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Newton’s laws

Celestial mechanics deals with the motion of natural and artificial celestial
bodies, like planets, moons or satellites in gravitational fields.

In order to have a deep understanding of celestial mechanics, we need a solid
background in classical mechanics. Let us briefly summarize the most
fundamental principles of classical mechanics, which were discovered by
Isaac Newton, and hence are called Newton’s laws.

1. All bodies are at rest, or moving in a straight line if they are not
subjected to an external force.

Contrary to previous ideas, Newton showed that a change in velocity
requires an external force. The reference frames in which Newton’s first law
is true are called inertial reference frames. A system in which this law is not
trueis called an accelerating reference frame. According to the law, planets
orbiting the Sun would also be moving in a straight line, so they need a force
to deflect them from that path, and that force is gravity.

2. The acceleration of a body is directly proportional to the force
acting on it and inversely proportional to its mass.

The law can be expressed as a formula: F = ma

3. In the interaction between two bodies, both bodies are subjected
to forces of the same magnitude but in opposite directions.
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This law can be expressed as F, , = —F, ,. for example, the Sun attracts the
Earth with the same force as the Earth attracts the Sun, but because the
Sun’s mass

is significantly greater than the Earth’s, Newton’s second law states that
the Sun’s

acceleration will be significantly less than the Earth’s.

A fourth law is usually defined as another of the fundamental laws of
mechanics, but it was not formulated by Newton:

4. If a body is subjected to several forces at the same time, the net
force will be the vector sum of these forces. Similarly, a force
acting on a body can be decomposed into arbitrary forces whose
vector sum is the original force.

This law is also known as the principle of superposition. The law also means
that the individual forces are independent of each other.

Newton also described the law of gravity in his book, the Principia. According
to this law, the gravitational force between two bodies of mass m; and m,

at a distance r apartis

mm
F=G 11182

r2

Where G is the universal gravitational constant: G =6.67 X
10—11 m3kg—ls—2

Every body with mass creates a gravitational field, and this gravitational
field interacts with other bodies. The gravitational field of a spherically
symmetric body (say, to a good approximation, a star) is also spherically
symmetric, which means that it depends only on the distance from the star.
At a given point, the magnitude of this field can be described by the
gravitational field strength (g). Using the gravitational field strength we can
simply express the force acting on the body at that point:

my
ngr—2—>F=ng
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for example, the strength of the gravitational field on the surface of the
Earthis g = 9.81 m/s2.

The gravitational force can do work as well, just think of the acceleration of
a dropped ball. When describing phenomena near the surface of the Earth,
we often use the approximation of a constant gravitational field. In this
case, the gravitational potential energy can be given in a simple form. for
example, the gravitational potential energy of a ball lifted from the ground
will be equal to the work done in lifting it. Since the gravitational field
strengthis assumed to be constant, the work done on a ball of mass m lifted
from the ground to a height h can be given simply as the force times the
displacement: W = Fd = mgh.

Example:

Calculate the gravitational acceleration on the surface of the Sun. The mass of the
Sunis 2 x 103%kg and its radius is 635 500 km.

We can use the following definition of the gravitational acceleration: g = G%.
Substituting the values given and the universal gravitational constant we get the
result:

2x103%° kg
(695500 000 m)?

g =667 x 1071 m3kg=1s—2 = 275.8m/s?
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Kepler’s laws

Johannes Kepler formulated the basic laws of celestial mechanics. His three
laws describe how objects move under the gravitational influence of another body.
Here we are going to first state them as they have been stated originally and then
discuss if they can be generalized further.

1st law: The planets orbit in elliptical orbits with the Sun in one of their focal
points.

To put it more generally (and more precisely): if only gravitational force acts
between two bodies, they move in conic section-shaped orbits with the focal point
at the centre of mass of the system. The conic section can be a circle, an ellipse, a
parabola or a hyperbola. Thus, the Earth orbits around the common centre of mass
of the Sun-Earth system (neglecting for the moment the gravitational influence of
all other celestial bodies), which does not coincide exactly with the Sun’s centre of
mass but is also located inside the Sun. And the Sun is also moving in an elliptical
orbit around this point due to the Earth’s gravity, but because of the large mass
difference, this only appears as a small wobble.

An ellipse can be defined mathematically as the set of points on a plane whose
sum of distances from two given points (called focal points) is constant. The figure
below shows an ellipse with its main elements.

co-vertex

L . vertex
semi-minor axis

focus

. @ —— e '%_._. . —
;’2 S / Fi

‘linear eccentricity

I semi-major axis

We can generalize Kepler’s first law even further. If two bodies interact with
each other gravitationally, and all other forces are disregarded, we can say that
they will move in conic section orbits around a common centre of mass. Conic
sections are plane curves obtained by intersecting a cone. Depending on the angle
of the cut, there are four types of curves: circle (cut parallel to the base of the cone),
ellipse, parabola (cut parallel to one of the generatrices of the lateral surface) or
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hyperbola (cut at an even steeper angle), see the figure below. You can see that
if you start the cut at a given point, you can only get a single circle and parabola,
but you can create an infinite number of different ellipses and hyperbolae.

circle

ellipse

2nd law: A line segment joining a planet and its star sweeps out equal areas
during equal intervals of time.

As this line segment is shorter near the star, the planet must move faster than
farther away from the Sun, when the segment is longer.

Blue areas equal

Slower Faster

The closest point of an elliptical orbit to the central body is generally called the
pericenter, if we want to emphasise what is the body in the center we can refer to
it as perigee (Earth), perihelion (Sun), periastron (a star), etc. Similarly, the point
farthest from the central body is called the apocenter, or apogee (Earth), aphelion
(Sun), apoastron (a star), etc. According to Kepler’s 2nd law, planets move the
fastest in perihelion and the slowest in aphelion.
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3rd law: The squares of the planets’ orbital periods are proportional to the cubes
of the length of the semi-major axes of their orbits.

As aformula: a3/T? = constant. But what is this constant? Let us substitute the
Earth’s data: ay = 1 AU (AU is the astronomical unit, which is equal to the average
Sun-Earth distance, approximately 1.5 x 10! m), T; = 1 year, so the constant is
1 if we use AU3/year? as a unit. This is very convenient for calculations with
planets in the Solar System.

But now let us see how this constant is derived from the theory, i.e. how we should
calculate it in the general case. To do this, consider a planet orbiting a star of mass
M having an orbital radius r, and neglect the motion of the star. In this case, the

centripetal force is the gravitational force:

mM
mO_)ZT =G 0
r

where the mass of the planet, m can be eliminated. Using the relation w = 2n/T
, we get the following result:
r3  GM
T2 4n?

If we calculate with an elliptical orbit and place the centre of mass at the focal
point, this relationship is slightly modified. Here, a denotes the semi-major axis of
the elliptical orbit.

a> GM+m)
T2 4m?

However, since it is often the case that m is much smaller than M, the mass of
the small celestial body can usually be neglected. But always note that the constant
includes the mass of the large celestial body, so if you want to calculate with
Kepler’s third law for an exoplanet orbiting another star, for example, even if you
measure time in years and distance in astronomical units, the constant will not
necessarily be 1!

