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Introduction

Understanding the universe's most extreme objects is one of the fascinating pursuits of
astrophysics. Among these extraordinary entities are neutron stars—compact remnants of
massive stars that have undergone supernova explosions. These objects are incredibly
dense, with their matter compressed into a sphere with a radius of only about 10 to 15
kilometers.

This article explores the intriguing question: Assuming that a neutron star has the same
density as a neutron, calculate the mass (in kg) of a small neutron star. To approach this

problem, we will delve into the properties of neutron stars, the concept of density, and the
mathematical calculations involved in deriving the mass of such a compact object.

Understanding Neutron Stars and Neutron Density

What is a Neutron?

A neutron is an uncharged subatomic particle found in the nucleus of atoms. It has a mass
of approximately \(1.675 \times 10" {-27}\) kilograms. Neutrons are fundamental to nuclear
physics and play a crucial role in the structure of matter.

Density of a Neutron

The density of a neutron is an incredibly high value, given the particle’s minuscule size but
significant mass. To estimate the density, consider the approximate size of a neutron,

which is about 0.8 to 1.0 femtometers (fm).

- 1 femtometer (fm) = \(1 \times 10"~ {-15}\) meters

Given this, the volume of a neutron can be approximated assuming a spherical shape:

\[
V_{\text{neutron}} = \frac{4}{3} \pi r™~3
\]

where \(r \approx 0.8\, \text{fm} = 0.8 \times 10" {-15}\, \text{m}\).



Calculating the Density of a Neutron
Density (\(\rho\)) is mass divided by volume:

\[
\rho = \frac{\text{mass}} {\text{volume}}
\]

Using the known mass of a neutron and its approximate volume, we can estimate the
neutron density:

\[

\rho_{\text{neutron}} \approx \frac{1.675 \times 10"~ {-27}\, \text{kg}}{\frac{4} {3} \pi
(0.8 \times 10~ {-15}\, \text{m})"~3}

\]

Calculating this gives an extremely high density value, indicative of nuclear matter.

Assumption: Same Density as a Neutron
Conceptual Framework

In our scenario, we assume a neutron star has the same density as a neutron. This is a
hypothetical but insightful assumption because in reality, neutron stars are indeed
composed primarily of densely packed neutrons, and their density is comparable to nuclear
densities.

Significance of the Assumption
- It simplifies the calculation by assuming uniform density.
- It allows us to relate the mass and volume of the neutron star directly through the density.

- It provides a basis for understanding how small a neutron star can be if it maintains the
density of a neutron.

Calculating the Mass of a Small Neutron Star
Step 1: Determine the Density
Using the previous approximation:

\[

\rho_{\text{neutron}} \approx \frac{1.675 \times 10"~ {-27}\, \text{kg}}{\frac{4} {3} \pi
(0.8 \times 10~ {-15}\, \text{m})"~3}

\]

Calculating the denominator:



\[

V_{\text{neutron}} = \frac{4}{3} \pi (0.8 \times 10" {-15})"3 \approx \frac{4} {3} \pi
\times (0.512 \times 10" {-45}) \approx 2.15 \times 10"~ {-45}\, \text{m} "3

\]

Thus,

\[

\rho_{\text{neutron}} \approx \frac{1.675 \times 10"~ {-27}}{2.15 \times 10"~ {-45}}
\approx 7.79 \times 10"~ {17}\, \text{kg/m}~3

\]

This is a typical nuclear density.

