CELESTIAL MECHANICS IN SATELLITE ORBITS

THE FUNDAMENTAL RoLE oF CELESTIAL MECHANICS IN SATELLITE ORBITS

CELESTIAL MECHANICS IN SATELLITE ORBITS FORMS THE BEDROCK OF MODERN SPACE EXPLORATION AND UTILIZATION, ENABLING
EVERYTHING FROM GLOBAL COMMUNICATION AND NAVIGATION TO WEATHER FORECASTING AND SCIENTIFIC RESEARCH.
(UNDERSTANDING THE INTRICATE DANCE BETWEEN CELESTIAL BODIES AND ARTIFICIAL SATELLITES IS PARAMOUNT FOR MISSION
SUCCESS, LONGEVITY, AND PRECISION. THIS FIELD OF PHYSICS, ROOTED IN THE LAWS OF MOTION AND GRAVITATION, DICTATES
HOW SATELLITES TRAVERSE THE VAST EXPANSE OF SPACE, GOVERNED BY THE PREDICTABLE YET COMPLEX FORCES AT PLAY. WEe
WILL DELVE INTO THE CORE PRINCIPLES OF ORBITAL DYNAMICS, EXPLORE THE VARIOUS TYPES OF SATELLITE ORBITS, AND
DISCUSS THE CRITICAL FACTORS THAT CELESTIAL MECHANICS METICULOUSLY ACCOUNTS FOR. FURTHERMORE, WE WILL EXAMINE
THE PROFOUND IMPACT OF CELESTIAL MECHANICS ON MISSION PLANNING, ORBITAL MANEUVERS, AND THE LONG-TERM STABILITY
OF SATELLITE TRAJECTORIES.
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CorE PrINCIPLES OF CELESTIAL MECHANICS FOR ORBITAL MOTION

CELESTIAL MECHANICS, AT ITS HEART, IS THE APPLICATION OF NEWTONIAN LAWS OF MOTION AND UNIVERSAL GRAVITATION TO
THE MOVEMENT OF CELESTIAL BODIES, INCLUDING ARTIFICIAL SATELLITES. THE FUNDAMENTAL CONCEPT IS THAT OBJECTS WITH
MASS EXERT A GRAVITATIONAL PULL ON EACH OTHER, AND THIS PULL DICTATES THEIR TRAJECTORIES.

NEwToN's LAwW oF UNIVERSAL GRAVITATION

Sk ISAAC NEWTON'S GROUNDBREAKING WORK ESTABLISHED THAT THE FORCE OF GRAVITY BETWEEN TWO OBJECTS IS DIRECTLY
PROPORTIONAL TO THE PRODUCT OF THEIR MASSES AND INVERSELY PROPORTIONAL TO THE SQUARE OF THE DISTANCE BETWEEN
THEIR CENTERS. FOR A SATELLITE ORBITING EARTH, THIS MEANS THE PLANET'S MASSIVE GRAVITATIONAL PULL IS THE PRIMARY
FORCE KEEPING THE SATELLITE IN ORBIT. THE FORMULA, F = G (M1 M2) / R"2, WHERE G IS THE GRAVITATIONAL CONSTANT,

M1 AND M2 ARE THE MASSES OF THE TWO OBJECTS, AND R IS THE DISTANCE BETWEEN THEIR CENTERS, QUANTIFIES THIS
FUNDAMENTAL INTERACTION. THIS INVERSE SQUARE LAW IS CRUCIAL BECAUSE IT EXPLAINS WHY ORBITAL PATHS ARE GENERALLY
ELLIPTICAL.

KepLER'S LAWS OF PLANETARY MOTION

JOHANNES KEPLER, BUILDING UPON OBSERVATIONAL DATA, FORMULATED THREE LAWS THAT PRECISELY DESCRIBE THE MOTION OF
PLANETS AROUND THE SUN/ WHICH ARE EQUALLY APPLICABLE TO SATELLITES ORBITING ANY MASSIVE BODY.

FIrsT LAW: THE LAW OF ELLIPSES

KEPLER'S FIRST LAW STATES THAT THE ORBIT OF EVERY PLANET (OR SATELLITE) IS AN ELLIPSE WITH THE SUN (OR THE
CENTRAL BODY, LIKE EARTH) AT ONE OF THE TWO FOCI. THIS MEANS SATELLITE ORBITS ARE RARELY PERFECT CIRCLES; THEY ARE
TYPICALLY SLIGHTLY OVAL-SHAPED. THE POINT IN THE ORBIT CLOSEST TO THE CENTRAL BODY IS CALLED THE PERIAPSIS, AND
THE FARTHEST POINT IS CALLED THE APOAPSIS.