The celestial mechanical paradox is an apparently unusual result of the third
law. Consider attempting to dock a spacecraft with a space station. The two
spacecraft are moving at the same speed because they are in the same orbit. It
makes sense to accelerate a little to catch up if the spaceship is a little behind the
space station. Acceleration, on the other hand, boosts its kinetic energy and

places it into a larger-radius orbit. Furthermore, in accordance with Kepler's
third law, the distance from the space station will only increase as the radius
increases and the period lengthens. Therefore, even if we speed up the spacecraft,
its orbital velocity will eventually decrease.
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Example:
Calculate the semi-major axis of Saturn’s orbit, using the fact that its
orbital period is 29.46 years.

As Saturn orbits around the Sun, we can use a3/T? = 1 if we measure the period
in years and the semi-major axis in astronomical units. Rearranging the formula,
we can get the result:

a=T?3? =954 AU.
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Cosmic velocities

How quickly a rocket must be accelerated to enter an orbit around the Earth or
to escape an Earth-bound orbit is a critical issue in the practical application of
celestial mechanics.

Let's assume, in keeping with a famous thought experiment by Newton, that
cannonballs are fired horizontally from a cannon positioned atop a towering
mountain at increasingly larger beginning velocities. The cannonballs will
continue to fall down at larger and larger distances until they reach a velocity at
which they no longer fall to the ground but instead orbit in a circle. The projectile
will proceed in an elliptical orbit with the perigee point at the site of launch if you
give it even higher velocity, and at much higher velocities it will enter a parabolic
or hyperbolic orbit.

A cannonball with a
velocity greater than
escape velocity will
follow a hyperbola and
escape from Earth.

ity will follow

ity
/' aparabola and
escape.

At what speed do we reach the circular orbit? In the circular orbit, the
centripetal force is equal to the force of gravity:
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Mm v? GM
G ? = mF - V= T

where M is the mass of the Earth and R is the radius of the orbit, so the higher
the hill from which the experiment is performed, the lower the speed which the
cannonballs must reach. The speed required to put the bodies launched from the
Earth’s surface (R = Rg) into orbit is called the first cosmic velocity or circular
velocity; its value is approximately 7.9 km/s.

How quickly must you go to attain the parabolic flight path? Because the
projectile's trajectory is no longer gravitationally constrained at this speed, it is
known as escape velocity or second cosmic velocity. The projectile's total energy is
exactly zero, making the parabolic trajectory unique. It possesses gravitational
potential energy and kinetic energy in equal amounts. Additionally, it follows that
its speed will steadily decrease during its course, eventually becoming zero at
infinity.

1 Mm _|26M
Emv —GT—O - D= T

So the second cosmic velocity is v/2-times the first one. Its value at the surface
of the Earth is approximately 11.2 km/s.

What will happen to the projectiles whose speed is insufficient to enter the
circular orbit? We may claim a parabolic route based on our high school physics
courses, but this is not correct. The parabolic path is based on the premise that the
value of gravitational acceleration remains constant during the voyage. This is
true to a decent approximation when throwing a pebble, but to correctly explain
the motion of a body travelling a long distance, you must account for changes in
the gravitational field strength. The trajectory will therefore be part of an ellipse,
with the apogee point at the origin.

From these results, we can summarise in general what will happen to a satellite
orbiting in a circular orbit (v = v, = GM/R) if its tangential velocity is
increased or decreased:

If we slow it down, it will be on an elliptical orbit with the current place as its

apocentre.

e If we increase its tangential velocity but it doesn't reach v/2 times its
present velocity, it will be on an elliptical orbit with the provided point as
its pericentre.

e Ifweincrease its speed by a factor of /2, it will enter a parabolic orbit, with
the current position as its vertex.

e If you accelerate it more, it will follow a hyperbolic trajectory with the
present point as its vertex.
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For the time being, we've just looked at motions and trajectory modifications
where the body is only supplied with tangential velocity. When we adjust the
radial component of the velocity, the issue becomes more difficult. We will learn
about these later.

Note, that the calculation of cosmic velocities does not take into account the
Earth’s rotation, which already gives the projectile an initial velocity.
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Special orbits

A satellite can be positioned in a variety of orbits around the Earth, however,
certain orbits are more favourable than others for various reasons.

Geosynchronous orbit:

These are orbits having an orbital period equal to the rotational period of the
Earth. As a result, after one day, the satellite will be visible from the same location.
The geosynchronous orbit can be circular or elliptical (with any eccentricity), with
any magnitude of inclination (with respect to the equatorial plane). The orbit's
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semi-major axis is 42 164 km, which means that a geosynchronous satellite
orbiting in a circular orbit is always 35 786 km above the Earth's surface.

When observed from a certain geographic position during the day,
geosynchronous satellites do not always appear in the same spot but often depict
a figure-of-eight-like form to the viewer on the ground.

Geostationary orbit:

This is a special case of the geosynchronous orbit, in which the satellite goes
around in the equatorial plane in the same direction as the Earth's rotation, in a
circular orbit with a one-day period. A satellite in geostationary orbit is always in
the same position from any point on Earth, which is very convenient for
communication satellites because the antenna of the ground receiving station
does not need to be moved during the day (which is why satellite TV antennas
always face the same direction). The orbit's radius is 42 164 km.

75 (= 23 dadall



a1idillg cladllg cudlniJl dua . /
Y7 Hallg 9 * landlg aagall allyyg japellsie cllall auwsga (X /
CST Communications, Space & King Abdulaziz & his Companions Foundation for Giftedness & Creativity \

et Technology Commission dumgo

cngyall ellall ol

Spherical astronomy

Suuodivl Jgo iyl paii cays
oroluy (nudy aud jgan) Jadll (pglay jlao (nd yuodidl Jgo il ¢jaii
ple (nd haa carab caljail ol .adlio éila 9o 139 b jlandl .o 1.5 x 101
13 .gygy cno oglllg pliy cno Al (ll Jedg .guaidll Jgo gyl jgai .aolg
0all go 5T by (1o agylg bo Audg (né yuodill ] sl Wil aduan yuyle
6150l cani éjlp gap pilill 1ae gla .cls yo bge Jonall poi (nd quuy
gilso e a2l Jgnall .capll (ua Uls apg =il (na o 2o (] ol
bauy .guonidl Jgo y)lll jgai oaic .elal aayiig .23.5° antdy yylil yhga jgao

aalivo blgjy livgs (nle yuoill .gb

June
20/21

; ‘ December
<>, Summer g : 21/22

Winter'& %
Winter

Summer

September Spring Season in Northern Hemisphere
22/23 Season in Southern Hemisphere

ol lgna) ge Jognall Jnai gl anls avlgo doyl dlise .aralall amll go
J.g.UJlJl le 2 Jonall ynal aadaill adiyhll go Lblod Galgii U oo UT boy
.qulo 31 Ul yuylo 1 4o ol e 28 il jowys 1o <Ll (pl) pugaill (nd

(el ] log

alel (o yuodill aga ggai (pall cagll go (guigy 21-20) (naynll wilajll

Jgbl 0l yg5y Aliyng (ulauidl 63511 cani go lgy] il aic slowll (na Llgilo)o
Jauiv guonidl e (qugiall 38l cani go ay] phaill aie Auan yusell ygay)

75 (0 24 dadall



(e
'&" B g 9 - clasdlg asagall alls yg jajellase cllall dusga § /
CST Communications, Space & King Abdulaziz & his Companions Foundation for Giftedness & Creativity \:\
dumgo

