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About us...

Natalia Jimenez and Vanessa Antonio are currently 11th grade students at the
American School of Guatemala. They enrolled in the Astronomy course knowing they
are fortunate to be in one of the few schools in their country that offer a related class.
After almost a year of continuous learning and curiosity, they got informed about the
“Catch a Star" competition by their AP Physics and Astronomy teacher, Melissa
Solares. They joined without a doubt and decided to research something they’re
passionate about, but that is not a very popular subject: protoplanetary disks. Taking
advantage of their knowledge from AP Physics, and Astronomy, they set the goal of
getting to know more about protoplanetary disks and hoped to create a project that
would call attention to these amazing astronomical structures.

Introduction

Planet formation has been theorized multiple times throughout the years. Either
directly or indirectly, thousands of scientists have contributed to this type of study, from
Newton and Kepler, to people who have been doing it more recently, like Dr. James
O’Donoghue. There’s no doubt this subject is interesting and important to understand
planetary systems like the one we belong to, the Solar System. It's here that
protoplanetary disks become relevant. Protoplanetary disks are structures of gas and
dust that surround young stars and form after a collision between molecular clouds.
These disks allow planet formation around a protostar, leading to, as previously
mentioned, planetary systems such as our Solar System.

Going deeper into the relationship between planetary systems and their
protoplanetary disks of origin, we discover that there’s a strong correlation between the
characteristics of a protostar and the planets that emerged. Specifically, we can
calculate the angular velocity of a planet based on the current mass of a protostar and
the distance between the centers of mass of a planet and its respective star. Thus, this
project aims to demonstrate this relationship based on terms like circular motion and the
Law of Universal Gravitation, which are studied in the class of AP Physics 1. In the
course of this project, predictions about planetary systems similar to the Solar system
will be made to contribute to the previously stated objective.



Background information

Protoplanetary Disks

According to NASA, a “protoplanetary disk” is a disk or ring that surrounds almost
all low-mass stars shortly after being born. These disks are mainly formed by gas and
dust, and a portion of these materials accrete onto the star’s surface, lighting the star.
Scientists postulate that planets are formed from protoplanetary disks because some
time after they are created, gravity and other forces cause dust particles to combine into
milled-sized rocks. These milled-sized rocks orbit the star and clear their path by
attracting particles from the disks into themselves. After billions of years, the disks are
completely absorbed by the milled-sized rocks that evolve into new planets.

The protoplanetary disks are created shortly after the collapse of a molecular
cloud “as more distant material with higher angular momentum falls inward”, as
explained by Jonathan P, teacher in the Institute for Astronomy in the University of
Hawaii. Initially, there is condensed material in the molecular cloud, like dust, which
could be vaporized after the collision and be forced to recondense the remaining
materials under high temperatures and pressure conditions. Therefore, the temperature
produced during planet formation will determine how much of the pre-existing material
vaporizes and how much material stays in the core of the new planets that are formed.

20 new protoplanetary disks, as imaged by the Disk Substructures at High Angular Resolution Project... [+] S. M. ANDREWS ET AL. AND THE
DSHARP COLLABORATION

Circular Motion

According to Byju’s article “Circular Motion”, circular motion is “a movement of an
object while rotating along a circular path”. Additionally, objects in circular motion need
to have a force that is directed to the center of a circle. Therefore, we can state that any
type of object that goes through a circular path and has a center seeking force is in



circular motion. Nevertheless, for this movement to be considered as uniform, it must
have a constant velocity, so not all objects in circular motion are necessarily in uniform
circular motion. Some of the important terms to take into consideration for circular
motion are:
- Radian: arc length due to its radius.
- Centripetal acceleration: acceleration that is always towards the center of a
curved or circular path.
- Period: time it takes to complete a revolution.
- Tangential velocity: velocity that always points in a tangential direction to the
circular path.
- Angular velocity: change in angle over time of a rotating object.