Seconp LAaw: THE LAW oF EQUAL AREAS

THIS LAW POSITS THAT A LINE SEGMENT JOINING A PLANET (OR SATELLITE) AND THE SUN (OR CENTRAL BODY) SWEEPS OUT
EQUAL AREAS DURING EQUAL INTERVALS OF TIME. IN SIMPLER TERMS, A SATELLITE MOVES FASTER WHEN IT IS CLOSER TO THE
CENTRAL BODY (NEAR PERIAPSIS) AND SLOWER WHEN IT IS FARTHER AWAY (NEAR APOAPSIS). THIS ENSURES THAT THE
ANGULAR MOMENTUM OF THE SATELLITE REMAINS CONSTANT.

THIRD LAW: THE LAW oF HARMONIES
KEPLER'S THIRD LAW RELATES THE ORBITAL PERIOD OF A SATELLITE TO THE SEMI"MAJOR AXIS OF ITS ORBIT. SPECIFICALLY, THE



SQUARE OF THE ORBITAL PERIOD IS DIRECTLY PROPORTIONAL TO THE CUBE OF THE SEMI-MAJOR AXIS. THIS LAW ALLOWS US TO
CALCULATE THE ORBITAL PERIOD OF A SATELLITE IF WE KNOW ITS DISTANCE FROM THE CENTRAL BODY, OR VICE VERSA. FOR
INSTANCE, SATELLITES IN HIGHER ORBITS TAKE LONGER TO COMPLETE A REVOLUTION THAN THOSE IN LOWER ORBITS.
ORBITAL ELEMENTS
TO DESCRIBE A SATELLITE'S ORBIT PRECISELY, A SET OF SIX ORBITAL ELEMENTS IS USED. THESE PARAMETERS DEFINE THE SHAPE,
SIZE, AND ORIENTATION OF THE ORBIT IN SPACE AT A GIVEN MOMENT.
o SeMI-MAJOR AXIS (A): DEFINES THE SIZE OF THE ELLIPSE.
o EccenTrICITY (E): DEFINES THE SHAPE OF THE ELLIPSE, FROM A CIRCLE (E=0) TO A HIGHLY ELONGATED ELLIPSE.
e INCLINATION (1): THE ANGLE BETWEEN THE ORBITAL PLANE AND A REFERENCE PLANE (E.G., EARTH'S EQUATORIAL PLANE).
o RIGHT ASCENSION OF THE ASCENDING NODE ()): THE ANGLE MEASURED EASTWARD ALONG THE CELESTIAL EQUATOR
FROM THE VERNAL EQUINOX TO THE POINT WHERE THE ORBIT CROSSES THE CELESTIAL EQUATOR FROM SOUTH TO

NORTH.

* ARGUMENT OF PERIAPSIS (ﬂ)l THE ANGLE MEASURED IN THE ORBITAL PLANE FROM THE ASCENDING NODE TO THE
PERIAPSIS.

* TRUE ANOMALY (N)Z THE ANGLE MEASURED IN THE ORBITAL PLANE FROM THE PERIAPSIS TO THE SATELLITE'S CURRENT
POSITION.

THESE ELEMENTS, WHEN COMBINED WITH TIME, PROVIDE A COMPLETE DESCRIPTION OF A SATELLITE'S POSITION AND VELOCITY
THROUGHOUT ITS ORBIT.

TypPes oF SATELLITE ORBITS EXPLAINED BY CELESTIAL MECHANICS

CELESTIAL MECHANICS DICTATES THE FEASIBILITY AND CHARACTERISTICS OF VARIOUS SATELLITE ORBITS, EACH SERVING
DISTINCT PURPOSES. THE INTERPLAY OF ALTITUDE, INCLINATION, AND ECCENTRICITY DEFINES THESE ORBITAL REGIMES.

Low EarTH OreiT (LEO)
Low EARTH ORBITS ARE CHARACTERIZED BY ALTITUDES RANGING FROM APPROXIMATELY 160 To 2,000 KILOMETERS ABOVE

EARTH'S SURFACE. SATELLITES IN LEO ORBIT THE EARTH RELATIVELY QUICKLY, COMPLETING A FULL REVOLUTION IN ABOUT
90 MINUTES.

* APPLICATIONS: LEO IS IDEAL FOR EARTH OBSERVATION SATELLITES, THE INTERNATIONAL SPACE STATION (ISS), AND
MANY COMMUNICATION CONSTELLATIONS DUE TO ITS LOWER LATENCY AND HIGHER RESOLUTION IMAGING CAPABILITIES.

