orbit and represents the way 

most planets move around stars, or as in this case around a black hole. There are some cases where 

these orbits are not completely reentrant. This is the case with the planet Mercury, orbiting quite close 

to the sun. Mercury suffers from what is called perihelion precession, meaning that the point of closest 

distance to the center of rotation, drifts around the sun as orbits are completed. This is an example 

where Newtonian gravity fails but general relativity prevails. During Einstein’s work on general 

relativity, this perihelion precession was used as a way of proving that the theory was on the right 

track. As it turned out, general relativity could explain this problem with a great deal of precision[3].  

Beginning with Einstein and his special theory of relativity came the first proof of time as a variable 

quantity, rather than an absolute one. Time was no longer as evenly flowing as it had appeared for 

millennia’s. Time could be slowed or sped up, depending on the observer, just by moving relative to 

one another. This new insight rattles the concept of time as quantity that can define past, present and 

future. Instead, every moment that has passed, passes right now, or ever will pass, all exist 

simultaneously, connected with each other through spacetime. 

Gravity as we have understood, is caused by the curvature of spacetime, by massive objects. Due to 

this curvature, time flows differently than when only passing in a flat spacetime. The greater the 

curvature, the greater are the effects on time. In the extreme cases of black holes, where the curvature 

of spacetime reaches its greatest depths, timedilation is really something you want to keep track of. 

As we will see in this paper, a black hole can be devastating for anyone brave enough to come close. 
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Figure 9: The earth and its gravitational field lines as 

viewed with Newtonian gravity[18,21]. 

Looking at gravity’s effect on planets in orbit around a black hole, in fact around any massive body, 

one need to understand that spacetime in such an environment is not homogeneous. It may be 

approximately isotropic and symmetric, but definitely not homogenous. This can be easily seen here 

on earth (or on another planet, if that’s where you are) when experiencing the tide of the oceans, 

resulting from the gravity of the moon. By the exact same mechanism, planets in orbit, or for that sake, 

objects free falling in a gravitational field, experience stretching and squeezing by what we call tidal 

forces. Below, figure 9 shows the Newtonian view of gravitational field lines. This captures the sense 

in which spacetime fails to be homogenous. As the figure points out, the density of gravitational field 

lines increase (by the inverse-square law) as we move closer to the earth center. At the center the field 

lines are the densest, and therefore gravity is at its strongest. But notice also that at any point 

surrounding the earth, the field lines are always pointing towards the center. An object of spatial 

extension would inevitably have forces pointing in different directions, relative to some reference 

point on the object. For example, think of an airplane moving radially towards the earth. In the below 

figure I have drawn two additional lines passing the tips of the airplanes wings too make the following 

points clearer (don’t be misled to think the field lines are not isotropic). As we can see the field lines 

passing the wingtips both point firmly towards the center of the earth. This causes one of the force 

components (on either wing) to point towards the center of the airplane(in 2-dimensional polar 

coordinates, this would be the   component). This also applies to all points extending from the radial 

axis. Adding to this effect is the difference in force felt between the nose and tail of the airplane as 

suggested by the gravitational force being proportional to     . 

The result of these so called tidal effects (extending into 3-dimensions, also incorporating the   

spherical coordinate) are the squeezing of all points towards the radial axis, and stretching of all 

points along the radial axis[1,3]. 
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Figure 10: The setting at which Interstellar play out. The black hole – Gargantua (possibly 

rotating) surrounded by Miller’s planet and The endurance in its orbits[19,20]. 

2.6  THE EULER – LAGRANGE EQUATIONS 

The formalism of the Euler-Lagrange equations rests upon the calculus of variation. This principle 

uses the simple fact that functions, when differentiated at a point of maximum/minimum, are found to 

be zero. 

Furthermore, in order to handle the solutions to Einstein’s field equations, finding quantities of 

interest, one beneficially needs to apply properties of analytical mechanics to the problems[1].  

Particularly using the calculus of variation and its resulting Euler-Lagrange equations allows 

evaluation of the system as it evolves[6]. 

With a clever choice of parameter one can now use the Euler-Lagrange equations to evaluate the 

evolution of the system with respect to that parameter. An example could be, for a given system, the 

invariance of energy and/or angular momentum related to a coordinate system of choice, as time 

evolves[1]. 

2.7  THE SETTING 

Lastly, before leaving the review part of this paper to enter the theoretical parts I will describe the 

environment in Interstellar at which the physics awaiting investigation play out.  

As stated initially, the movie centers on the black hole Gargantua. Together with this black hole comes 

to everyday experience, a very exotic environment. In this environment, space and time behaves very 

differently from what one is used to, as seen in Interstellar. Referring to the below picture we can see 

what seems to be a planet orbiting around Gargantua. This planet, named Miller after the first visiting 

earthling, orbits in a very close proximity to the event horizon of the black hole. The possible 

ergoregion (only related to a rotating black hole) and its effects will be studied later in this paper. An 

essential detail for the plot of Interstellar is the fact that the mother ship – The endurance, is located in 

an orbit much farther away from Gargantua than Miller’s planet. As we will see, this will have dire 

effects on the crew staying on The endurance. 
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As previously mentioned, we are interested in a number of phenomena occurring in Interstellar. 

Firstly, we wanted to see how a black hole can keep planets and other objects in its orbit. How close or 

far away should we find planets? By understanding how the planets orbit, we can start looking at the 

second, very interesting phenomena, timedilation. 

Interstellar provides a plot where the crew onboard a spaceship, landing on a planet close to the black 

hole (Miller’s planet), travel 7 years into the earth-time-future for every hour passing on the spaceship. 

By putting in the numbers we can immediately find the ratio of what is called proper time  

         , and asymptotical(earth) time           [2]. 

                                                              
  

  
  ̇  

        

 
         (2.9) 

In the movie, one crew member does not partake in the journey to Miller’s planet but stays behind in 

the orbiting mothership – The endurance. When returning to The endurance the crew found that he too 

had aged like people on the earth would. How can we explain this? Shouldn’t he have aged less than 

people on earth, given that he is considerably closer to the black hole than the earth? 

In Interstellar they refer to a point relative to the black hole called “the cusp”.  

Supposedly, timedilation should not affect the crew heading towards Miller’s planet before passing 

this point. This raises the question: Is there such a point, and if so, where is it? 
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3. THEORY 

In this chapter the method of finding the quantities of interest and the theory related to it will be 

presented. To spare the reader of tedious page-long calculations, appendices have been written where 

the equations used are deduced thoroughly. Whenever the reader feels uncertain of the calculations 

one is encouraged to refer to the appendices for further understanding. 

I have used a framework where the chapter is indexed with an appendix number[A#], indicating 

exactly where in the appendix the reader may find the further deductions and explanations. 

3.1  THE METRICS[A1] 

Using the Schwarzschild and Kerr metrics I will calculate gravity’s effect on bodies surrounding a 

black hole. 

The Schwarzschild metric in spherical coordinates (non-rotating, uncharged black hole)[1]: 

                                           (  
  

 
)     

   

  
  
 

                    (3.1) 

With this metric I can choose to look at points defined by spherical coordinates (       ) where the 

metric becomes significantly simplified. From here quantities such as timedilation and planetary 

motion can be deduced[1]. 

