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Negative Mass

Scientists have proposed the existence of anti-matter and anti-particles, but neither have a negative mass. Quantum research has also hypothesized the existence of many other particles with extremely small masses. However, as far as we know, matter can not have a negative mass.  

But what if another particle was discovered that had a negative mass? If you had enough of these particles to form a relatively large object, what would happen? Here we will explore what you could do, and what you couldn’t do, with an object of negative mass. 
For simplicity, this object will be consistent with any “normal” object in terms of visibility, charge, and all other physical attributes. The only difference is the object’s mass has an arbitrary, negative magnitude. We will not concern ourselves with why this could not happen on a fundamental level, but rather, apply this negative mass to our existing Physics models, and ask, “What If?”.
Note:
In this report, it will be assumed that no laws of Physics need revision to be applicable to a negative mass. Therefore, this report will observe the behavior of negative masses, according to what the equations covered by grade 11 and 12 physics say should occur. 

1.1) Kinematics - Newton’s Second Law
Newton’s second law states that when an unbalanced force is exerted on an object, the object will accelerate in the direction of the force with a magnitude directly proportional to the magnitude of the force and inversely proportional to its mass.
This is summarized by the equation:


But what happens if the object’s mass is negative? Let’s try the following problem:

A golf ball of mass -100g is at rest, and is struck by a golf club with 5N of force. What is the ball’s resulting acceleration?
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The resulting acceleration of the ball is . Therefore, applying a positive force results in a negative acceleration. 
Inversely, pulling the object will result in it accelerating in the opposite direction.
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Therefore, a negative force (such as pulling the object towards you), will result in a positive acceleration (accelerating away from you). 

The magnitude of the acceleration remains the same, because only a sign flip occurs. This can be proven by proportioning the acceleration of a positive mass against a negative mass.

Let n be the constant of proportionality between the 
acceleration of a positive mass and a negative mass.
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Therefore, the acceleration of a positive mass is proportional to a negative mass by a factor of -1. This means when experiencing a force, the magnitude of acceleration for a positive mass is the same as the magnitude of acceleration for a negative mass, but their directions are opposite.
	
	Positive Mass
	Negative Mass

	Positive Force
	Positive Acceleration
	Negative Acceleration

	Negative Force
	Negative Acceleration
	Positive Acceleration


Note:
The relationship in the above table will be referenced many times throughout the rest of this report without any derivation, for it is the basis of all other theoretical conclusions.
Theoretical Conclusion

In conclusion, when an unbalanced force is exerted on an object with a negative mass, the object will accelerate in the opposite direction of the unbalanced force with a magnitude directly proportional to the magnitude of the force and inversely proportional to the magnitude of the mass.
What If?
There is some strange behavior that would come from applying forces to negative masses. 
For instance, it would become very difficult to control the object. When pushed, the object accelerates towards whatever is pushing it. But this results in the initial force continuing, because the object is still pushing against the applied force. This means the object would continue to push against the applied force only until the applied force is removed.
Also, if you tried to stop an object that was coming towards you by applying a resistive force, the object would accelerate in the opposite direction of the force (towards you). You would not want to be in the way of that!
1.2) Kinematics - Freefall

When an object is in freefall, intuitively, one will expect that object to fall towards the earth, accelerating in the same direction as the force of gravity.
But what happens if the object’s mass is negative? 
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We see that gravity exerts an upward force on the object.

Let’s try the following problem:

A man of mass 80kg, falls out of an airplane at an altitude of 490m. 
But fortunately, he is wearing a backpack of mass -85kg!
Neglecting air resistance, where will the sky diver be 10 seconds later?
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Therefore, 10 seconds later, the man has hit the ground. Since acceleration due to gravity is mass independent, neither the mass of the man, nor the mass of the backpack was considered in the solution. The backpack did not help the man survive the fall, and he fell just as any other mass would (neglecting air resistance).
This result is consistent with the conclusion from Section 1.1). If gravity exerts an upward force on the freefalling object, and acceleration is always in the opposite direction of the exerted force, then the resulting acceleration must be downward.