¢ OrBITAL DYNAMICS: DUE TO THE PROXIMITY TO EARTH, LEO SATELLITES EXPERIENCE GREATER ATMOSPHERIC DRAG,
WHICH CAN PERTURB THEIR ORBITS OVER TIME, REQUIRING PERIODIC ORBITAL CORRECTIONS.

Mebium EarTH OrBIT (MEO)

MEO ALTITUDES RANGE FROM ABOUT 2,000 To 35,786 KILOMETERS. ORBITS IN THIS RANGE ARE OFTEN USED FOR
NAVIGATION AND COMMUNICATION SYSTEMS.

* APPLICATIONS: THE GLOBAL PosITIONING SYSTEM (GPS), GLONASS, GALILEO, AND OTHER SATELLITE NAVIGATION
SYSTEMS UTILIZE MEO. SATELLITES IN MEO HAVE LONGER ORBITAL PERIODS, TYPICALLY AROUND 12 HOURS.



e ORrBITAL DYNAMICS: ATMOSPHERIC DRAG IS NEGLIGIBLE IN MEQ, LEADING TO GREATER ORBITAL STABILITY COMPARED
To LEO. HOWEVER, RADIATION BELTS CAN POSE A CHALLENGE TO SATELLITE COMPONENTS.

GeosTATIONARY OrBIT (GEO)

GEOSTATIONARY ORBIT IS A VERY SPECIFIC TYPE OF MEO ORBIT LOCATED AT AN ALTITUDE OF 35,786 KILOMETERS
DIRECTLY ABOVE THE EARTH'S EQUATOR. SATELLITES IN GEO ORBIT THE EARTH AT THE SAME RATE AS THE EARTH ROTATES.

e APPLICATIONS: THIS ALLOWS A SATELLITE TO APPEAR STATIONARY IN THE SKY FROM A GROUND OBSERVER'S
PERSPECTIVE, MAKING IT PERFECT FOR FIXED COMMUNICATION SATELLITES (E.G., FOR BROADCASTING TELEVISION) AND
WEATHER MONITORING SATELLITES THAT NEED TO CONTINUOUSLY OBSERVE A SPECIFIC REGION.

o ORBITAL DYNAMICS: MAINTAINING A PRECISE GEO REQUIRES A ZERO INCLINATION RELATIVE TO THE EQUATOR. WHILE
ATMOSPHERIC DRAG IS MINIMAL, GRAVITATIONAL PERTURBATIONS FROM THE MOON AND SUN CAN CAUSE A SLOW DRIFT
OVER TIME, NECESSITATING STATION-KEEPING MANEUVERS.

PoLAr OrBITS

POLAR ORBITS ARE HIGHLY INCLINED ORBITS THAT PASS OVER OR NEAR THE EARTH'S GEOGRAPHIC POLES. AS THE EARTH
ROTATES BENEATH THE SATELLITE, A POLAR™ORBITING SATELLITE CAN OBSERVE ALMOST THE ENTIRE SURFACE OF THE PLANET
OVER TIME.

® APPLICATIONS: THESE ARE COMMONLY USED FOR REMOTE SENSING, ENVIRONMENTAL MONITORING, AND RECONNAISSANCE
SATELLITES BECAUSE THEY OFFER GLOBAL COVERAGE.

e ORrBITAL DYNAMICS: THE INCLINATION IS TYPICALLY AROUND 90 DEGREES. SUN-SYNCHRONOUS ORBITS ARE A SPECIAL
TYPE OF POLAR ORBIT WHERE THE SATELLITE PASSES OVER ANY GIVEN POINT ON EARTH AT THE SAME LOCAL SOLAR
TIME.

OTHer OrBITAL CLASSES

BEYOND THESE PRIMARY CATEGORIES, NUMEROUS SPECIALIZED ORBITS EXIST, EACH DEFINED BY SPECIFIC CELESTIAL MECHANICAL
CONSIDERATIONS:

 HiGHLY ELLIPTICAL ORBITS (HEO): THESE ORBITS HAVE VERY HIGH ECCENTRICITIES, OFTEN USED FOR SPECIFIC
COMMUNICATION OR SCIENTIFIC MISSIONS WHERE EXTENDED DWELL TIMES OVER CERTAIN REGIONS ARE BENEFICIAL. T HE
MOLNIYA ORBIT IS A FAMOUS EXAMPLE OF AN HEO.

® LAGRANGIAN POINT ORBITS: THESE ARE UNSTABLE EQUILIBRIUM POINTS IN A SYSTEM OF TWO LARGE ORBITING BODIES

(LIKE EARTH AND THE SUN). SATELLITES CAN BE PLACED IN ORBITS AROUND THESE POINTS TO MAINTAIN A FIXED
RELATIVE POSITION.