The Kerr metric in Boyer-Lindquist coordinates (rotating, uncharged black hole in natural units)[8]: 

        (  
   

 
)     
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(     )

 
         

 
)            (3.2)    

  
 

 
                              

The rotation of the black hole changes the geometry of spacetime. In order to explain some of the 

physics involved in Interstellar there is a need to add some more properties to the black hole that had 

been overlooked in the Schwarzschild solution. Namely, the rotation[4]. In the Kerr metric,   
 

 
  

describes the amount of rotation and as we will see there is a maximum value for this rotation. We will 

reason later on that increasing the rotation past this point results in a nonsensical “naked singularity”. 

The solutions to the metrics will be handled separately in the following chapters. The solutions to the 

Schwarzschild metric will be deduced entirely in order to obtain the quantities needed to study the 

scientific contents of Interstellar. 

The complete solutions related to the Kerr metric will on the other hand not be deduced entirely.  

Instead, when needed, existing solutions formulated in the papers [8,9] will be used. 
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Figure 11: A central mass     gravitationally attracting an 

object of mass  , showed at two different distances. 

3.2  ESCAPE VELOCITY[A2] 

As explain in chapter 2.3, escape velocity tells us how much velocity is needed to entirely escape an 

objects gravitational attraction. At this point of escape, the kinetic energy equals the gravitational 

potential energy. We will begin by finding the gravitational potential from Newton’s law of 

gravitation as it closely connects to the definition of escape velocity. 

Looking at figure 11 below, where the gravitational force on an object of mass   at a distance   has 

been defined to act in a radial direction towards the mass  . Notice that at point      the force on 

the object is     . Meaning that it is entirely unaffected by the mass   at this distance. To keep 

things tidy, and correct! We keep this “zero force” as still directed in a negative radial direction.  

 

 

  

 

 

We begin with the definition of a conservative force, in this case, gravity: 

                                                        
  

           
 

  
      (3.3) 

Integrating for an object moving from some point   inside the gravitational field to another point 

     outside the gravitational field, remembering that   is directed in negative radial direction, 

yields: 

                                                                            
  

 
  (3.4) 

Now that we have the expression for gravitation potential energy, we can define the escape velocity by 

writing that the sum of kinetic and potential energy as equal to zero: 

                                                                   
 

 
     

  

 
    (3.5) 

And we now have the expression for escape velocity: 

                                                                           √
   

 
  (2.5) 
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The escape velocity simply describes what velocity is needed at a certain distance   to escape an 

object entirely. More interesting perhaps, is the velocity needed starting at a certain distance   to 

obtain an orbit around the object from which take-off is taking place. It can be found in the following 

way[3]: 

The gravitational acceleration, at a distance   is given by: 

                                                                                
 

    (3.6) 

For circular motion in an orbit we have the following relation between acceleration and velocity: 

                                                                               
  

 

 
  (3.7) 

Which leads to: 

                                                                          √
  

 
 

  

√ 
  (2.6) 

As we can see, this velocity is not as big as the escape velocity, enabling orbits easier to achieve than a 

complete escape[3]. 

3.3  TIDAL FORCES[A3] 

Once again, starting with Newton’s law of gravity, we can make non-relativistic estimations of the 

tidal effects on spatially extended objects in a gravitational field. This applies to planets as well as 

smaller objects, as long as they have spatial extension. 

                                                                              
  

    (2.1) 

We define the difference in force between two points separated radially by   : 

                                                                  
  

    
  

       
  (3.8) 

Breaking out 
 

   from the last term yields: 

                                                                   
  

    
  

  (  
  

 
)
   (3.9) 

For objects located sufficiently far away from the center of gravitation 
  

 
 becomes very small. By 

Taylor expanding and adding it together we come up with the following expression for tidal forces: 

                                                                              
  

    (3.10) 
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3.4  SCHWARZSCHILD BLACK HOLE[A4,A5] 

Starting with the Schwarzschild metric (3.1) we can define the Lagrangian as follows: 

                                                           (  
  

 
)  ̇  

 ̇ 

  
  
 

    ̇   (3.11) 

With the conserved quantities; energy    and angular momentum     related to a particle confined to 

the equatorial plane: 

                                                                          (  
  

 
)  ̇   (3.12) 

                                                                                  ̇   (3.13) 

Substituting back into (3.11) and solving for  ̇  gives: 

                                                           ̇       (  
  

 
) (   

  

  )  (3.14) 

From this we can directly identify the effective potential term: 

                                                                   (  
  

 
) (   

  

  )  (3.15) 

This potential governs the gravitational pull of the black hole on objects located in its gravitational 

field. By looking at extreme points of this potential with respect to the distance   to the black hole, we 

can find interesting points along an objects orbit. 

We find the following converging roots by looking at  
     

  
  : 

                                                                  
  

   
  

  

   
 
√  

     
 

    (3.16) 

For this to be non-imaginary (a planet in orbit indeed requires real solutions) we require: 

                                                                                  
   (3.17) 

From which we find that for the smallest possible    the distance      . 

Letting    increase further enables us to Taylor expand around 
     

 

      giving us: 
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  ))  (3.18) 
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From which we find the two other solutions for  : 

                                                                            
   

   
  

 

 
    (3.19) 

                                                                                 
 

 
    (3.20) 

Now that we have the equations needed to find orbits around a Schwarzschild black hole, we want to 

find the equations describing the passage of time around such a black hole. 

By expanding   ̇ around   we find the following relation: 

                                                                               
  

  
 ̇   ̇  (3.21) 

Substituting this back into (3.11) allows us to formulate an equation relating the distance to the black 

hole with the position     along its orbit: 

                                                              (
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           (3.22) 

              
   

 

       (3.23)                    
  

  
           (3.24)                      

 

 
 

Now specifying ourselves to circular orbits where  
  

  
 

   

       we can find the quantity   in terms 

of  : 

                                                                          
       

√(  
 

 
   )

  (3.25) 

This quantity was already defined in (3.12) and so we now have an expression for the well sought 

quantity  ̇[1]: 

                                                                           ̇  
 

√(  
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  (3.26) 
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3.5  KERR BLACK HOLE[A6] 

Using the Kerr metric (3.2) we find the following equations for particles moving in the equatorial 

plane by employing the same method as with the Schwarzschild metric: 

                                                                   (  
  

 
)  ̇  

   

 
 ̇  (3.27) 

                                                                
   

 
 ̇  

(     )
 
    

   ̇  (3.28) 

Here the previous parameter   has given place to   for the angular momentum of a particle. 

     is instead used to describe the angular momentum(spin) of the black hole[8]. 

Eliminating  ̇ from the equations and solving for  ̇ generates: 

                                                                   ̇  
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  (3.29) 

This(3.29) is the expression describing the relative passage of time around a rotating black hole. 

Where the energy     and angular momentum     of the particles are defined as[9]: 

                                                               
                   

√                   
  (3.30) 

                                                           
                            

√                   
  (3.31) 

Furthermore we have the expression for the innermost stable orbit   : 

                                               
  

 
(                       

    )  (3.32) 
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)
   

 (  
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]  (3.33) 

                                                                      (
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  (3.34) 

These equations will give a complete solution for the timedilation of the rotating black hole. 
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The complexity displayed in (3.29) inhibits a simple understanding of the way timedilation and black 

hole spin correlate. By looking at this equation in the region of extremely high spin (where    ) we 

can make the substitution          where epsilon     is a very small number. By inserting this 

new value for   and expanding all the variables included in (3.29), only keeping lowest order terms, 

we can find a value for the timedilation at extremely high spins. This is preferably handled by 

computer software since the calculations are lengthy to say the least. 