Step 2: Choose the Size of the Small Neutron Star

Assuming "small" refers to a neutron star with a radius \( R\) of approximately 10 km
(which is typical for neutron stars):

\[
R = 10\, \text{km} = 1074\, \text{m}
\]

Step 3: Calculate the Volume of the Small Neutron Star
The volume \(V\) of a sphere:

\[
V = \frac{4}{3} \pi R"3
\]

\[

V =\frac{4}{3} \pi (1074)"3 = \frac{4}{3} \pi \times 10"~ {12} \approx 4.19 \times
107~ {12}\, \text{m}~3

\]

Step 4: Calculate the Mass

Using the density:

\[

\text{Mass} = \text{Density} \times \text{Volume}

\]

\[

M = 7.79 \times 10"~ {17}\, \text{kg/m} "3 \times 4.19 \times 10"~ {12}, \text{m}"3
\]

\[



M \approx 3.26 \times 10"~ {30}\, \text{kg}
\]

Interpretation of Results

The calculated mass of this small neutron star with a radius of 10 km and density
equivalent to a neutron particle is approximately \(3.26 \times 10™ {30}\) kilograms.

Comparing to Solar Mass

For better perspective, consider the mass of our Sun:
\[

M_{\odot} \approx 1.989 \times 10"~ {30}, \text{kg}
\]

Thus:

\[
\frac{M}{M_{\odot}} \approx \frac{3.26 \times 10~ {30} }{1.989 \times 10~ {30} } \approx
1.64

\]

This means the small neutron star would have a mass about 1.64 times the Sun's mass.

Additional Considerations

Variations in Size and Density

- If the radius is smaller, the mass decreases proportionally.

- If the density is lower than neutron density, the mass decreases accordingly.

- Real neutron stars often have masses between 1.1 to 2.3 solar masses and radii around
10-15 km.

Limitations of the Assumption

- Assuming the neutron density applies uniformly throughout the entire star simplifies
calculations but doesn't account for complex internal structures.

- Actual neutron stars might have varying densities, with the core denser than the outer
layers.

Broader Implications in Astrophysics

Understanding the Nature of Compact Objects



This calculation helps in understanding the relationship between a neutron star's size,
mass, and density, which is crucial for:

- Modeling neutron star formation.
- Studying gravitational effects such as strong gravity and gravitational waves.
- Exploring the limits of neutron star stability before collapsing into black holes.

Insights into Nuclear Physics

The densities involved in neutron stars are comparable to those inside atomic nuclei,
providing a natural laboratory for nuclear physics under extreme conditions.

Summary

- Assuming a neutron star has the same density as a neutron, we calculated its mass based
on a typical radius.

- The estimated mass of such a small neutron star is approximately \(3.26 \times 10"~ {30}\)
kg, which is about 1.64 times the mass of the Sun.

- This exercise illustrates the incredible density and mass concentration within neutron
stars, highlighting their significance in astrophysics and nuclear physics.

Final Remarks

Understanding the properties of neutron stars and their densities not only sheds light on
these mysterious objects but also pushes the boundaries of physics. Calculations like these
bridge the gap between microscopic particles and cosmic phenomena, illustrating the
profound interconnectedness of the universe's smallest and largest scales.
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Frequently Asked Questions

What is the significance of assuming a neutron star has
the same density as a neutron in calculating its mass?

This assumption simplifies the calculation by equating the density of the neutron star to
that of a single neutron, allowing us to estimate the star's mass based on its volume and
known neutron density.

How do you calculate the mass of a small neutron star if
it shares the same density as a neutron?

You multiply the volume of the neutron star by the density of a neutron. The formula is:
Mass = Volume X Density. For a spherical star, volume = (4/3)nr3, so you need its radius
and the neutron density to compute the mass.

What is the approximate density of a neutron, and how
does it relate to neutron star mass calculations?

The density of a neutron is roughly 3.7 x 10717 kg/m3. This high density is used as a
baseline to estimate the mass of a neutron star with a given radius, assuming uniform
density.

If a small neutron star has a radius of 10 km, what
would be its approximate mass assuming it has the
same density as a neutron?

Using the volume formula for a sphere (V = 4/3 it r3), with r = 10,000 m, and density = 3.7
x 10717 kg/m3, the mass would be approximately 1.56 x 10730 kg.