Kt Technology Commission

Obpull jlany hall 1ae (uoug @ = 23.5° (naleall piell hs (e (pogoce
gl (nowti 61595 (o <uils awlll Gilb| aic <uils guouidl gl drouwill (g
aualall asll go (cogll ells (na jgill op (o 11 lgislg) cnawndl wlaivl (aa

aynll aylay ooyl 120 Jioy

Jladid] o yuoiidl ¢yaii oaic ogydl 1a® (né (oiuw 23 - 22) cnayall Jlaicll
lgrou elgiwll b (ale (pagac Jady ghuwis elgiwll ha pej .wginll (]
collall alil Jolad) ogdl 1ae (b aglwio (il jlgill Jigbl gl Jlaicll
GH) pell (na hialy peig Guill (nd yanill ang cnle yuoudl Guii (cpgall
roundl (né Lgin aeyig pguidl 13 Guuwi (il pguisll (no Jlouidl (nnél (na wpalig
a0 (ol ahaill pwl cagrenll @ngall (o guouidl (rguidl 1ae (ali (nill
1595 (o Wb a0gy (pallg Lol 130 (na cnagall Jlaicll abluw gl .gljwoll

cnalall cagall aglay cnagpall Jlaic Ul Jioy eljaoll

wgiall (o ahai (unal (] guodddl Jni (uouys 22-21) (pgiuidl wilajll
well bs oy @ = —23.5° (nalpeall yrell hs (nle (pogoe JSuu adpuo
1595 nd yuouill ygai . nalall «lidl go Joll ogul 1a® (na .paall jlany 120

lotidl 658l cani (pé aiwdl (na aly Jgbl (e 03e .gugdll

Ul wgiall yo (pglowdl elgiwll ha guodidl prei (yujlo 21-20) cpoayl Jlaicll
o lgikinilo gany (elgiwll ba (ale (pagoe Jauiy (sl épo ahuwd) Jlodill
0Dl @&3 cadllg .cpeupl Jlaiell awl LAyl dagponllg .Jaall pp 4o cnlgdl ahalll

nslall aupl go Jolil pgyll 9o 120 .<igall 41595 (na

U090 Yje (nbd yani gaoy . (raallg glbpulljlaog clgiwll bs ye phill cajny
o adlonill aphall 8ilall . guodiil) 8ol yglowdl asall JUb go gualsl
ainj gl gl §ga cuadll pyall S0 eé) gl gan) cus (ugin Yie hs (nal
U ple J5 Jodl cnle 130lg bogy clio gl cniey 120 .aclw 24 620) joiwo JA5uiy

o Jlodidl cnnél cnag adlouidl auhall 8pilall (nd yuodill agd qpoi gf Guit

75 (0 25 dadall



a1i81llg cladllg caylaiyl dia " 7o)
Y7 HeUlg 9 * las¥lg axagall allyyg japellase cllall duwsda
CST Communications , S pace & King Abdulaziz & his Companions Foundation for Giftedness & Creativity

Kt Technology Commission fumgo

Ugai loaic .(nawnll ullaill :haa aolg ogy dlie adlodill auhall éylall
Goll cini yuoiidl ggai oaie (pgiuill wllaillg ogul Jigh gall §ga yuoiill

alaji aliiall gla . ulodidl ahall cllgng (ning . Uloui dpaw £l .ogul Jlgh
.ole cani 6anl oKl aj ple canj 6a0d [jlgd ygsug Jgb
JU5 oo adloaidl auhall 6jiladl yoye hs ayani gaoy
@ = 90° — 23.5° = 66.5°
gaill cnle (uginll 8158l cani (no apgiall apuhall lall caypei lisoy . Jiollg
Ll
@ =¢ =90°— (—23.5°) = —66.5°.

Arctic Circle

Tropic of Cancer

Equator

Tropic of Capricorn

Sun rays

Antarctic Circle

Earth Axis

Arctic Circle

Tropic of Cancer

Sun rays

Equator

Tropic of Capricorn

Antarctic Circle

abLaill (olal) eliidlg (olel) caynl cna gyl 6elb)

75 (0 26 dadall



Y7 dyiodlg claollg wilaivl dua landlg aagall allyyg japellsie cllall auwsga (X /
CST Communications, Space & King Abdulaziz & his Companions Foundation for Giftedness & Creativity \
dumgo

et Technology Commission

How does the Earth move around the Sun?

The Earth moves around the Sun on an elliptical orbit with a semi-major axis
of a = 1.5 x 10T m. The orbit is very close to a perfect circle, it only has a
slight eccentricity. In one year, the Earth circles the Sun, reaching perihelion
in January and aphelionin July. So it is not the fact that we are closer to the
Sun at one point in time and farther away at another that causes the
seasons to change; rather, this effect heats the northern hemisphere
somewhat in winter and cools it slightly in summer. The seasons are caused
by the 23.5° tilt of the Earth’s axis of rotation. As a result of this, as the
Earth orbits the Sun, sunlight falls on our planet at different angles.

Spring_* m - December
P 21/22

#

: >
Autumn "

Winter
A

. Autumn

September ) Season in Northern Hemisphere
22/23 Season in Southern Hemisphere

Astronomically speaking, four special positions of the Earth separate the
seasons from each other. Note, that these do not exactly correspond to the
traditional way of separating the seasons based on the months in the
calendar (i.e. winter is 1December to 28 february, springis 1March to 31May,
etc.).

Summer solstice (20-21 June): this is when the Sun is highest in the sky when
viewed from the northern hemisphere and when the day is longest (the
opposite is true when viewed from the southern hemisphere). The Sun is
shining perpendicular to the geographical latitude ¢ = 23.5°, this latitude is
called the Tropic of Cancer. It gets its name from the fact that when it was
named, the Sun was in the constellation called Cancer at the summer solstice
(butis now in Taurus at that time). In astronomical terms, this day marks the
beginning of summer.

Autumn equinox (22-23 September): on this day as the Sun moves from north
to south, it crosses the line of the Equator, so it shines perpendicular to the
Equator. We name it the equinox because the lengths of the days and nights
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are equal on this day (ignoring the atmospheric effects). The Sun rises
precisely in the east and sets precisely in the west (it rises and sets farther
north in the months preceding this one and farther south in the months
following this one). The Sun is in the position known as the first point of
Libra, or simply the Autumn equinox on this day, which is

currently in the constellation Virgo. The autumn equinox marks the start of
astronomical autumn.

Winter solstice (21-22 December): the Sun reaches its southernmost point,
shining perpendicular to the geographic latitude of ¢ = —23.5°. This latitude
is called the Tropic of Capricorn. On this first day of astronomical

winter, the Sun is in the constellation Sagittarius. This is the longest night
of the year in the northern hemisphere.

Vernal equinox (20-21 March): The Sun crosses the celestial equator from
south to north (shining again perpendicular to the Equator). It may be
observed at the first point of Aries, also known as the Vernal equinox, which
is now located in the constellation Pisces. This is the first day of
astronomical spring.

Aside from the Equator, the Tropics of Cancer, and Capricorn, two additional
important latitudes can be identified by the apparent celestial motion of the
Sun. The Arctic Circle is the southernmost latitude where the centre of the
solar disc can lie above or below the horizon continuously for 24 hours. This
means that there is at least one day every year when the Sun does not rise
and at least one day when it does not set at the Arctic Circle and farther
north. In the Arctic Circle, there is just one such day: the summer solstice,
when the Sun is above the horizon all day and the winter solstice when it is
below the horizon all day. As you travel north, these intervals lengthen until,
at the North Pole, it is day for half a year and then darkness for half a year.