The resulting expression for highly spinning black holes is: 

                                                                         ̇  
  

 √ 

 

       (3.35) 

In this equation epsilon( ) denotes the fraction of the spin, less than the maximum[2]. 

3.6  ERGOREGION AND KERR-EVENT HORIZON[A7] 

The rotating black hole brings with it the rotation of spacetime itself. By starting with the Kerr metric 

we can define the region surrounding the black hole where nothing, not even light can manage to 

move against the rotation of spacetime[4].  
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)            (3.2)    

  
 

 
                              

Imagine a photon emitted at some distance   along the direction of decreasing/increasing  , i.e   . 

Writing the line-element in terms of its metric components and using that the differential      (for a 

short instance the photon does not move radially), we find that the only nonzero metric components 

are    and   . For photons we have the property of null geodesics, meaning      .  

With this we can write the Kerr metric as follows[4]: 

                                                                               (3.36) 

Which can be rearranged as: 

                                                             
   

     
   

   

  

  
  

   

   
    (3.37) 
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  (3.38) 

As the equation suggests, something special happens when      : 
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        or          

  

  
    (3.39) 

This means that outside observers would consider the photon to either stand exactly still(
  

  
  ) or 

be forced to move in the positive   direction(
  

  
   

   

   
). This last expression is positive due to 

   

   
   at all times.   

Furthermore       implies that (  
   

 
)   . This gives us the following: 

                                                                              0  (3.40) 

                                                                
  

 
 √  

 

 
          (3.41) 

Inside this distance to the black hole lies this so called ergoregion. As we just stated, not even light has 

the ability to remain in one particular position in spacetime, but is forced to move with the rotation of 

the black hole. As we can see, there are two solutions for  . We pick the positive sign that defines the 

outer ergoregion. This is the ergoregion that we have talked about all along, and is the region that has 

significance to planets in orbit. But it is important to understand that there is also a inner ergoregion, 

located inside the event horizon of a rotating black hole. 

Furthermore (as mentioned previously) we find the event horizon of a rotating black hole is not as 

straightforward as with the static black hole. The event horizon of the rotating black hole is instead 

much smaller, creeping inwards with increasing spin. We will leave this as a remark and just use 

solution provided by the literature[4]: 

                                                                       
  

 
 √  

 

 
     (3.42) 

Once again we have chosen the positive sign for the outer event horizon. Just as with the ergoregion, 

the inner event horizon has no meaningful input for this investigation. 
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4. RESULTS 

4.1  WHAT DID WE FIND? - SCHWARZSCHILD SOLUTIONS 

At this point we are quite aware of the effects a black hole can have on time and space. As the 

objective of this paper was to review the physics of Interstellar we will now start looking at the 

phenomena in Interstellar that needed scientific analysis to prove its credibility. 

By investigating the physical environment of a static black hole, describe by the Schwarzschild metric, 

we found an equation describing the relative passage of time close to this black hole[1]: 

                                                                       ̇  
 

√(  
   
  

)

   (3.26) 

Before we could look further at this equation we needed to understand how a planet would orbit 

around this black hole. By analyzing the behavior of the orbit, we could find preferred distances to the 

black hole. 

The effective potential, governing the movement of the planet was found to be: 

                                                                   (  
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  )  (3.15) 

Looking for extreme points of this potential (
     

  
  ) we found these points to be located at   

 

 
   

and       depending on how big of an angular momentum    were chosen. At the smallest 

possible angular momentum the only solution was      . Further solutions were also found at 

points located at     but this value has no significance when looking for the effects of timedilation. 

Looking at the second derivative of (3.15) we can analytically study the character of these points. 

The second derivative of      looks like this: 

                                                             
      

    
   

   
    

 

   
      

    (4.1) 

With the value for    corresponding to       we find the following: 
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Figure 13: The effective potential at an angular 

momentum marginally bigger than the minimum 

This is a saddle point and thus this point is merely marginally stable. Below figure 12 shows the 

effective potential at this particular value for    Increasing the angular momentum just a tiny bit 

immediately increases the stability of the orbit but at the same time moves the orbit a tiny bit 

outwards. Looking at figure 13 we can see that the minimum is not located at       but a bit further 

out, at about      . 

 

 

 

 

 

 

 

 

By letting the angular momentum continue to increase we see that the stable point at the minimum 

gets pushed further and further out while also becoming more and more stable. Below is an example of 

an effective potential enabling a very stable orbit at      . 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: The effective potential at minimum 

angular momentum 

Figure 14: Effective potential enabling a very stable orbit 
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By understanding the way stable orbits can be located near the black hole we can look closer at a 

certain effective potential and the way different orbits can be found around the extreme points. 

The figure below shows a quite high angular momentum. This can be seen by the fact that the distance 

    at the maximum is  
 

 
  . As we suggested in chapter 3 the closest orbits to the black hole were 

found when we the angular momentum became large. With   
 

 
   being the closest distance 

possible. At this distance we are at a maximum so objects orbiting this close to the black hole are in a 

very unstable state. 

 

 

 

 

 

 

 

 

 

 

 

 

 

As the figure shows, planets with different energy are able to orbit at different distances to the black 

hole. Planets with energy      can move in an orbit between two distances specified by the amount of 

energy it has, as is the case of elliptical orbits. At point A, the planet can only move at a specific 

distance   
 

 
  . As we reasoned this point is a maximum of the function and causes this point to 

become very unstable. Although staying at this exact energy allows for a circular orbit, any 

disturbance of the planet in its orbit will cause it to either spiral towards the black hole horizon, or fall 

of its orbit, escaping to infinity. If it loses enough energy quickly, it has a chance to join the elliptical 

orbits at     . Still we must realize that in order for a planet to have enough energy to orbit at point 

A, the planet must have acquired angular momentum as that of a photon. Meaning the only way for a 

planet to get that close to a static black hole is by acquiring the speed of light, which is impossible.  

 

Figure 15: The effective potential as a function of distance of massive objects orbiting a static 

black hole[4]. 
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Looking at point B we notice it is a minimum in the potential. Staying at this exact energy allows for a 

very stable circular orbit. Disturbances of a planet with this energy will not be able to affect the 

planets orbit by any great deal and so it will remain in this orbit or a near circular orbit (elliptical) with 

about the same distance to the black hole if disturbed. 

Looking at the innermost stable orbit which was found to be located at      . This orbit is still 

called the innermost stable orbit even though we previously saw that it was not actually located at a 

minimum. The reason for this is because only a small increase in angular momentum would enable a 

planet to orbit at a distance very close to      . By looking at (3.26) we can notice that the ratio 

between the time on Millers planet and time on earth in the extreme case of       is given by: 

                                                          ̇  
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 √    (4.3) 

As we can see, a factor of √  is not even close to the timedilation factor in Interstellar that was found 

to be 61320. Clearly, there is something missing in order to achieve what the movie suggests. Of 

course there are points closer to the black hole in an elliptical orbit than with the purely circular orbit. 

But acquiring higher energy in order to get there, sooner or later sends the planet of the orbit, away 

into space, before any mentionable timedilation can be achieved. An alternative could be to let the 

distance   creep towards the event horizon and the inner unstable orbit at   
 

 
  . As   

 

 
   we can 

see that (3.26) goes to infinity. But as we have understood, nor does stable planetary orbits exist so 

close to the black hole, and nor does planets of this orbital speed exist. 

Therefore we leave the static black hole behind and judge it as inadequate! 