These are the formulas that are commonly used to determine the different

aspects of a circular motion:
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Universal Law of Gravitation

The Universal Law of Gravitation was stated by Isaac Newton, who was the first
person to observe that all objects accelerate when falling, meaning that there is a force
that attracts them toward the Earth, this force is denominated as gravity. Furthermore,
the gravitational force is the force attraction between any object with mass that is
attracted or attracts other massive objects. Along with electromagnetic, strong, and
weak forces, the gravitational force is a fundamental force.

Some other things to take into account for Universal Gravitation is that gravity
falls under the inverse-square law, which is the concept of the force being inversely
proportional to the distance between the centers of mass (radius) squared. It was
identified that the gravitational constant is 6.67 * 10" Nm? /kg% The formula of

Universal Gravitation is:
GM
F =—F
g r

How is Circular Motion connected to the Universal Law of
Gravitation?

The main connection between circular motion and the law of gravitation is that
due to gravitational attraction, one of the objects involved orbits around the other. On



the other hand, it is said that gravity can serve as a centripetal force, since it always
attracts objects in the universe towards the center of a more massive object, implying a
centripetal acceleration. That means that gravity is the force that causes many types of
circular motion in the universe.

This is the formula that is used to connect these two concepts:
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Relevant Kepler’'s Laws:

Kepler’s First Law: Elliptical orbits

According to Johannes Keppler, there are 3 laws for planetary motion. Kepler
described how planetary bodies orbit a star. The first Kepler’s law states that the orbit of
all planets has an elliptical form. The shape of the orbit is different for all planets and it
is determined by eccentricity. Eccentricity measures how circular or elliptical the orbit is,
the measure is always bigger than 0 but smaller than 1. As eccentricity gets closer to 0,
the orbit’'s shape gets closer to a perfect circle. On the other hand, as eccentricity gets
closer to 1, the orbit’s shape gets closer to an ellipse. Since the Sun is not placed at the
very center of the elliptical orbit, the distance between the Sun and the planet is
constantly changing, and so is the velocity of the planet. This can happen with different
stars too.

Kepler’s Second Law: The Law of equal areas

According to Kepler’'s Second Law, since orbits have an elliptical form and the
distance between the star and the planet changes, the velocity of the planet will also
change, when the planet gets closer to the star it will move at a faster speed. The
nearest point between the star and the planet is called perihelion. Similarly, the point of
larger distance between the star and the planet is called aphelion. When the planet is in
aphelion, it will move at its minimum velocity, meanwhile when the planet is at
perihelion, it will move at its maximum velocity.

Stellar Classification

All stars have different characteristics which allows their classification with a
system that takes into account two schemes. According to Encyclopedia Britannica,
these two classification schemes are the “Harvard system, which is based on the star’s
surface temperature and the MK system, which is based on the star’s luminosity”. There
are eight classifications for a star's surface temperature, called spectral type, that are
then divided into 10 subclasses. Each spectral class has a capital letter assigned:



OBAFGKM, where O is the hottest and M is the coldest. On the other hand, luminosity
classes determine the size of a star from the atmospheric pressure, and are classified
into 0, la, Ib, II, lll, IV, V, sd, D. Stars of spectral class M will be the most relevant
throughout this report.

Spectral Tyvpe|Surface Temperature Distinguishing Features
O =23,000K H; Hel; Hell
B 10,000-25, 000K H; Hel; Hell absent
A 7.500-10.000K H; Call; Hel and Hell absent
F 6,000-7. 500K H; metals (Call, Fe, etc)
G 3,000-6,000K H; metals; some molecular species
K 3.500-3,000K metals; some molecular species
M = 3,5300K metals; molecular species (T10!)
C =3 500K metals; molecular species (C2!)
Luminosity Class | Description Comments

0 Hvpergiants extremne

Ia Supergiants! large and luminous

Ib Supergiants! | less luminous than Ia

IT Bright Giants

1 Giants

Y Sub-Giants

V' Dwarfs Main Sequence

sd Sub-Dwarfs

D White Dwarfs

Tables from Harvard.edu. https://lweb.cfa.harvard.edu/~pberlind/atlas/htmis/note.html

Predicting Angular Velocity:

Algebraic process

To predict the angular velocity of the product of protoplanetary disks, it is necessary to
recall:

- Newton’s Second Law: XF = ma

. T GMm
- Universal Law of Gravitation: —;
r

. . 2
- Centripetal acceleration: a=wr



Taking all of this into consideration, and assuming that the gravity from the star is the
only force affecting a planet’s motion, we can derive an equation for angular velocity ().