The latitude of the Arctic Circle can be given by:
@ = 90° — 23.5° = 66.5°.
Similarly, we can define the Antarctic Circle in the southern hemisphere as:

@ =90° — (—23.5°) = —66.5°.
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How does the Moon move around the Earth?

The Moon orbits the Earth in an elliptical orbit with a semi-major axis of 384
400 km and a small eccentricity. Compared to the fundamental plane of the Solar
System, called the ecliptic (this is the orbital plane of the Earth around the Sun,
which from the perspective of an observer on Earth is the plane on which the Sun
moves in front of the background of the stars), the orbit of the Moon has an
inclination of about 5°. Due to the eccentricity, the Moon’s apparent size and
angular velocity also vary over a period: there is a 12% difference between the
apparent diameter of the Moon in apogee and perigee.

The Moon's form changes from night to night, which is perhaps its most
noticeable aspect. This is due to the Moon having no light of its own but reflecting
that of the Sun, and as it revolves around the Earth, the part of the Moon lighted

by the Sun as viewed from the Earth varies continually.

First Quarter Full Moon Last Quarter New Moon
——Waxing Crescent— ——Waxing Gibbous — ——Waning Gibbous — ——Waning Crescent—

The figure shows that at the new moon, the Moon lies exactly in the same
direction as the Sun. That means that only that part of it is illuminated, which is
not visible from the Earth. As time passes and the Moon moves away from this
position, we start seeing a larger and larger fraction of its illuminated half,
reaching the first quarter when there is a 90° angle between the Moon and the Sun

in the sky. When the Moon, the Earth and the Sun line up again, we see a full moon,
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when we see the full illuminated half of the Moon. After this phase, the Moon

starts to wane, reaching its last quarter and finally a new moon again.

The Moon has a synchronous rotation, which means that its rotational period is
the same as its orbital period. Because of this special property, we always see the
same face of the Moon from the Earth. This phenomenon is not rare in the Solar
System. No matter what the original rotation period of a moon was at its
formation, after a long time the tidal forces will adjust it to the same value as its
orbital period. Some other examples of similar, so-called tidally locked moons in
the Solar System are the two Moons of Mars (Phobos and Deimos) as well as the
four largest moons of Jupiter (Io, Europa, Ganymede and Callisto; we also call these

the Galilean moons).

Naturally, the tidal forces act on the larger body, so the planet as well, which
causes its rotational velocity to change as well. However, this change will be much
slower. On Earth, the days are getting longer and longer, approximately by 20
microseconds every year. This will continue until the length of the Earth day is the
same as the orbital period of the Moon (approximately 27 days and 7 hours). At
that point, the Earth and the Moon will look like Pluto and its moon Charon: both

of them always face the other one with the same side.

The movement of the Moon has been used for timekeeping by many different
cultures around the world. The Moon moves in many different ways, so there are
multiple possibilities to define a “month”. Now we are going to learn about two of

these, but there are three more in usage that we will get to know later.
1. Sidereal month: this is the time it takes for the Moon to be in the same

position relative to the faraway stars. This is the orbital period of the Moon,

its length is approximately 27 days and 7 hours.
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2. Synodic month: The time between two identical phases of the Moon (e.g.
the time between two consecutive new moons). Since the Earth orbits the
Sun while the Moon is going around the Earth, the Moon needs more time
to reach the same position relative to the Sun (i.e. to be seen in the same
phase from the Earth) than relative to the stars (see the little green section
at the right side of the figure above). As a consequence, the synodic month

is about 2.2 days longer than the sidereal month, 29 days and 12 hours.

There are two other major astronomical events associated with the movement

of the Moon: the solar and lunar eclipses.

PENUMBRA EARTH'S
UMBRA ORBIT

TOTAL ECLIPSE
PARTIAL ECLIPSE

EARTH

PENUMBRA
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Both the solar and the lunar eclipse can only occur when the Sun, the Earth and
the Moon are aligned. A solar eclipse occurs when the Moon is positioned between
the Sun and the Earth, obscuring the Sun's disc (or a portion of it) when seen from
Earth; a lunar eclipse occurs when the Earth is positioned between the Sun and

the Moon, and the Moon is (at least partially) in the shadow of the Earth.

Because the Moon is between the Sun and the Earth at solar eclipses, we only
see this phenomenon at new moons. Similarly, only at a full moon can we see a
lunar eclipse. But why is this so rare, why don’t we see a solar eclipse every new
moon and a lunar eclipse every full moon? The answer lies in the inclination of the

Moon’s orbit: the Moon must be very close to the ecliptic at the time of the new

moon (or full moon). If the Moon orbited exactly on the ecliptic, we would really
be able to admire the solar eclipse at every new moon.

Taking a look at the figure above, we can understand the difference between
total and partial solar eclipses. During a total solar eclipse, the Moon completely
eclipses the Sun, so the observer on Earth is in the part of the Moon’s shadow
called the umbra. Each total eclipse can only be observed from a narrow band of
the Earth’s surface. In a partial eclipse, the Sun, Moon and Earth are not completely
aligned, so the Moon only covers part of the Sun’s disk. In this case, the observer

on Earth is located in the penumbra part of the shadow.

A lunar eclipse can also be a total or a partial one. In a total lunar eclipse, the
Moon is completely eclipsed by the umbra part of the Earth’s shadow, meaning
that the Earth completely blocks the Sun when viewed from any point on the
Moon. Unlike a solar eclipse, the Moon does not “disappear” from the sky
completely, even during a total lunar eclipse. If the Earth did not have an
atmosphere, this would be the case, but some of the sunlight from the Earth'’s
atmosphere still reaches the Moon. In a partial lunar eclipse, only part of the Moon

enters the umbra.
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How do stars form?

Stars are massive, spherical bodies of hot gas and plasma that generate
energy through nuclear reactions. This chapter explores the evolution of
stars with various initial masses.

Typical spiral galaxies, like the Milky Way, consist of stars, stellar remnants,
dark matter, andinterstellar matter. Interstellar matter can be categorized
based on temperature which determines the state of hydrogen in it. The
coldest form of interstellar matter is the molecular cloud, where hydrogen
is cold enough to form molecules. Stars usually form in the densest parts of
these molecular clouds, where the temperature is a few 10 K. The Orion
Nebula is one of the nearest such

star-forming regions. Star formation is often triggered by external events,
such as collisions of molecular clouds, shockwaves from supernova
explosions, or tidal forces from galaxy collisions.

_ SN e
Orion nebula

Molecular clouds create denser cores that contract when gravity
overcomes gas pressure. The clouds may break into smaller parts, collapsing
to form stars, leading to the formation of associations and open clusters.
When the centre of the cloud heats up enough so that its pressure stops
further gravitational contraction, it reaches hydrostatic equilibrium. The

resulting object is called a protostar. As the cloud contracts, its rotation
accelerates, causing it to flatten and form an accretion disk around the
protostar. Material flows onto the protostar from the disk, increasing its
pressure and temperature. Deuterium fusion starts when the temperature
reaches 1 million K. Deuterium is an isotope of hydrogen. The nucleus of a
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hydrogen atom is simply a single proton, while that of the deuterium consists
of one proton and one neutron. Here and in the following we will denote the
different atomic nuclei with their abbreviation (for example, H for hydrogen)
and their mass number (total number of protons and neutrons in the
nucleus) in the upper index and their atomic number (total number of
protons in the nucleus) in lower index. So for example, what does a 2H atomic
nucleus mean? The letter H shows that it is a hydrogen nucleus. The 1in the
lower index shows that it has one proton, and the 2 in the upper index shows
that the number of its

protons + the number of its neutrons is 2. This means that such a nucleus
has one proton and one neutron. Hence, this is the sign we can use to denote
the deuterium nucleus. Having learned this notation, the fusion of deuterium
with hydrogen results in helium:

“H+1H - 3He
This process generates energy, which will start to heat the protostar.