4.2  WHAT DID WE FIND? - KERR SOLUTIONS 

Instead we look at the more extreme environment of a rotating black hole as described by the Kerr 

metric. We calculated that the timedilation at a rotating black hole was given by the expression: 

                                                            ̇  
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  (3.29) 

Where the energy     and angular momentum     of the planets are defined by equations (3.30) and 

(3.31) respectively[9]. 

From the equation describing the innermost stable orbit (3.32) we saw that the closest orbit to the 

rotating black hole(in natural units) was located at    . 

                                          
  

 
(                       

    )  (3.32) 

This happened when the spin was at its highest possible value    . Below is a graph showing 

timedilation(3.29) plotted against the innermost stable orbit(3.32) as the spin goes from   to zero.  
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Figure 16: Timedilation at the innermost stable orbits of the rotating black hole as the spin 

goes from   to zero. 

As we can see, the timedilation is greater the smaller the distance to the black hole is. At zero spin, we 

found already that the innermost stable orbit is located at         . Visually inspecting the plot 

gives a timedilation of  ̇  √  just as with a static black hole. But as we increase the spin and move 

closer and closer to the black hole, the time dilation starts to pick up.  

Figure 16 only shows the timedilation up to  ̇    . As the plot enlightens, the extreme slope of the 

curve at small    causes small differences in spin and distance to have an enormous effects on the 

timedilation. It would be possible to include all the points heading towards higher spin and smaller   

but the conceptual understanding of the relationship between distance    and timedilation  ̇  given in 

the plot would be less clear. 

Letting the spin head towards the maximal possible       , it was found that a timedilation of 

 ̇        was achieved at the point where                       
     – 

 
           . 

Going any further towards   escalates the timedilation, causing it to reach infinity at    . 

 

 

 

 

 

 

 

 

 

 

 

 

Looking at figure 16, we can see that at about            the slope of the curve steepens 

dramatically as indicated by the circled area of the plot. This is the actual physical area where the 

ergoregion of the rotating black hole begins to take form.  

 

The ergoregion was defined through the following equation: 

 

                                                                
  

 
 √  

 

 
          (3.41) 
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Looking at the equation in natural units         we can find the relation in terms of  , just as we 

previously have: 

                                                                 √            (4.4) 

As we can see, looking at equatorial orbits          we find that the ergoregion is located at 

exactly     . Going back to figure 16 and the observation we did on the escalating timedilation, we 

can verify that at      the ergoregion starts to take form. Passing this distance to the black hole 

will have dramatic effects on time. This is most likely what was referred to in the movie as “the cusp”.  

Staying just outside this region, as given by (3.29), allows for a timedilation of only  ̇   . And as we 

have seen, just by reducing our distance by a half of that, places us precisely on the horizon, at a point 

of infinite timedilation. 

In order to make an estimate on the actual distance to the black hole, we need to define its mass  . 

Since all distance measures scale with the mass, defining   would give real numbers for all these 

quantities. Up till now we have made no restrictions on the mass of the black hole. Mass has been an 

arbitrary parameter, possible to choose to whatever likings we have. In order to make a good estimate 

on the mass, we need to go by the equations of tidal forces. By doing so we relate the mass of the 

black hole with something not so arbitrary, like the properties of an earthlike planet. 

To be able to call the physics of Interstellar realistic we can at least assume that the planet orbiting the 

black hole resembles that of the earth to a large extent. It is, after all, supposed to be habitable for 

humans. By viewing the forces experienced by the earth-like planet from a Newtonian point of view, 

we search for a balance between the tidal forces, ripping the planet apart, and its own gravitational 

force keeping the planet together. By defining this limitation, we immediately put restraints on the 

mass of the black hole. This reasoning should be completely attributed to the actual scientific 

consultant of Interstellar and can be found in the literature[2]. It is still completely separate from the 

rest of the deductions made in this paper, for it only serves as a means to find a suitable mass of the 

black hole. 

By this reasoning it was found that the mass of the black hole could be estimated as            

solar masses[2]. Any smaller mass than this would cause the planet to be ripped apart (we will 

understand why on the following page). With this mass of the black hole we find that the distance to 

the black hole, at    , is about           , and at the edge of the ergoregion     , obviously 

twice that distance. 
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In chapter 3 we also performed a calculation with the objective of simplifying our equation describing 

timedilation (3.29) at a rotating black hole in the region of maximal spin.  

The simplification was found to give the following equation: 

                                                                         ̇  
  

 √ 

 

       (3.35) 

By using our value for  ̇ we can find the resulting fraction of spin    corresponding to (3.35). By 

comparing the spin fraction given by (3.35) with the value used in the original equation (3.29) we can 

get a number for the accuracy of the simplified equation. The ratio between the spin given by the two 

equations gave a deviation of only         between the values, meaning that the simplification is 

very accurate. 

4.3  WHAT DID WE FIND? – TIDAL FORCES 

The last parts covered in this paper are the tidal forces. From the Newtonian point of view we found 

that tidal forces(3.10) decreased with distance   , and gained strength with increasing mass      

and spatial extension    . 

                                                                              
  

    (3.10) 

Plotting the accelerating effect of tidal forces between head and toes of a human falling head on 

through the event horizon of a black hole, we instead found that the force decreased with increasing 

mass of the black hole! As figure 17 on the next page shows, a very massive black hole exerts almost 

no forces at all on a human falling head on inwards.  

The acceleration is given in terms of             and as the figure shows, a mass of about 

           solar masses              gives an accelerating sensation of about   .  

 

 

 

 

 

 

 

 
Figure 17: The accelerating sensation between head and toes on a human moving head on 

through the event horizon of a black hole.  



33 

 

The decrease of tidal forces with increasing mass comes from the way the size of the black hole 

connects to its mass. A black hole, as given by the Schwarzschild radius(2.7), grows in size together 

with its mass. So we can see that a higher mass means a greater distance to the actual singularity of the 

black hole. As (3.10) shows, the dependence on distance goes as      while the mass only goes 

linearly as  . Giving distance     in terms of the Schwarzschild radius shows us that a different 

relationship appears: 

                                                 
  

       
  

     
  

    

     

  

    (4.5) 

Here     is the number of Schwarzschild radiuses. 

As we can see from(4.4), an increasing mass would weaken the tidal forces outside the event horizon.  

This applies to a human falling past the horizon as much as to any other object located outside the 

event horizon of the black hole. As I mentioned the mass of the black hole needed to be bigger than 

        solar masses to make sure that the planet orbiting close to the event horizon not to get 

ripped apart. 
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5. DISCUSSION 

5.1  WHAT DID WE FIND, AND WHAT DOES IT MEAN? 

We started out with a static black hole, found it inadequate, and moved on to a rotating black hole. The 

rotating black hole ended up providing the physical environment needed for such phenomena 

represented in Interstellar. 

Looking at the passage of time for planets located in stable orbits around a static black hole gave us a 

tiny timedilation of only  ̇  √ . Well, for being timedilation this is no small number in everyday 

experience. Imagine comparing clocks with someone gone for an hour and notice the other person’s 

clock run half as fast! Taking this in comparison with the timedilation of Interstellar makes for quite a 

ridiculous contrast. If someone would be able to get to a black hole like the one in Interstellar, and 

find a habitable planet just outside the horizon,  they would find time a little hard to grasp.  