1. Begin by setting F4 as your XF
F = ma
g c
2. Substitute the centripetal acceleration with its equivalent: a = wr
F = moozr
g
3. Use the Universal Law of Gravitation as an equivalent for Fg

GMm 2
— = mw T
r

. 2
4. Cancel m and divide over 1 to solve for w
2 GM
w = 3
T

5. Take the square root of both sides to completely solve for w

M
w = 3
r

6. Substitute the square root by using the properties of exponents.

0.5
GM
o = (&H

Overall, this is the formula we’ll be using to find the angular velocity of a protoplanetary
disk:

0.5
GM
o = (&H

Data:

After finding the equation, we looked for data from 18 protoplanetary disks in the
constellation Lupus and data for all the planets in our Solar System. It is remarkable that
the masses of all of the protostars from the selected protoplanetary disks are small. The
reason is that their spectral class is M, meaning that they’re all red dwarfs. They were
chosen this way because this is the same spectral class as the second closest star to
Earth, Proxima Centauri, alluding that it shares many characteristics with the chosen
protostars, including their sizes.



Data about the protostars (Table 1):

PROTOPLANETARY DISKS IN LUPUS

Object Mass Mo (Solar Protostar mass Radius R_O (Solar Radius
Masses) (kg) Radius) (m)
J15450887-3417333 0.14 £ 0.03 2.784* 10%® 0.9+0.2 62613 * 10*
J15592523-4235066 0.12+0.03 2.387* 10% 0.5+0.1 34785 * 104
J16000060-4221567 0.19 £ 0.03 3.778 * 10%° 1.0+£0.2 6957 * 10°
J16000236-4222145 0.24 £ 0.03 4.773*10% 1.2+0.3 83484 * 10*
J16002612-4153553 0.14 £ 0.03 2.784 * 10% 0.9+0.3 62613 * 10*
J16030548-4018254 0.56 £ 0.14 1.113 * 10 2.49+0.58 1732293 * 10°
J16070384-3911113 0.10 £ 0.03 1.988 * 10% 0.23 £ 0.06 160011 * 10°
J16085324-3914401 0.32+0.04 6.364 * 10%° 1.6+04 111312 * 10*
J16085529-3848481 0.10 £ 0.02 1.988 * 10% 1.1+0.3 76527 * 10*
Sz 65 0.8+0.2 1.591 * 10%® 1.8+04 125226 * 10*
Sz 66 0.31£0.04 6.165 * 10% 1.3+0.3 90441 * 10*
Sz 75 0.51+0.14 1.014 * 10%® 2.26 £ 0.53 1572282 * 10°
Sz 90 0.8+0.2 1.591 * 10% 16+04 111312 * 104
Sz 97 0.25+0.03 4.972 * 10% 1.3+0.3 90441 * 104
Sz 103 0.25+0.03 4.972 * 10% 1.4+0.3 97398 * 10*
Sz 110 0.26 £ 0.03 5.171*10% 1.6+04 111312 * 10*
Sz 114 0.23+£0.03 4.574 * 10% 1.8+04 125226 * 10*
Sz 131 0.30 £ 0.04 5.966 * 10%° 1.0+£0.2 6957 * 10°




Data about each planet in our Solar System (Table 2):

Radius: Distance

= AQ\A
between the Sun w = (GM/r"3)*0.5

Name Mass Orbital eccentricity
and the planets .
Radians/s
(m)

Mercury 3.285 x 10% 0.21 5.8 *10" 8.25 *107
Venus 4.867 x 10% 0.007 1.08 * 10" 3.25*107
Earth 5.97 x 10% 0.017 1.496 * 10" 2.0 *107
Mars 6.42 x 102 0.093 2.28 * 10" 1.06 *10”
Jupiter 1.90 x 10% 0.05 7.78 * 10" 1.69 * 108
Saturn 5.68 x 10% 0.057 1.4 *10" 6.95*10°
Uranus 8.68 x 10%® 0.047 2.9*10" 2.33*10°
Neptune 1.02 x 10% 0.0086 4.5* 10" 1.21*10°