Once most of the surrounding dust and gas is blown away, the protostar
becomes visible in the optical range and is termed a pre-main-sequence star.
[t continues to contract until the temperature inside reaches 10 million K,
initiating hydrogen fusion, and transforming it into a main-sequence star.

Protostars with masses less than about 0.08 solar mass (which is roughly 80
Jupiter mass. 1solar mass is the mass of our Sun, approximately 2 x 103° kg)
do not heat efficiently enough to trigger hydrogen fusion. However,
deuterium fusion can begin in celestial bodies with masses as low as 13
Jupiter mass. The objects in this mass range are called brown dwarfs,
forming a separate class between planets and stars. Brown dwarfs would
appear reddish or greyish, emitting mainly in the infrared spectrum.

The Hertzsprung-Russell diagram

The Hertzsprung-Russell diagram (HRD) is the most important diagram in
astronomy. It plots the luminosity (their intrinsic brightness, which we could
measure if we were close by) of stars as a function of their temperature.
Strikingly, stars do not uniformly fill this plot, which means that there is
some sort of relationship between the temperature and the brightness of
the stars. Stars on the
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diagram form well-defined groups, representing different stages in the life
of the stars.

SUPERGIANTS .

. '

=
po}
2]
(]
ey
£
Qo
Q
i)
(9]
o
[
Q
£
[]
S
>
=
[%]
o]
£
£
3
|

10 000 6 000
Surface Temperature (in degrees)

As you can see on the HRD, the colour of the stars is connected to their
temperature. We willlearn more about this later, but for now, it is important,
that the coldest stars are red, and as the temperature increases we see
orange, yellow, white and blue stars. This also means that stars can only have
a couple of different colours. for example, they cannot be green or pink. Be
careful and notice, that the horizontal axis of the HRD is different than how
we usually use that axis: higher temperatures lie on the left side, not to the
right.

The diagonal band from the bright and hot stars to the faint and cool ones
is called the main sequence. The stars start their life here and they also
spend most of their lifetime here. Where they begin is solely dependent on
their mass: stars with higher initial mass are hotter and bluer than stars with
a lower initial mass.
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During their stable main-sequence life, stars don’t move much on the HRD, so
for example, the Sun will spend a couple more billions of years where it is
currently shown in the figure. Main sequence stars generate energy with
hydrogen fusion:

H+ 1H- 2H
So from two hydrogen nuclei (each of which is just a single proton) we get a
deuterium nucleus. In the process, one proton should transform into a
neutron, which results in the emission of two other particles (a positron and
a neutrino), but we will learn more about that later. In the next step, a
deuterium fuses with a proton, in the same reaction that we saw at brown
dwarfs:

2H+1H - 3He
finally, two helium nuclei fuse into the most stable isotope of helium, while
releasing two protons:

3He + 3He —» 3He +2p

So to get the two 3He nuclei we needed a total of 6 protons, but in the end,
we get back two of them. Hence the net result is that 4 protons (hydrogen
nuclei) are converted into a helium nucleus. You can study these reactions
in-depth in the following figure. Note that sometimes people use the term
“hydrogen burning” for this process, which is not correct in the sense, that
it is not chemical burning. It is the nuclear fusion of atomic nuclei, whichis a
much more energetic process. However, some people like to use “burning” for
nuclear reactions as well.

1y v 2y Y °He
@/ 7\;{( 'H
1Ho/'/7\o @ / ‘ O
IHO \ i ‘He

1HO\ v 2H 7\VA\ZY *He -
lHG/%{O @ e €N ®

1H0 @ roon Y cammaray
o

The hydrogen fusion reactions, called proton-proton chain generate energy
in the cores of main-sequence stars

The reactions described above form the so-called proton-proton chain,
which is the main energy-generating process inside smaller mass main-
sequence stars. One of these processes generates 26.73 MeV energy. MeV
is a megaelectronvolt, a unit of energy often used in nuclear physics. One eV
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(electronvolt) is the amount of energy an electron gets in an electric field
with a voltage of 1V, and 1MeV is simply 1 million eV. The conversion between
MeV and joule is as follows:

1MeV=16x10"13J

Thereis aninteresting relationship between the lifetime of stars on the main
sequence and their initial mass. We could think that as more massive stars
have more fuel to burn, they will live longer. But as we see on the HRD, these
stars also have a higher luminosity, which means that they emit much more
energy than their smaller mass counterparts. The calculations show that in
fact, lower-mass stars live much longer on the main sequence than their
higher-mass peers. The most massive stars can use up most of their
hydrogen in just a few million years, while the least massive red dwarfs can
stay in the main sequence for tens of billions of years.
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Red giants

As stars fuse hydrogen into helium in their core, the amount of hydrogen
available starts to decrease and a helium core starts to form in the centre
of the star. This helium core does not do nuclear reactions, as the
temperature of the star at this point is not high enough for that. So at some
point, we have an inert helium core, which is surrounded by a shell of
hydrogen, which generates energy through fusion. The temperature in this
shell is higher now than it was before, which makes the nuclear reactions go
faster, hence the energy production increases. The star must compensate
for this by expansion. The star slowly starts to expand, increasing the
luminosity of the star (moving up the HRD) and decreasing the temperature
of the outermost layers of the star (moving to the right on the HRD). When
the star reaches equilibrium again, it is a red giant. That’s why you can see
the red giants to the upper right from the main sequence on the HRD.

Some time later the core of the star reaches a hot enough temperature that
helium fusion can start to occur. What would happen if you fuse two helium
nuclei?

3He + 3He — §Be
However, the beryllium nucleus we would get is very unstable and decays
back to two helium nucleiin around 1071 s. In high enough temperatures (100
million K), there is a chance though for a third helium nucleus to join in:

YHe + 5He + 3He — 1%*C

And the resulting carbon nucleus is stable. This process is called the triple-
alpha process, as the other name of the helium nucleus is the alpha particle,
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for historical reasons. So in total, three helium nuclei fuse together to form

a carbon nucleus.
@, /B
1ZC

c Proton Y Gamma Ray

The life of stars after the red giant phase depends on their initial masses.
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White dwarfs

Let us turn our attention now to stars with initial masses lower than 8 solar
masses. As the triple-alpha process generates more and more carbon in the
core, and some other nuclear processes create oxygen, these two elements
get more and more abundant in the core, and helium fusion will occur in a shell
surrounding this carbon-oxygen core. This is very similar to the things that
we saw occurring at the end of the main-sequence life of stars. The core of
the star starts to contract, but for these smaller mass stars, it will never
get hot enough to start generating energy with the fusion of carbon or
oxygen.