Why not look at the period from the first homo sapiens, all the way through human history up till 

today? ca 200 000 years on earth, at Gargantua? 3 years and 4 months…  

The time passed since Jesus was born? 2015 years on earth, at Gargantua? 12 days ago… 

The time it took for me to realize I am insignificant? 24 years on earth, at Gargantua? Three and a half 

hours…  

As this paper shows, the only way of reaching a timedilation of this magnitude is to have a rotating 

black hole. The rotation has to be so extreme that it is almost at the very highest possible, about one 

part in 100 000 billion             less than the maximal. Recent observations/studies of AGN:s  

and other suspected black holes in our own galaxy, in particular the black hole located in Cygnus X-1 

have provided very strong indications that rapidly spinning black holes do exist, not only in theory but 

also as real objects looming about in the universe. The black hole in Cygnus X-1 has been shown to 

spin at a rate of          [23]. 

Coming up on a future, possibly not so remote from what we just encountered, makes for a human 

existence where time as a constant flow has almost no meaning at all. Imagine the way society would 

be if we all knew we could just skip the next couple of million years whenever we felt for some 

change. Of course, in practice this kind of time travel demands for an impressively complex 

knowledge and technology. It’s not every day that some 5-dimensional beings pop up, place a 

wormhole next to earth that sends you to a black hole, perfectly design to fit all the criteria needed to 

obtain this sort of phenomena, as was the case with Interstellar. This is the part where the movie 

actually makes use of the fiction in science-fiction. The physics allow it, surely then must the movie 

makers take the opportunity to make fiction of it. As I stated, theory doesn’t forbid it, why then should 

we assume, only because it is highly unlikely, that it can never happen? 
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In the search for these extreme effects of timedilation we could not simply satisfy ourselves with any 

distance we’d like. In that case we could just let the distance get as close to the black hole as we 

wanted, ending up with an infinite timedilation. In this extreme case, the outside world would see time 

at this point to be standing still. But since the aim of this paper is to verify the authenticity of the 

movie, we needed to look at distances to the black hole where planets were able to orbit in a realistic 

way. The static black hole gave a closest distance for (marginally)stable orbits at around       . 

Where   , called the Schwarzschild radius, is solely dependent on the mass of the black hole. Putting 

in actual numbers and a reasonable mass of the black hole, this distance was found to be about  

          . Almost the same distance of Jupiter’s orbits around the sun[7]. 

The timedilation of such an orbit was, as stated, very small. In order to come closer to the black hole 

with stable planetary orbits, the rotation of the black hole was needed. The rotation allowed for stable 

orbits located almost as close to the black hole as    
 

 
  . Putting in numbers gives us an orbital 

distance of about           , almost exactly as that of the earth’s orbit around the sun. At such a 

small distance, the planet is actually orbiting just outside the event horizon of the rotating black hole. 

And as mentioned, this close to the black hole, timedilation reaches enormous heights. As a perceptive 

reader, you might feel something is a bit strange with an orbital distance of    
 

 
  . Orbiting at a 

distance inside the event horizon? This should not be possible…  

The difference here is that the rotation of the black hole forces the actual event horizon inwards, 

making the black hole smaller. As we saw, at a maximum rotation of the black hole the event horizon 

of a rotating black hole was located at a distance of exactly     
 

 
   i.e half the radius of a static 

black hole. This means that the planet is not orbiting inside the event horizon but a tiny bit outside it. 

At this point we can start to notice some issues with this close proximity. The distances we are 

referring to are always given as the distance from the center of e.g the black hole to e.g the center of 

the planet orbiting. By taking a closer look on what this would mean for a planet we can notice that at 

such a close of an orbital distance there is a possibility that the planets radius is sufficiently big so that 

it actually reaches past the event horizon of the black hole. Using the equations deduced I found that 

the distance from the center of, in this case Miller’s planet, to the event horizon was about 5535 km. 

This implies that the radius of the planet cannot by any means be bigger than 5535 km. That would 

mean parts of the planet are inside the event horizon and forever lost to the outside world. The radius 

of the earth is about 6370 km so we can see that the planet has to be a lot smaller than the earth. Even 

at such a small size the planet would still have its surface extremely close to the event horizon.  
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Right away we realize that the timedilation of  ̇        is only true for the points on the planet that 

are very close to the middle of the planet. With the middle of the planet I refer to the points close the 

top and bottom of the planet as seen in the figure below. At these two points the distance to the black 

hole singularity is more or less the same as the corresponding distance from the center of the planet. 

 

 

 

 

 

 

 

At any other place on the planet the timedilation would vary greatly from this number. If we satisfy 

ourselves with choosing a radius for Miller’s planet of about 4000 km. This would leave just a tiny 

distance of 1535 km from the surface of the planet to the event horizon, resulting in a timedilation at 

this point of   ̇         while on the far side of the planet (to the right in the figure) a timedilation 

of  ̇       . Meaning one hour on the side facing the event horizon would be about 6 hours on the 

far side of the planet. From this sort of reasoning we can understand right away that for someone 

landing on the far side of the planet the spin would need to be even greater to enable this point on the 

surface to be at a distance corresponding to the timedilation of  ̇        represented in Interstellar. 

That is, as I stated, if you make the assumption that the crew landed (and stayed) as far away from 

Gargantua as possible.  

This kind of reasoning where I have only looked at a shift in distance and its resulting change in 

timedilation actually doesn’t give the complete picture. By moving inwards/outwards I 

decrease/increase the distance and therefore also increase/decrease the gravitational field strength at 

that point. Moving inwards would indeed result in a growing timedilation due to this increase in 

gravitational field. But gravity is not the only quantity that changes with the distance. Moving inwards 

would also decrease the amount of orbital velocity at that point. For an object decreasing its distance 

to the black hole the orbital velocity should actually increase! But this is not the case with e.g a person 

standing on the surface of the planet. A person standing on a planet, contrary to an object in orbit, does 

not free fall along geodesics, the person is instead inhibited to free fall by the surface of the planet. 

The planet in orbit the same angular velocity across its whole diameter and so does not increase 

his/her velocity but rather reduce it. This should result in a decreasing timedilation due to the velocity 

related effects of relativity. This change in velocity though has a much smaller effect on the overall 

Figure 19: Gargantua (without its ergoregion) with Millers’s planet just outside its event 

horizon[20]. 
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timedilation and can be ignored. The last effect, that cannot be ignored is the fact that  a reduced 

distance to the black hole would mean changing ones position in spacetime. As we have understood 

with a rotating black hole, spacetime whirls around the black hole, following its rotation. By heading 

further in, this whirl of spacetime would increase since its following a      relationship to distance. 

This effect together with the purely gravitational effect are probably the most significant to 

timedilation. So when it comes to the numbers regarding changes in timedilation related to distance on 

the previous page, its accuracy should not be trusted one hundred percent! 

One of the most interesting questions I asked myself when beginning this investigation was how a 

person staying at the mothership – The endurance , could age just as fast as people on earth, relative to 

the crew visiting the planet orbiting the event horizon? My first thought was that this person should 

also experience a timedilation comparable to the one that the crew heading towards the event horizon 

did. Because The endurance was still located quite near the black hole, relative to the earth, my first 

opinion was that the time difference between the earth and the endurance should be enormous in this 

case too. As it turned out, the rotation of the black hole created a region surrounding the black hole 

where spacetime is spinning with the black hole at an enormous rate. This effect, called frame 

dragging, creates a sort of barrier in spacetime where the timedilation, amongst other things, escalate. 

Passing this distance, entering this region, timedilation immediately starts to grow faster. I should not 

mislead the reader to believe that entering this region is like flicking a switch. The effect decreases 

with distance as      so one can imagine that the effect wears off or increase (depending on which 

way we are going) quite quickly. The area where this region is defined to exist is inside the distance 

where light rays by no means can manage to outmaneuver this whirling spacetime but is instead forced 

to follow the rotation so if a ray of light is outmaneuvered, so is everything else. This is why this 

region is interesting. 