***Angular velocities might not match completely with actual data due to different conditions that are
stated later on this report.
***Mass of the Sun: 1.989 x 10%°kg

Applied on Hypothetical Planetary Systems:

After finding the angular velocity of each planet in our Solar System with the
formula of w = (GM/r*3)** —simplifying our system into circular orbits—, we proceeded to
predict what the angular velocity of 18 possible future planetary systems would be if
each of its planets (144 total) were at the same radius as each planet in our Solar
System from their respective stars. The data resulted as follows:



(Table 3 & 4)

If the future
planet was the
same distance

J15450887-34 | J15592523-42 | J16000060-42 | J16000236-42 | J16002612-41 | J16030548-40 | J16070384-39 | J16085324-39 | J16085529-38
17333 (win 35066 (w in 21567 (w in 22145 (w in 53553 (w in 18254 (w in 11113 (w in 14401 (w in 48481 (w in
rad/s * 10%) rad/s * 10%) rad/s * 10-%) rad/s *10%) | rad/s *10%) | rad/s*10%) | rad/s*10®) | rad/s*10%) | rad/s*10%)

as...
Mercury 30.8 28.6 35.9 40.3 30.8 61.7 26.1 46.6 26.1
Venus 12.1 11.2 14.1 15.9 121 24.3 10.3 18.4 10.3
Earth 7.40 6.90 8.68 9.75 7.4 14.9 6.29 11.3 6.29
Mars 4.00 3.67 4.61 5.81 4.00 7.91 3.34 5.98 3.34
Jupiter 0.63 0.58 0.73 0.82 0.63 1.26 0.53 0.95 0.53
Saturn 0.26 0.24 0.30 0.34 0.26 0.52 0.22 0.39 0.22
Uranus 0.09 0.08 0.10 0.11 0.09 0.17 0.07 0.13 0.07
Neptune 0.05 0.04 0.05 0.06 0.05 0.09 0.04 0.07 0.04
If the future

planet was the| Sz 65 (w in Sz 66 (win Sz75(win Sz 90 (win Sz 97 (win S$z103 (win Sz110 (w in Sz114 (win S$z131 (win
same distance | rad/s *10®) | rad/s *10%) | rad/s*10%) | rad/s*10%) | rad/s*10® | rad/s*10%) | rad/s*10%) | rad/s*10®) | rad/s*10%)

as...

Mercury 73.7 45.9 58.9 73.7 41.2 41.2 42.0 39.5 45.2
Venus 29.0 18.1 232 29.0 16.2 16.2 16.5 15.6 17.8
Earth 17.8 11.1 14.2 17.8 9.95 9.95 10.1 9.55 10.9
Mars 9.46 5.89 7.55 9.46 5.29 5.29 5.39 5.07 5.79
Jupiter 1.50 0.93 1.20 1.50 0.84 0.84 0.86 0.80 0.92
Saturn 0.62 0.39 0.50 0.62 0.35 0.35 0.35 0.33 0.38
Uranus 0.21 0.13 0.17 0.21 0.12 0.12 0.12 0.11 0.13

Neptune 0.11 0.07 0.09 0.11 0.06 0.06 0.06 0.06 0.07



What does this mean?

When analyzing the obtained data, we can get to know some interesting things

about the physical characteristics of these possible planetary systems that demonstrate
the concepts learned in AP Physics 1:

These possible planets completely support that distances and angular velocities
are inversely proportional. This can be seen since the planets that have the same
radius as Mercury does with the Sun move way faster than those that have the
same radius as Neptune, the farthest planet from the Sun.

This planetary system respects the inverse-square law because its radius is
inversely proportional to the gravitational force, and consequently the angular
velocity.

The angular velocity of each planet relies on the mass of the star. Hence, the
greater the mass of the star, the greater the angular velocity of the planets. For
instance, the protoplanetary disks “Sz 65” and “Sz 90” are the ones with the most
massive stars and count with the greatest angular velocities, while
“J16085529-3848481”" is the protoplanetary disk which star is the lightest
between them all, and the angular velocities for its possible planetary systems
are the lesser according to the data table.