The giant star starts to lose matter very rapidly. Because it starts to lose
its outermost layers, which are colder and redder, it will move toward the
blue part of the HRD. This process continues up until the point where there
is just a very thin shell of helium and hydrogen left around the carbon-
oxygen core. The star is no longer producing energy, so its brightness also
decreases (moves down on the HRD). These stellar remnants are called white
dwarfs. They are small, dense, and have a high magnetic field. As they no
longer produce energy they start to lose energy from their radiation.
However, this process is very slow, it takes more time for them to cool down
this way than the current age of the Universe. If they cooled down
sufficiently, we would call them black dwarfs.

Around the forming white dwarf, we can observe the ejected outer layers
of the star, called a planetary nebula. Compared to the life of a star, the
planetary nebula is visible for a very short time, only a few tens of
thousands of years, after which it dissipates into the interstellar medium.
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Supernovae, neutron stars and black holes

In stars with higher masses, more nuclear reactions can take place. first,
carbon fusion, then neon, oxygen and finally silicon fusion. The last step leads
us toiron, which can no longer generate energy by nuclear fusion, as it is the
most energetically favourable nucleus, we would need to invest energy to
fuse it into anything heavier. These nuclear processes occur at higher and
higher temperatures, and they are getting faster and faster. In the end, we
have a giant star which has an iron core, surrounded by layers of silicon,
oxygen, neon, carbon, helium and hydrogen. When the star starts to collapse,
the pressure on the core and the temperature are so immense, that the
protons start capturing electrons turning themselves into neutrons. The
core will almost only contain neutrons, and this very dense and hard material
stops the collapse by bouncing back from itself. This starts to send a
shockwave outward, which scatters the outer layers of the star in a huge
explosion, called a supernova.

The supernova explosion only leaves the tiny, immensely dense and hugely
magnetized core of the star, which we call a neutron star. Their typical
radius is about 10 km, but their mass is around 1-2 solar mass, which means a
density very similar to that of the atomic nucleus (around 1017 kg/m?). They
also have a
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very fast rotational speed, some of them turn around a million times every
second.

If the star is even more massive, then even the neutron material cannot
stop the collapse. The material of the star gets denser and denser as there
is nothing else anymore to stop the gravitational force until it turns into a
black hole.

A black hole is an object that has such a strong gravitational pull that
nothing canleave it, meaning that the escape velocity onits “surface”is the
speed of light. from this definition, we can calculate the radius of the black
hole. This quantity is called the Schwarzschild radius.

2G6M 2GM
Vesc = T:C - R= c2

The above formula gives the radius of a black hole with a mass M. It is
important to note that this is not the edge of an actual physical object, it
simply means that if something gets inside this boundary, it can never get
out. So if you fellinto a black hole, you would not experience anything special
when you crossed the Schwarzschild radius.

Black holes can be formed from anything if you squeeze them to make them
smaller than the Schwarzschild radius. for example, for a car weighing 2000
kg, if somebody was able to squeeze it into a size smaller than 3 x 10724 m, it
would turn into a black hole. Naturally, the only process we know in the
Universe that has such a huge force to be able to squeeze things

so much is stellar collapse, so we don’t have to be afraid that our car will
suddenly turninto a black hole.
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The beginnings

The prospect of interplanetary travel became a focus of scientific thinking at the
beginning of the twentieth century, owing mostly to the efforts of Russian
engineer Konstantin Tsiolkovsky and American engineer Robert Hutchings
Goddard. Their work was expanded upon by Hermann Oberth, an Austro-
Hungarian-born German scientist and engineer, and his pupil Wernher von Braun,
who was essential in the creation of the first space rocket, the V-2. V-2 rockets
were designed primarily as weapons of war, but the knowledge gathered during
their creation subsequently aided in the development of space travel.

The Earth's atmosphere has no definite limit; its density drops exponentially as
we travel higher and higher, yet we still want to define what qualifies as an aircraft
and what counts as a spacecraft. Theodore von Karman, a Hungarian engineer and
scientist, was the first to define this border, which we today believe to be the legal
limit of space. Consider an aircraft soaring higher and higher to find the boundary
or Karman line. The plane may remain in the air because of buoyancy, which is
related to the density of the air and the square of the plane's speed. This implies
that when the plane goes higher, it must travel quicker to maintain the same
amount of lift. And this speed will ultimately approach the first cosmic velocity,
which means that our aircraft will no longer require a lift and will become, by
definition, a spaceship. According to Karman's calculations, this limit lies at
roughly 91 km, however, this depends on the particular characteristics of the
aircraft, hence the KArman line is defined as 100 km. Because a V-2 test rocket
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reached a height of 189 km in 1944, it passed the Karman line and so entered
outer space.

Following WWII, the British and Americans obtained the concepts of German
engineers' military rockets and began their own development. The space race
between the two powers began in 1957 when the United States and the Soviet
Union revealed their desire to launch satellites, i.e. to place a body in orbit around
the Earth. On October 4, 1957, the Soviet Union successfully launched its first
satellite, Sputnik 1. Sputnik was a 58-centimetre-diameter sphere with four radio
antennas that could receive communications for three weeks.

Sputnik 1, the first satellite

The first Sputnik was followed by numerous more, including Sputnik 2, which
transported the firstliving animal into space, the dog Laika. Soon later, in February
1958, the United States successfully launched Explorer 1, a satellite.
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Human spaceflight

Human spaceflight was the next significant step. The Soviets were informed
that the Americans could accomplish human suborbital spaceflights by 1961. It
means that the rocket's speed is less than the first cosmic velocity necessary to
achieve orbit, yet it crosses the Karman line since it is in a very eccentric orbit.
Before the American suborbital spaceflight, the Soviet space programme's chief,
Sergei Korolyov, initiated the Vostok programme, which was meant to achieve a
true human orbital space flight, i.e. to send a cosmonaut into orbit and successfully
return him to Earth. The programme was a success, and on April 12, 1961, the
Vostok 1 spacecraft was launched, carrying the world's first cosmonaut, Yuri
Gagarin. Indeed, on May 5, the American Mercury programme completed a
successful suborbital spaceflight, making Alan Shepard the first American
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astronaut. The Vostok programme continued, with a total of six human
missions. Valentina Tereshkova, the first female cosmonaut, was aboard Vostok 6.

Yuri Gagarin, the first man in space

The Soviets continued the development with the Voskhod programme, in which
Vostok spacecrafts were converted into two-man vessels. Two manned missions
were carried out in the programme, with the first spacewalk being carried out by
Alexei Leonov during the 1965 Voskhod 2 mission. Meanwhile, the American
Gemini programme had also achieved great success, for example by linking two
spacecraft together for the first time.

Men on the Moon

The two powers then focused their efforts on the Moon. The Soviet Soyuz
space programme, Wwhich began in 1967, produced a new rocket and
spacecraft, and the programme continues to this day, but with altered
goals. However, the Americans, not the Soviets, won this leg of the space
race with the Apollo programme. In May 1961, US President John f. Kennedy
announced that a man will be sent to the Moon and successfully return
within the decade. Unfortunately, the programme got off to a tragic start,
with the Apollo 1 crew dying during a test on Earth in 1967. However, a
succession of triumphant flights followed, culminating in Apollo 11: on July 20,
1969, Neil Armstrong and Buzz Aldrin became the first men to set foot on the
Moon’s surface at Mare Tranquillitatis, or Sea of Tranquility. The astronauts
spent two and a half hours outside their spacecraft collecting samples for
return to Earth. Even after such a major triumph, the Apollo programme has
not come to an end. four months later, Apollo 12 astronauts successfully
landed on the Moon and recorded colour photographs. The Apollo 13 oxygen
tank burst on its journey
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to the Moon, but the three men survived and returned to Earth. The Apollo
project saw four more successful moon landings, with the astronauts
carrying alunar rover on the latter three to cover a bigger area of the lunar
surface. The most recent lunar landing occurred in December 1972, when 12
US astronauts landed on the Moon.