In the movie, only once was there mention about this region, called ergoregion/ergosphere by 

physicists. What they say in the movie is that going past “the cusp” will cause timedilation to increase 

dramatically. By the equations describing the rotating black hole I was able to find the distance where 

this dragging of spacetime begins. The edge of this region was found to be located at double the 

distance that the planet orbited in. This definition was only true for planets orbiting in the equatorial 

plane. At other angles above or below the equatorial plane, the edge of the ergoregion comes closer to 

the black hole, becoming tangent to the event horizon at the geometrical north and south poles of the 

black hole. This shape and behavior of spacetime inside the ergoregion explains how it was possible 

for the person staying behind on The endurance to age enormously compared to the crew landing on 

the planet. At the very edge of the ergoregion, located at double the distance of the planet, the 

timedilation was found to be only  ̇   . Once entering the ergoregion the timdilation will start to 

increase due to the dragging of spacetime. At first the effect is not so severe but continuing towards 

the planet orbiting just outside the event horizon will rapidly send the timedilation towards infinity 

upon reaching the actual event horizon. At these distances, tiny changes in position relative to the 
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black hole has tremendous effects on the timedilation, but staying at a comfortable distance from the 

planet removes these huge effects on time. 

We can make a quite arbitrary estimation on how far away The endurance could be orbiting. In the 

movie, the crew leaving The endurance heading towards the planet seems to complete the trip in a 

very short amount of time. To view this in a realistic sense we must assume that the acceleration of the 

spaceship heading towards the planet cannot exceed those of comfortable human limits. Normally a 

human being is supposed to be able to withstand, provided with a g-suit,  an acceleration of about 4-6 

g. In the extreme case, pilots have been recorded to withstand accelerations of 9 g for a sustainable 

period of time[22]. If we choose the quite large acceleration of 9 g we give the movie some extra 

space not to fail on this point. Choosing a position of The endurance to be just outside the edge of the 

ergoregion we would find they would need to travel            to get to the planet at the horizon. 

With the given acceleration we would find, after some algebra, that it would take about sixteen hours 

to complete this trip. We can put The endurance even closer to the planet without suffering from any 

severe timedilation and the trip could be completed with much lower acceleration in a small amount of 

time. In this quick calculation the gravitational acceleration from the black hole itself was not 

included. As we have reasoned before, gravity does not cause any accelerating sensation on objects in 

space because of their free falling nature. So the acceleration from the black hole can be added to the 

thrusting acceleration of The endurance without affecting the crew on the spaceship. This would make 

the trip towards the planet even shorter! Even in the worst case scenario where the trip takes 16 hours 

there is nothing strange with movies skipping a long boring scene of a sixteen hour ride, so we can 

comfortably say that the endurance can be well within travel distance to the planet and still not suffer 

from any enormous timedilation.  

When it comes to the actual forces acting on objects surrounding a black hole we found that in 

addition to gravity an object would experience stretching and squeezing by tidal forces. These tidal 

effects are the actual real manifestation of gravity that any object, or person, would experience when 

subjected to gravity. Of course there’s the obvious feeling of being pulled to the ground, but without 

anything beneath our feet, pushing us upwards, gravity would never have a chance to show itself if it 

weren’t for tidal forces. These forces create stresses inside spatially extended objects making e.g. a 

person very aware of gravity since it is stretching and squeezing the person in different directions. 

By looking at the stretching sensation on a person passing the event horizon of a black hole we found 

that an actual increase of the black holes mass would relieve the person from stretching sensations. 

This is a bit contra intuitive since the equations describing tidal forces claim that higher mass equals 

higher force. This is of course true but when it comes to the event horizon of a black hole we managed 

to show that an increasing mass also increased the size of the black hole and therefore also increased 

the distance to the actual center of the black hole. This increasing distance causes the forces to  

wear off, rather than increase, as it would if only looking at the mass. This was found to be due to the 
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tidal forces scaling with distance like       while the dependence on mass only obeyed a linear 

relationship. 

It is important to understand that this sort of mass dependence where the tidal forces decrease with 

increasing mass are only connected to quantities directly related to the Schwarzschild radius. The 

quantities that scale with the Schwarzschild radius also scale with the mass. Looking at the radius of 

the innermost stable orbits they were found to be related by some number of Schwarzschild radiuses 

and so the relationship with decreasing force with increasing mass holds. 

In any other case an increasing mass would always imply a greater tidal force. A cotton ball flying 

around in empty space surely doesn’t exert tidal forces on objects to the same extent that a black hole 

would, obviously. 

With this in mind we looked at the stretching sensation of tidal forces on a human moving head on 

through the event horizon of a black hole. At a mass of about        solar masses we found that the 

accelerating sensation between head and toes were about 4g’s. This should not be interpreted in the 

same manner as we did previously with the acceleration due to thrust of a spaceship. In the case of a 

spaceship the accelerating force pushes you back in your seat, squeezing you because of the reaction 

force of the seat. As I said, this is not the case with the tidal forces. Instead one should imagine a 

situation where you are tied by your feet, hanging upside-down from e.g. a roof. 

In the case of everyday life the amount of force felt on your feet is proportional to the gravitational 

acceleration of the earth   , and you own mass   . If you would imagine the gravitational force to be 

increased by four times     you would feel as if your own mass had increased four times, making a 

      person feel as if he/she weighed        instead! Equivalently, imagine hanging by your feet 

and attach one fourth of a car to your head. You can imagine that is not a pleasant feeling! This is what 

a person passing the event horizon would experience. With a small mass of the black hole these forces 

(at the event horizon) would become enormous, ripping anything to pieces that is closing in on the 

black hole. An increasing mass would, as we previously reasoned, relieve a lot of the force 

experienced. A person that have read this paper would in such a situation immediately realize how to 

solve this problem! As we have understood, the magnitude of the tidal force depends linearly on the 

length of the person moving towards the black hole. The best solution in such an event would simply 

be to curl up your body to a form the best ball shape you can manage. Doing this, you would decrease 

your spatial extension by perhaps one fourth (depending on you agility) of your height. This would, 

due to the linear relationship to spatial extension    , decrease the acceleration from    to a quite 

comfortable earthlike accelerating sensation of one  . 

In Interstellar the main character passes the event horizon of the black hole without any significant 

force experienced, surviving the passage of the event horizon without any effort. Through our 

reasoning we see that it is perfectly in accordance with the physics of such a large black hole.  

The matter of continuing past the event horizon towards the singularity of the black hole is a whole 
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other matter. While passing the event horizon becomes easier for a greater mass of the black hole the 

complete opposite is the case for an object that has left the event horizon heading inevitably towards 

the singularity. Moving forward towards the singularity, the proportionality of tidal force with      

would quickly increase the force that stretches the object. Furthermore the object would also be 

spatially stretched out (or torn apart) making the objet longer and thus escalating the stretching even 

further! 