Why is it useful to assume a neutron star has the same
density as a neutron when performing mass
calculations?

This assumption provides a simplified model to estimate the mass based on known physical
properties of neutrons, making calculations more straightforward without complex density
variations within the star.

Additional Resources

Assuming That A Neutron Star Has The Same Density As A Neutron, Calculate The Mass (in
Kg) Of A Small - this intriguing premise invites us to explore the fascinating physics of
neutron stars and the fundamental properties of neutrons themselves. Neutron stars are
among the densest objects in the universe, boasting incredible mass packed into a



relatively small volume. By assuming that a neutron star has the same density as a single
neutron, we can perform a thought-provoking calculation to determine the mass of such a
hypothetical “small” neutron star, and in doing so, deepen our understanding of stellar
physics, particle science, and the scales involved in these cosmic phenomena.

Understanding the Context: Neutron Stars and Neutrons
What Is a Neutron Star?

A neutron star is the remnants of a massive star that has undergone a supernova explosion.
After the outer layers are expelled, the core collapses under gravity, compressing matter to
densities so extreme that protons and electrons combine to form neutrons. These stars are

characterized by:

- Masses typically between 1.4 and 2.2 times that of our Sun (solar masses).
- Radii approximately 10-12 kilometers.
- Densities reaching up to around \(10™~{17}\) or \(10~{18}\) kg/m3.

Despite their small size, neutron stars pack a tremendous amount of matter into a sphere
that would fit within a city.

What Is a Neutron?

A neutron is a subatomic particle found in the nucleus of atoms. It has:
- Mass: approximately \(1.675 \times 10"~ {-27}\) kg.

- No electric charge.

- Size: roughly \(0.8 \times 10"~ {-15}\) meters (about 0.8 femtometers).

The neutron’s properties are fundamental to nuclear physics and the behavior of matter
under extreme conditions.

The Assumption: Same Density as a Neutron

The key assumption in our calculation is that the density of a neutron star is equal to the
density of a single neutron. This is a highly hypothetical scenario because, in reality,
neutron stars are vastly denser than individual neutrons—by many orders of magnitude.

But for the purpose of this calculation, this assumption allows us to use the properties of a
neutron to estimate the mass of a tiny “neutron-star-sized object” with that density.

Step-by-Step Calculation: From Particle Density to Stellar Mass
Step 1: Find the Density of a Neutron

The density \(\rho_{neutron}\) of a neutron can be approximated by:



\[
\rho_{neutron} = \frac{\text{mass of a neutron}} {\text{volume of a neutron}}

\]
Given:

-\(m_{neutron} \approx 1.675 \times 10~ {-27}\) kg
- Radius of a neutron \(r_{neutron} \approx 0.8 \times 10™ {-15}\) m

The volume of a neutron, assuming a spherical shape, is:

\[
V_{neutron} = \frac{4}{3} \pir~3
\]

Calculating:

\[
V_{neutron} = \frac{4}{3} \pi (0.8 \times 10"~ {-15})"3
\]

\[

V_{neutron} \approx \frac{4}{3} \pi \times (0.512 \times 10"~ {-45}) \approx 2.144 \times
10~ {-45} \text{ m}"3

\]

Now, the density:

\[

\rho_{neutron} = \frac{1.675 \times 10"~ {-27} \text{ kg}}{2.144 \times 10" {-45} \text{
m}~3}

\]

\[

\rho_{neutron} \approx 7.81 \times 10~ {17} \text{ kg/m}~3

\]

This is an extremely high density, reflecting the fact that neutrons are tightly packed within
atomic nuclei.

Step 2: Determine the Volume of a “Small” Neutron Star

Next, assume that the hypothetical small neutron star has the same density as a neutron.
To find its mass, we need to choose a volume or radius for this small star.

For simplicity, let's define a small neutron star with a radius \(R_{star}\).