Neil Armstrong, the first man on the Moon
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Space Stations and the present

The construction of a space station is a significant step in space
exploration. Space stations are structures that orbit the Earth and can
house spaceships and their crew for extended periods of time. They are also
highly helpful scientifically, because a space station may be utilised for
extended periods of time to research the effects of microgravity
(weightlessness) or cosmic radiation on the human body or other materials.
Because the first space stations were made up of a single module, they were
launched into orbit in one piece. The Soviet Salyut 1 space station orbited
the Earth in low Earth orbit for 175 days beginning in April 1971, and was
visited by two spacecraft during that period. following that, the Soviets
launched other Salyut space stations, some of which were military and
others civilian. Skylab was the first American space station, where hundreds
of scientific experiments were conducted by American astronauts in 1973-
1974. The Soviet Mir space station, which functioned from 1986 to 2001, was
the first multi-module space station that was far larger than previous ones.
Valeri Polyakov spent 437 days aboard Mir, which still maintains the record
for the longest space voyage. The Mir space station was visited not just by

75 (= 60 daiall



&4i81lg cLasllg caulaivl aLa & \\y
Y7 Hallg 9 * €lasdlg aadgall allyyg a3ellae cllall dusa k /
CST Communications, Space & King Abdulaziz & his Companions Foundation for Giftedness & Creativity \
dumgo

et Technology Commission

Soviet astronauts, but also by astronauts from many other countries,
including American astronauts after the Cold War ended.

The largest space programmes increasingly need worldwide collaboration.
The International Space Station (ISS), which circles the Earth every 92
minutes at a height of 400 km above the surface, was developed in
collaboration by space agencies from the United States, Russia, Japan,
Europe, and Canada. The first module of the International Space Station (ISS)
was launched in 1998, and the first astronauts took possession of the
station in 2000, which has been continually occupied by astronauts since
then. The ISS is primarily designed to conduct scientific research, but it
might also function as a launch pad for future journeys to the Moon or Mars.

Since the early 2000s, not only professional astronauts but even space
tourists (the official name is spaceflight participant) have been able to
travel into space. Private corporations (such as SpaceX, Blue Origin, and
Northrop Grumman) have been more prominent actors in space travel in
recent years.
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Exploring the planets

Mercury is difficult to study with space probes due to its closeness to the
Sun, therefore few missions have visited the planet. The first of them was
the American Mariner 10 spacecraft, which arrived at Mercury in 1974 after
obtaining close-up photographs of Venus and performing the first
gravitational slingshot operation. It captured hundreds of photos of the
planet before making two more close passes, charting about half of its
surface before losing contact.

The Soviet Venera programme, which launched 16 space probes to examine
Venus beginning in 1961, was critical in determining its features. The first two
spacecraft were only intended to approach Venus, and after crashing into
the surface of Venus in 1966, Venera 3 became the first man-made object to
reach the surface of another planet. Venera 7 was the first spacecraft to
safely land on a planet and relay data back to Earth, and Venera 9 has
already taken pictures.

Mars is the best-studied planet: many space missions have examined the
planet since the 1960s, and multiple landers and rovers have landed on its
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surface. The Soviet Mars programme began in 1960, but the first successful
Soviet Mars probe, Mars 2, did not launch until 1971, thus the Americans beat
the Soviets: Mariner 4 was the first spacecraft to fly by Mars and
photograph it. The Soviets made the first landing on Mars: while the Mars 2
lander crashed into the planet’s surface, the Mars 3 lander, launched a few
days later, successfully

relayed signals to the probe for 15 seconds, including the first photograph
of the planet’s surface. NASA's Viking programme dispatched two landers to
Mars in the 1970s, with the primary purpose of looking for evidence of life
and studying the planet’'s weather conditions, as well as seismic and
magnetic features. The Mars Pathfinder, which also carried a tiny rover, the
Sojourner, achieved the next successful landing in 1997. NASA launched the
Mars Global Surveyor mission the same year, which examined the planet until
2006.

The 2001 Mars O0dyssey is a NASA spacecraft that, in addition to studying
Mars’ geology and environment, transmitted data from the Spirit and
Opportunity rovers, which landed successfully in 2004. The two rovers were
initially scheduled to function on Mars for 90 days, but both considerably
surpassed this: Spirit lost

communication in 2010, while Opportunity continued to operate until June
2018, more than 14 years past its anticipated lifespan. NASA's Perseverance
rover arrived on Mars in 2021, together with the Ingenuity robotic
helicopter, completing the first powered extraterrestrial flight ever. As a
homage, Ingenuity carries a little piece of cloth from the Wright brothers’
aeroplane.

The Perseverance r()er and the small Ingenuity robotic helicopter (left)
on Mars
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The first spacecraft to fly close to Jupiter was Pioneer 10, which obtained
the first close-up pictures of the gas giant while discovering its rings and
magnetic field in 1973. Jupiter has had the most human-made spacecraft
visits out of all the large planets since gravity-assist manoeuvres are
routinely carried out there on missions to study more distant planets in
order to conserve fuel.

Voyager 1 and 2 arrived at Saturn after Pioneer 11, which was the first
spacecraft to do so. Voyager 1was built with an orbit that makes it easy to
see Titan, Saturn’s biggest moon. It was able to gather information about
the density, composition, and temperature of the moon. However, it was
unable to conduct a thorough investigation of the surface due to the thick
atmosphere.

The Cassini-Huygens project, a collaboration between NASA and ESA, arrived
at Saturn in 2004. The Huygens lander successfully landed to get up-close
photographs of the moon as Cassini orbited Titan and captured the best-
ever high-resolution images of the moon.

There aren’t as many precise measurements of the two outermost planets,
Uranus and Neptune, as there are of the other gas giants since Voyager 2 is
the only spacecraft to have visited them.
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The Saudi astronauts

June 24, 1985 AD, was the first participation of the Kingdom of Saudi Arabia
in the race towards space, where His Royal Highness Prince Sultan bin Salman
bin Abdulaziz Al Saud became the first Arab astronaut and the first Muslim
astronaut, in the flight of the space shuttle Discovery.

This trip opened the horizons of interest in astronomy and space sciences,
working on developing the infrastructure and human resources in this field
and striving to achieve achievements at the local and international levels.
To achieve the outcomes of Vision 2030, Saudi Arabia aspires, through its
programs to prepare astronauts, to enable distinguished and talented young
men and women to compete with their peers locally and globally, and to
develop them, by providing all means to support their talent and abilities.

In this regard, the Kingdom, through the Saudi astronaut Rayyanah Barnawi
and the Saudi astronaut Ali Al-Qarni, participated in the international flight
to the International Station ISS, where they conducted many important
scientific experiments for humanity.

These participations motivate young people to enter the field of astronomy
and space.

The Saudi astronauts conducted several pioneering scientific research
experiments in microgravity. The Saudi experiments in space targeted
human research, cell sciences, and artificial Cloud seeding, which will
contribute to increasing rainfall rates in many countries of the world.