5.2  SCIENCE FICTION OR SCIENCE FANTASY? 

After educating myself through the process of writing this paper, I am compelled to say that the 

scientific consultants of Interstellar indeed used legitimate means, from a physics point of view, when 

producing this movie. Through general relativity, a well proven field of physics, I was able to 

quantitatively formulate the equations describing quantities in need of a scientific review. As it seems, 

the movie does not fail on any of the parts investigated in this paper. The timedilation found in the 

movie was showed to be perfectly possible, even though only in the most extreme case, but still 

possible. Planetary orbits were found to be stable at the positions required for the desired timedilation 

found in the movie. The one problem related to timedilation and the position of the orbiting planet 

were the restraints on the radial size of the planet. In the movie the crew heading for Miller’s planet 

lands on the side furthest away from the black hole. To achieve the sought for timedilation the spin 

actually has to be even larger for the actual surface of the planet (instead of the center) to be located at 

a point of such timedilation. And so we understand this furthermore limits the actual size of the planet, 

so that parts of it won’t be inside the event horizon.  

Through Newtonian gravity I was able to make simple estimations on the effects of tidal forces on a 

person falling across the horizon as well as planets orbiting outside the horizon. Because of the mere 

conceptual view provided by this simpler form of analysis, I cannot say that neither verification nor 

renouncement of the tidal effects in Interstellar can be made on the basis of this investigation.  

With a research conducted through general relativity I believe one would find further indications that 

the effects represented in the movie are indeed very accurate, since through Newtonian gravity I still 

managed to show compelling indications for the credibility of the movie. When it comes to the actual 

tidal waves of Interstellar there are no limitations at all as to how large waves that can be created by 

these tidal effects. As I reasoned before, the relation between the tidal acceleration generated by the 

black hole and the ordinary gravitational acceleration of the planet itself on, as in this case water, can 

be adjusted freely with the black hole mass. A very small mass would result in the planet getting 

ripped apart. Instead one can increasing this mass to a point where the stretching is sufficiently small 

as to merely raise enormous waves without tearing the planet apart. 
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Referring to the literature[2] provided by the scientific consultant Kip Thorne one finds remarkable 

correlations on the actual numbers given for the black hole spin, the locations of the planets orbits and 

the resulting timedilation. The simplified equation describing timedilation for a maximally rotating 

black hole (3.35) represented in Thorne’s literature could be found independently from the derived 

equations by simplifying the expressions around very high spins. Since the literature of Thorne leave 

out any advanced calculations made through general relativity one cannot do direct comparisons of the 

methods. But by comparing results I feel compelled to believe that the reasoning is more or less 

identical when deriving the equations used for analysis. 

Perhaps the greatest flaw noticed when reviewing the scientific contents of Interstellar is the 

occasional complete ignorance to the physics at certain points on behalf of the characters in the movie. 

The team sending the crew towards this black hole is supposedly working at the very forefront of 

physics. In the movie this team is the well familiar organization NASA. They possess super-advanced 

technology and tremendous knowledge of general relativity amongst several other fields of physics. 

Yet they seem to be completely eluded by the obvious possibility of devastating tidal effects on 

planets located as close to the black hole as Miller’s planet. Even the least of laymen probably know 

that even the moon can cause destructive tides here on earth. Wouldn’t the world’s finest physicists 

think of this utterly life threatening environment on Miller’s planet as soon as they see the planets 

close proximity to Gargantua? Together with the visual as well as data gathered evidence of water on 

such a planet even a fool wouldn’t attempt any landings on such a planet without rigorous safety 

measures. It is neither hard to see nor that complicated to calculate the actual position of these tidal 

waves aswell. The crew, ever so aware of the way timedilation effects occur at this planet, chooses to 

land on the side furthest away from Gargantua. By doing this they do not seem to realize that the worst 

ever place for landing is at this exact place (equally bad would be the side closest to Gargantua). In the 

case of Miller’s planet it is in tidal lock, meaning that the same side of the planet is always facing the 

black hole (i.e the planet is not rotating around any axis).Tidally locked planets has a tendency to 

wiggle back and forth by a small bit as described by the below figure[2]. 

 

 

 

 

 

 

 

 

Figure 20: Greatly exaggerated picture showing the wiggling of Miller’s planet in its tidally 

locked position[20]. 
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Here the stretching of tidal forces on Miller’s planet is greatly exaggerated, making the planet look 

like a stretched out sphere. In the above figures the amount of wiggle is also greatly exaggerated in 

order to help in clarifying[2].  

What happens when the planet wiggle back and forth is that the water bulging towards Gargantua 

actually stands still while the solid part of the planet is actually doing the wiggling. This is illustrated 

in figure 20 by the dotted line that traces out what we can refer to as an equator line. The planet 

doesn’t seem to move while in fact the equator line is wiggling back and forth. Someone standing on 

the surface of the planet will follow the ground partaking in the wiggling(contrary to the liquid water 

not attached to the solid planet) and so the giant bulge of water (manifesting the actual wave) move 

towards/away from you depending on which direction the wiggling motion of the planet is moving. 

I hope you’d agree with me when I say NASA should have known better… 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



43 

 

6. OUTLOOK 

6.1  A NEED FOR IMPROVEMENT 

This report rests heavily on the work done by Albert Einstein and all the subsequent physicists and 

mathematicians that paved the way towards the modern understanding of general relativity. Starting at 

a point where the Einstein’s field equations had already been solved seems like the obvious 

shortcoming of this investigation. Still, the goal was never to understand Einstein’s field equation, but 

rather to understand the solutions developed from his equations, which was partly succeeded in this 

report.  

So in addition to the need of laying down some ground work in general relativity, it should be 

admitted, as already stated, that parts of the deductions needed to describe a rotating black hole was, 

similarly to the solutions of field equations, taken as given. This points out the direction that a further 

study into this subject preferably should take. By understanding each step, backing it with a 

conceptual as well as a theoretical understanding, this report, and the author of it, would enjoy an even 

higher degree of authenticity. 

This report pointed out the effects of a gravitational mass like a black hole on planetary orbits and the 

phenomena of timedilation through the full theoretical coverage of general relativity. While these 

subjects enjoyed such a fair treatment, the phenomena of tidal forces had to be content with the theory 

provided by Newtonian gravity. So a further study should involve a deeper understanding of the 

mechanisms generating tidal forces from the viewpoint of general relativity. 

As discussed in chapter 4, there were some inconsistencies when looking closer at the effects of 

timedilation at different locations on the planet close to the event horizon. By further studying the 

effects of frame dragging one could make precision calculations of these variations in the full 

coverage of general relativity. 
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7. CONCLUSIONS 

7.1  SUMMING UP 

The objective of this report was to review the physics of the movie Interstellar. This meant studying 

the physics of a black hole and its effects on planetary orbits, timedilation and tidal forces. With the 

movie as inspiration, this report uses the phenomena presented in the movie to make a critical review 

on the physics related to it. The tools for investigating theses quantities were based on general 

relativity. By using the solutions to Einstein’s field equations, the Kerr and Schwarzschild metric, one 

could make predictions on timedilation and planetary orbits. In addition, Newtonian gravity was used 

to make estimates on the tidal forces experienced by spatially extended objects. 

By investigating black holes it was found that a static black hole could only account for a timedilation 

of  ̇  √  in its innermost stable orbit. This means that time flows about half as fast close to the black 

hole relative to people far away from the black hole, like the earth. 

To reach a timedilation as suggested in the movie, we had to look at rotating black holes.  

The rotation enabled the stable orbits of planets to get much closer to the black hole. In addition to the 

actual close proximity of stable orbits, the dragging of spacetime further enhances the timedilation. 

At the point where the timedilation reached a staggering value of   ̇       , the spin of the black 

hole was extremely close to its maximal possible     . At a spin this high, the innermost stable 

orbit was located at    . At this close of a distance, the planet is well inside the ergoregion of the 

black hole and actually at a distance just outside the event horizon of the rotating black hole. So close 

that an earth size planet would not be able to orbit this close to the event horizon without having parts 

of the planet extending into the event horizon. 