Suppose we select a radius of 1 meter (a small, manageable size for the calculation). The
volume \(V_{star}\) is:



\[
V_{star} = \frac{4}{3} \pi R_{star}"3
\]

\[

V_{star} = \frac{4}{3} \pi (1)~ 3 \approx 4.1888 \text{ m}~3
\]

Step 3: Calculate the Mass of the Small Neutron Star
Using the density we calculated:

\[
M {star} =\rho_{neutron} \times V_{star}

\]

\[

M_{star} = 7.81 \times 10™ {17} \text{ kg/m}~3 \times 4.1888 \text{ m} "3
\]

\[

M_{star} \approx 3.27 \times 10” {18} \text{ kg}

\]

Thus, a hypothetical “small neutron star” with a radius of 1 meter, assuming it has the
same density as a neutron, would have a mass on the order of \(3.27 \times 10"~ {18}\) kg.

Interpreting the Results: From Particle to Stellar Scale
How Big Is This Mass?
To put this in perspective:

- The mass of the Earth is approximately \(5.97 \times 10" {24}\) kg.
- Our tiny neutron star's mass (~\(3.27 \times 10"~ {18}\) kg) is:

\[
\frac{3.27 \times 10"~ {18} }{5.97 \times 10" {24} } \approx 5.48 \times 10"~ {-7}

\]

- This is roughly 0.000055% of Earth's mass, or about 55 nanograms, which is minuscule on
planetary scales but enormous compared to most man-made objects.

The Implication

This calculation highlights how density plays a critical role in determining mass and scale.
Assuming neutron density, even a tiny sphere can contain an enormous mass. Conversely,



scaling up to the size of known neutron stars (~10 km radius) results in masses comparable
to our Sun.

Extending the Concept: Larger or Smaller Hypothetical Objects
Variations in Radius
If we change the radius, the mass scales as the cube of the radius:

\[
M \propto R™3
\]

For example:
- At 10 meters radius:

\[
V_ {10m} = \frac{4}{3} \pi (10)"3 \approx 4188.8 \text{ m} "3
\]

\[

M_{10m} \approx 7.81 \times 10" {17} \times 4188.8 \approx 3.27 \times 10"~ {21} \text{
kg}

\]

- At 0.1 meter radius:

\[

V_{0.1m} \approx 4.1888 \text{ m}~3

\]

\[

M {0.1m} \approx 3.27 \times 10" {17} \times 4.1888 \approx 1.37 \times 10" {18} \text{
kg}

\]

Realistic Contexts

While these numbers are hypothetical, they serve to illustrate how density influences mass
at small scales, and help us understand the extreme conditions within actual neutron stars.

The Physics Behind the Numbers: Realistic Considerations
Why Are Neutron Stars So Dense?

In reality, neutron stars reach densities of about \(10~{173}\) to \(10"~{18}\) kg/m3 because



of the immense gravitational compression of matter, which forces particles into a highly
degenerate state. The assumption that their density equals that of a neutron is an
oversimplification but useful for thought experiments.

Limitations of the Assumption

- Neutron degeneracy pressure prevents neutrons from collapsing further, but it’s nowhere
near the density of a single neutron.

- Most neutron star densities are vastly higher than the density of a single neutron, because
gravity compresses matter to atomic and subatomic scales.

Final Thoughts: The Power of Assumptions and Thought Experiments

This calculation exemplifies how assumptions, even hypothetical ones like “a neutron star
has the same density as a neutron,” can be used as tools for understanding the universe’s
scales and the properties of matter. By bridging the microcosm of particles with the
macrocosm of stellar objects, we gain insight into the fundamental forces that shape our
COSMos.

Summary of Key Points

- The density of a neutron is approximately \(7.81 \times 10~ {17}\) kg/m3.

- Assuming a small neutron star with radius 1 meter and that it has the same density as a
neutron results in a mass of around \(3.27 \times 10~ {18}\) kg.

- The mass scales with the cube of
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