The Saudi astronauts examined the physiological processes of human vital
organs and systems to assist us understand the way human health will adapt
in space. They obtained blood flow to the brain, assessed intracranial
pressure, observed changes in the optic nerve, and obtained blood samples
and biological samples for investigation. further, they traced changes in
gene length, structure, and epigenetics.

Mawhiba discussed the two Saudi astronauts’ experiences with general
education students from the “Mawhiba” foundation as part of the
“microgravity environment” experience. The mission was to increase
students’ awareness of space science and its fields through high-quality
enrichment and training programs, with their participation, to learn about
the International Space Station ISS.
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Practice Test
AUl aliwll né dauanll &bl sl
1.

A)

B)

0

D)

A)

B)

0)

D)

Tl § (weddl Ll sohailn &I AU ydl 2 L
What will the Sun eventually evolve into?
oAl 038
White dwarf
S o
Brown dwarf
ELS VR
Neutron star
.)3.&01 hl.aj

Black hole

Soadl at Flus pad oyl; 868 Jol 9o e
What was the first planet other than the Earth to be visited by a satellite?
sllac
Mercury
5531
Venus
Y
Mars
A

Jupiter
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A)

B)

0

D)

A)

B)

0

D)

A)
B)
0
D)
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Technology Commission

Soad de Jgadll cuuy gl L
What causes seasons on Earth?
u'a;}’\j o) o BLudl cyglas
The varying distance between the Sun and the Earth

Lasgme Jg 595 (R Lol desu

The speed of Earth as it rotates around its axis

M‘ J‘9_> L«'-bj.) ;L;.ﬁ u'aj)“ BrE o

The tilt of the Earth’s axis as it moves around the Sun

).A.E_” Lq‘qu ‘:5"\]\ ;‘9_4@_” FUPLY
The amount of light blocked by the Moon

lally Jalll L solady pa ¥l (e AUl adlll
In which of the following places do both the day and the night last for 12 hours on

the day of this competition?

Beijing

Jleddl Cdasll
The North Pole
elgiadl bas
The Equator

$0abyl duae @ Lalls Jell Led sluds pgs 1 3
On which of the following days does both the day and the night last for 12 hours
in Riyadh?
January 1

March 23
August 31

October 20
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A)

B)

0)

D)

A)
B)
0
D)

A)

B)

0

D

N

i Gy il il (n Los crnn sl o1 ) Bl 8yl Busliall sLe3SU
Sl dow e dadil sia 0955 O s orl .ol e Aadill

Geostationary satellites have a particular orbit that enables them to always stay
above the same point on the Earth. Where can this point be on the Earth’s surface?
gl s e
On the Equator
Gz 5lae of ol yeadl e e
On the Tropic of Cancer or the Tropic of Capricorn
sizl sl of Jleadl Cdaall L)
Either the North Pole or the South Pole

o2l 42y e 08 ¢l &

Anywhere on Earth

e Soa ) maw Bed 5patudl Aelivall jLed¥l dd S5 of cum 1 p LY 9o Lo
S 6378 (ol Jhad caas o Hlas!
How high do they have to be above the surface of the Earth? The radius of Earth 6378
km
12756 km
35786 km
42164 km

63495 km

Tl 13k . jeddl e gl w@é&.&eﬁsjéua slad wily lad
An astronaut drops a rock and a feather simultaneously on the Moon. What
happens?
Jshii 18 edll e dndle 2529 puad Blas

As there is no gravity on the Moon, they won't fall down.
SCY SPRULA- PR 8yesall o il

The rock falls down earlier.

ol iy § adud i)l

The feather falls down earlier.

gl sy @ olhdug Leads

They both fall down at the same time.
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10.

A)
B)
0
D)

11.

A)

B)

0

D)
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& Sy el (o ALl Cangs Blxd (o ¥ Sy 13) Aidl Jobo (98 oS
?L.sjsla)ku ‘_3 Sla ol y9dl
What would be the length of the year if the Earth were suddenly moved twice as

far away from the Sun and started to orbit there on a circular orbit?

It wouldn’t change, 365 days
579 days

730 days

1032 days

G J>u3s Lgmylgio Jads Blod v Ao s o Joo Sxilaslie @ sous Aplind A4S e
Bagaztl Laeyw £ Lo o2l laee 4S5 (316G Hluw
A spaceship is on a circular orbit around Earth with a velocity v. Suddenly it
ignites its rockets and gets into a parabolic orbit, leaving the vicinity of Earth.

What is its new velocity?
Still v
2v

w2

We can’t be sure just from these data.

oo g O LiSes 13Ls . ¥l e 2u3ladl 73 50 ol e (g) 2uiladl gylud
Sl e Jo¥l asgSIl de pudl
The gravitational acceleration (g) on Mars is only 143 of that on Earth. What can

we say about the first cosmic velocity on Mars?
o2l e B3s25ll (e 58T

Itis larger than the one on Earth.

o2l e Bag2sll golud

[t is equal to the one on Earth.

ool e 3925l (e yasol

It is smaller than the one on Earth.

Leoaziud G Aslaall A8, o el aiay

It depends on what kind of spacecraft we use.
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A)

B)
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D)

13.

A)

B)

0

D)
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oS ol e pully g LaTNI udiy « podlly (¥ (e S e ST aie Lua (40
o) Sm 1 e L padll e (A ol 3 ey Haii (n pranl] Loalads 5
(oal e Aailal] Resd o 58 podll e Aus3la
We throw a small object horizontally on both the Earth and the Moon, with the
same initial height and velocity. How many times further the object travels from
the point of throw in a horizontal direction on the Moon than on the Earth? (The

gravitational acceleration on the Moon is one-sixth of the Earth's value.)
ALl s ! alady

The object travels the same distance.

AST clye 3 ol iy

The object falls 3 times further.

ST e V6 ey sl paaiiy

The object falls V6 times further.

AST clye B ol iy

The object falls 6 times further.

SLRLS acdi 90 Loz oo I (o 6 3 J) (et Linald 13] Esimeew 13
What would happen if we were to shrink the Sun to a thousandth of its size
without changing its mass?
ol 9 Ol gl 3 LS)—’SS' Y UT u'aj}”‘).oleau
The Earth and the other planets would continue to orbit unchanged.
oy A8Meall L) CSToSII (ST AdS 093 ¢loedl & oo yetude
The Earth would continue to orbit unchanged, but the gas giants would escape.
el 3 6381 L8168y (a1 i
The Earth and the other planets would fall into the Sun.
cueddl alladdl ye 63 816y o ¥l iy
The Earth and the other planets would escape the Solar System.
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A)

B)

0
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b § 0iedl plaail yadd gw JSAdI goliaw slae @ posdl Jg> Heui diliad 48y
":;Lg'a.é."
A spaceship is orbiting the Earth in an elliptical orbit. When do we experience

weightlessness in the spaceship?

w2l (e dadl (81 wie glads dsbaall 48,0 oS 13)

If the spaceship is accelerating at the point closest to the Earth.
w2l e sl Abadl die Wbl Aslast 48,4 el 13)

If the spaceship is decelerating at the point farthest from the Earth.
w2l (e dadl aayl i gluds 2basll LS cslS 13

If the spaceship is accelerating at the point farthest to the Earth.
LSy pusrad ¥ asbasll 1S,L S 13)

If the spaceship does not use its engines.
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