The tidal forces experienced at such a massive body were found to wear off with increasing mass of 

the black hole as      . Perhaps not as intuitively expected, a bigger (more massive) black hole is to 

prefer if an object close to the black hole event horizon wants to avoid being ripped apart in the 

process of spaghettification (the amusingly coined term for the stretching tidal forces). 

By the investigation made in this report it was found that Interstellar indeed portrayed realistic physics 

as far as this report could determine. The closely orbiting planet, the timedilation and the tidal forces 

could all be accounted for when reviewing the physics included. Comparing results with Interstellar’s 

scientific consultant Kip Thorne through his literature[2] showed a perfect correspondence. 
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APPENDICES 

A1 - MAKING SENSE OF THE METRICS 

As we will see, the calculations performed from the metrics uses the property that 
   

         

where   is the Lagrangian and   is the speed of light. We can rationalize this in the following way: 

The point can be made by writing the line element     in only one space dimension, let’s choose this 

dimension to be x. 
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For classical speeds, we can Taylor expand the expression since  
  

   becomes very small: 
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By multiplication of    we can identify a more familiar expression: 
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   )  (A-1.5) 

The point is to make the reader aware of the possibility to relate the line element and the 

Lagrangian    by the kinetic (
 

 
   ) and potential       energy that can be found in the expression. 

A2 - ESCAPE VELOCITY (NEWTONIAN GRAVITY) 

By starting with the Newtonian equation for gravitational force (2.1) one can find the potential 

responsible for this force by the following calculation[3]: 
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For conservative forces we have that: 

                                                                         
 

  
      (3.3) 

This leads to: 

                                                                                   (A-2.1) 

Taking into account that gravitational force is attractive, as with the earth, objects receding from the 

earth is pulled back, and so with our choice of coordinates, the force must be negative: 



 

A-II 
 

                                                                    ̅    (   
  

  )  (A-2.2) 

To find the gravitational potential energy, we can integrate from some point      where the 

gravitational potential is present, to another point      so far away that the gravitational potential 

can be taken to be zero: 
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For an object in a trajectory aimed at escaping the gravity of any massive body, only its kinetic energy 

and the gravitational potential energy make up its total energy. 
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For the kinetic energy to counteract the gravitational potential energy we require        . 

So the point of exactly escaping the gravitational force is when        
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And so we find the expression for the escape velocity: 
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Analyzing this expression further we can search for the radius where the escape velocity equals that of 

light: 
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This radius is called the Schwarzschild radius and will be used frequently in the both the 

Schwarzschild and Kerr metrics. 
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A3 - TIDAL FORCES (NEWTONIAN GRAVITY) 
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For an object located far from a gravitational source, the extension of the object    is much smaller 

than the distance   to the source for almost all  . This is the case for any orbiting object. We can 

therefore let     and Taylor expand the expression: 
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A4 - FINDING STABLE ORBITS (FOR SCHWARZSCHILD BLACK HOLE) 

Using the Schwarzschild metric, parameterized by  , one can search for orbits of particles surrounding 

the black hole. Without any loss of generality one can look at orbits in the equatorial plane  

(       [1]: 
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This results in the following Lagrangian by division of      
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That leads to: 
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Searching for constants of motion, using the Euler-Lagrange equations, we find: 
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This means that    (  
  

 
)  ̇ is a constant as time evolves in the proper reference frame, and so we 

can define a constant  , dropping the constant     as follows: 
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Using the same method we can derive a constant including  ̇ : 
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Substituting the acquired variables back into (3.11), we get: 
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Solving for  ̇  yields: 
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To better understand the equation we can look for extreme points in the potential      with varying   : 
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This either becomes zero for     or for               
     . Searching for the roots of   

results in: 
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If we look at the above equation we can see that in order for the root to be rational, and real, we 

require: 
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This would represent the smallest    possible for these extreme points. Plugging in the smallest 

possible    into the equation for r yields: 
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As we can see, the smallest possible    gives only one solution, meaning that the roots corresponding 

to the   sign are the same. 

Now looking at other values of   i.e at increasing  , we rearrange the equation for    by breaking out 

the 
  

  
    from the root: 
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As we increase   we find that 
     

 

    . We can now Taylor expand the root like a function √    

where   
     

 

     in the following way: 
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For the positive sign we find: 
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For the negative  sign we find: 
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A5 - ORBITS IN GENERAL AND TIMEDILATION IN CIRCULAR ORBITS  
(FOR SCHWARZSCHILD BLACK HOLE) 

Following equation (A-4.6) one can create functions describing how the radius of an orbit depends on 

the parameter  [1]. 
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Extending  ̇  
  

  
 around   generates: 
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Substituting back gives us: 
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To simplify calculations we may make the substitution   
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We can now write (A-5.3) as: 

                                            (
  

  
)
 
                 

           
     (A-5.6) 

                               (
  

  
)
 

 
  

  
       

   
 

          
     

           (A-5.7) 

And so we end up with the expression describing orbits of massive bodies in a Schwarzschild metric. 
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In the case of a circular orbit,   stays constant along the entire motion. Thus, it has no dependence on 

  and so: 
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Meaning: 
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This gives us the constants   and   in terms of  : 
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By using (A-5.12 & A-5.13) we can acquire  , also in terms of  : 
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The constant   was defined earlier by the Lagrange-Euler equation (3.12): 
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We now get the well sought quantity  ̇, which describe the quotient between proper time(time at the 

location of the black hole) and asymptotical time(infinitely far away from the black hole) as a function 

of the distance to the center of the black hole: 
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A6 - TIMEDILATION IN CIRCULAR ORBITS(FOR KERR BLACK HOLE) 

Starting with the Kerr metric in natural units, parameterized with  , describing spacetime surrounding 

a rotating black hole[8]: 
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We look at orbits in the equatorial plane(  
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This gives us the following Lagrangian, denoted  ̃ to separate from angular momentum  : 
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By employing the Euler-Lagrange equations we find, due to independence of   and   the following 

energy     and angular momentum    : 
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This means that  (  
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 ̇ is a constant as time evolves in the proper reference frame, and 

so we can define a constant energy  , dropping the factor of 2 as follows: 
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Using the same method we can derive the other constant   through the independence of  : 
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Eliminating  ̇ from the equations and solving for  ̇ generates: 
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Where the energy     and angular momentum     of the particles are defined as[9]: 
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Furthermore we have the expression for the innermost stable orbit   : 
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As a further verification we can assure ourselves that (3.4) converges to the timedilation of a 

Schwarzschild black hole as the spin    . By definition this also implies that    . 
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Breaking out the     gives us: 
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Letting   go to zero eliminates several terms: 
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Now looking at the equation for   (3.30) as     we notice the following: 
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Here the term       is only the term 
  

 
 

   

   
 in natural units        . Evidently      

 

 

  

 
 

We can now write (A-6.8) as: 
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As we may notice, this is exactly the equation for timedilation in a circular orbit at a static 

Schwarzschild black hole. 

A7 – ERGOREGION AND KERR- EVENT HORIZON 

The very familiar expression for the Kerr metric as seen below can just as well be expressed in its 

metric components (                          ). 
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Rewriting the above expression in terms of metric components we get: 
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Where the metric components are defined as: 
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If we now choose to look at photons emitted in the    direction along the equatorial plane we find the 

expression given in chapter 3.6 