Theoretical Conclusion

In conclusion, the force of gravity is exerted in the upward direction. 

When an object of negative mass is in freefall, it will accelerate with the same magnitude and direction as an ordinary object in freefall. 
What If?

What if you wanted to stop the object from falling? It has been noted that exerting a force results in acceleration in the opposite direction. If you wanted to stop it, you could not catch it, for that would apply an upward force that compliments the upward force of gravity.
A downward force results in an upward acceleration. You would need to exert a downward force on the object to induce an upward acceleration, thus decreasing the magnitude of downward velocity. 
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Therefore, to stop an object from falling, you would need to push down on it with a greater magnitude than the force of gravity. 
If its downward velocity decreased, in magnitude, to the point where the object had an upward velocity, the object could even appear to “hover” below your hand until the downward force is removed.
The falling object could also be kept at a constant vertical velocity, by applying a downward force that balances the force of gravity.
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1.3) Kinematics - Friction

We will now examine the behavior of a negative mass undergoing the force of friction. If everything is consistent with out past observations, then acceleration will be in the opposite direction of friction, causing the object to perpetually accelerate. 
That would not be a good outcome; the object would be extremely unstable if every time it touched the ground it perpetually accelerated due to static or kinetic friction. Let us hope this is not the case.

Firstly, establish the force of friction exerted on a negative mass, compared to a positive mass:
Let n be the constant of proportionality between the force of friction on a positive mass and a negative mass.
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Therefore, they are proportional to each other by a factor of -1. As the force of gravity was opposite in Section 1.2), the frictional force is also exerted in the opposite direction from positive masses. Since friction opposes the direction of velocity for a positive mass, it compliments the direction of velocity for a negative mass. 
What does this mean for the acceleration? Let’s try the following problem:

A ball of mass -2kg and coefficient of kinetic friction [image: image12.png]py =07



 is rolling at 6m/s [right]. What is its velocity after traveling 2 meters?
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Therefore, the ball negatively accelerates, and has a velocity of 3m/s [right] after traveling 2 meters.

This is consistent with our previous observation: if the direction of the force of friction compliments the direction of motion, and acceleration must oppose the net force, then acceleration must also oppose the direction of motion. Thus acceleration due to friction is the same for negative masses as positive masses.

This relationship is also analogous to the one seen with gravity: the force exerted opposes the expected* direction, but the acceleration also opposes the force, resulting in the expected* acceleration.
Theoretical Conclusion
The force of friction is in the same direction as the velocity, and opposes the expected* direction. 
Acceleration due to friction opposes the direction of the velocity, to exhibit identical behavior to that of a positive mass.

What if?
From this conclusion, we can assert that if this object did exist, it would be stable enough to place on the ground and observe. Friction would still oppose the direction of motion, and gravity would keep it on the ground. 

* Expected refers to the behavior exhibited by a positive mass
4.1) Planetary Mechanics - Gravitational Attraction / Repulsion
We will now move to the outer space, to see how planets would affect each other if they could have negative masses.
Newton’s Theory Of Universal Gravitation provides us with the following equation for calculating the force of gravity between two bodies:
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Let’s examine the following example problem:
A satellite of mass -6.5 x 102kg is 1000km above the Earth. What is the magnitude and direction of the force of gravity acting on the satellite?
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Conventionally, Fg is positive to denote the magnitude of gravitational attraction. Therefore, a negative Fg says that the planet and satellite exert a repulsive force of 4.8 x 103N on each other.
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This is consistent with Section 1.2) which found that a freefalling object has an upward force of gravity. Likewise, the upward force of gravity results in the satellite accelerating downward, according to the findings from Section 1.1).
	Mass (Object A)
	Mass (Object B)
	Force of Gravity
	Accel (Object A)
	Accel (Object B)

	Positive
	Positive
	Attractive
	Towards
	Towards

	Positive
	Negative
	Repulsive
	Away
	Towards

	Negative
	Positive
	Repulsive
	Towards
	Away

	Negative
	Negative
	Attractive
	Away
	Away


Theoretical Conclusion