Since all of the stars have the same spectral class, small masses, and small
angular velocities, the periods of their planetary systems will be longer if we
compare them with those of the Solar System. Therefore, if our second closest
star, Proxima Centauri, had a planetary system, it would move slower and the
time to complete their revolutions (period) would be longer compared to our own
planetary system.

The planetary systems that are the most similar to our solar system are those of
“Sz 65” and “Sz 90” since their stars are both 0.8 Mo, almost reaching the Sun’s
mass. Using the “My Solar System” Phet Lab, we represented their stars and
three planets at the radius of Venus, Mars, and Jupiter along with their paths.




Clarification:

There are many factors that affect a planet’s angular velocity. These are some of
the reasons that we need to be aware of, since the results of the formula might not
match completely with actual data:

Most of the planets are tilted at a certain angle with respect to its orbit. This is
what we call an axial tilt or obliquity. Knowing that not all planets have the same
obliquity, it is possible that the level of variation is different for each of them since this tilt
is something that affects a planet’s angular velocity over a long term.

Frequently, planets do not have an uniform density throughout their volume,
which causes a change in the position of the center of mass of the object. Likewise, the
construction of the planet or their structure, -like Jupiter being a gas giant, or Earth
being a rocky planet- can also change the position of the center of mass. For instance,
the atmosphere is one of the factors of a planet’s structure that could change the
density of a planet. As a result, the change in position of the center of mass of a planet
will change the radius between the star and the planet, eventually affecting its angular
velocity.

In addition, there are forces other than just gravity in the universe, which are
called external forces. External forces are the result from the interaction between an
object and its environment, and they can be divided into contact and non-contact forces.
These forces have several consequences like the loss in energy of a system and the
change in angular velocity of an object.

Last, but not least, recalling Kepler’s First Law, the law of Elliptical Orbits, and
his Second Law, the Law of Equal Areas, it's important to recognize that the angular
velocity of a planet changes depending on its position in its orbit. The eccentricity
could determine the irregularities in the path of the planets, ending up in variable
angular velocities.



Conclusions

The data found matches the theory and laws studied in AP Physics 1 because
the obtained angular velocities represent that periods are longer when planets orbit
lower mass stars. As you can see in columns 8 and 10 from Table 3, the planetary
systems with the lowest mass stars also have the smaller angular velocities.
Furthermore, in Tables 3 and 4 you can also see that distances to the main star are
inversely proportional to the speed at which planets move, which is predicted in the
Universal Law of Gravitation.

Planetary systems are not simple systems that can be studied by just analyzing
masses of stars and radius; the motion of planets and behavior of objects that are
involved depend on a combination of several different factors like the obliquity or axial
tilt of the planets formed, the mass distribution, the eccentricity of the orbits and external
forces that are present in the universe. Likewise, it is not currently possible to precisely
determine the amount of planets formed or their distances, so the resulting data should
only be considered as an estimation or as an approximate representation of actual data.

As previously mentioned, the formation of planetary systems depends on the
combination of several factors that might cause differences between the characteristics
of new planetary systems and the solar system. Therefore, the formed planets might not
hold life like Earth does since the Earth is a result of specific characteristics like being
placed in the Goldilocks zone, having water in its surface, and oxygen in its
atmosphere. Therefore, there’s a low chance that our predictions can scientifically hold
life as we know it.

On the other hand, since protoplanetary disks are not commonly talked about as
a regular topic of interest in Astronomy for people who are not directly involved in the
area, this research experience was meaningful and led to mastering skills while
accumulating tons of new knowledge. For instance, we got to use real data bases to be
able to apply part of the knowledge we got from AP Physics into possible astronomic
scenarios. But not only that, we brought this information and used it in a simulation we
learned to manage efficiently. This way we made different assumptions and predictions
that were useful to get to this fulfilling result with the available resources. Overall, Catch
a Star 2022 was an enriching experience that we are proud to be part of.
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