FACTORS INFLUENCING SATELLITE ORBITS
\WHILE THE IDEALIZED TWO-BODY PROBLEM (A SATELLITE AND A CENTRAL BODY) PROVIDES A FUNDAMENTAL UNDERSTANDING,
REAL-\WORLD SATELLITE ORBITS ARE INFLUENCED BY A MULTITUDE OF COMPLEX FACTORS THAT CELESTIAL MECHANICS MUST

ACCOUNT FOR.

EARTH'S OBLATENESS AND NON-SPHERICAL GRAVITY FIELD



THE EARTH IS NOT A PERFECT SPHERE;, IT BULGES AT THE EQUATOR AND IS FLATTENED AT THE POLES DUE TO ITS ROTATION.
THIS OBLATENESS, ALONG WITH VARIATIONS IN MASS DISTRIBUTION WITHIN THE EARTH/ CREATES A NON-SPHERICAL
GRAVITATIONAL FIELD.

¢ PERTURBATIONS: THESE GRAVITATIONAL ANOMALIES CAUSE PERTURBATIONS IN A SATELLITE'S ORBIT, PARTICULARLY
AFFECTING THE PRECESSION OF ITS ORBITAL PLANE (THE ROTATION OF THE LINE OF NODES) AND THE ARGUMENT OF
PERIAPSIS. SATELLITES IN LOWER ORBITS ARE MORE SIGNIFICANTLY AFFECTED BY THESE VARIATIONS.

® MODELING: SOPHISTICATED GEOPOTENTIAL MODELS ARE USED BY CELESTIAL MECHANICS EXPERTS TO ACCURATELY
PREDICT AND COMPENSATE FOR THESE GRAVITATIONAL TUGS, ENSURING PRECISE ORBITAL TRACKING.

ATMOSPHERIC DRAG

FOR SATELLITES IN LEO, THE TENUOUS UPPER ATMOSPHERE EXERTS A DRAG FORCE. THIS FORCE OPPOSES THE SATELLITE'S
MOTION, CAUSING IT TO LOSE ENERGY AND GRADUALLY DESCEND.

® VARIABILITY: THE DENSITY OF THE UPPER ATMOSPHERE VARIES SIGNIFICANTLY WITH SOLAR ACTIVITY, TEMPERATURE,
AND TIME OF DAY. INCREASED SOLAR ACTIVITY LEADS TO ATMOSPHERIC EXPANSION AND HIGHER DRAG.

e OrBITAL DECAY: OVER TIME, ATMOSPHERIC DRAG CAN CAUSE AN ORBIT TO DECAY, EVENTUALLY LEADING TO RE“ENTRY
INTO THE ATMOSPHERE. CELESTIAL MECHANICS CALCULATIONS ARE CRUCIAL FOR PREDICTING THIS DECAY AND PLANNING
FOR ORBITAL MANEUVERS OR CONTROLLED DE-ORBITING.

GRAVITATIONAL INFLUENCE OF OTHER CELESTIAL BoDIES

THE GRAVITATIONAL PULL OF THE MOON AND THE SUN, WHILE WEAKER THAN EARTHIS, CAN ALSO INFLUENCE SATELLITE
ORBITS, ESPECIALLY FOR THOSE IN HIGHER ORBITS OR WITH VERY LONG MISSION DURATIONS.

® PERTURBATIONS: THESE PERTURBATIONS ARE MORE PRONOUNCED FOR GEO SATELLITES AND CAN CAUSE THEIR
POSITIONS TO DRIFT IF NOT CORRECTED. FOR DEEP SPACE MISSIONS, THE GRAVITATIONAL INFLUENCES OF OTHER PLANETS
BECOME SIGNIFICANT FACTORS IN TRAJECTORY PLANNING.

* TIDAL FORCES: TIDAL FORCES FROM THE MOON AND SUN CAN ALSO INTRODUCE SUBTLE BUT MEASURABLE EFFECTS ON A
SATELLITE'S ORBIT.

SoLAR RADIATION PRESSURE

PHOTONS FROM THE SUN EXERT A SMALL BUT CONSTANT FORCE ON SATELLITES, KNOWN AS SOLAR RADIATION PRESSURE. THiS
FORCE CAN BECOME A SIGNIFICANT PERTURBATION FOR SATELLITES WITH LARGE SURFACE AREAS RELATIVE TO THEIR MASS,
ESPECIALLY IN VACUUM.

® FORCE DIRECTION: THE DIRECTION OF THIS FORCE IS GENERALLY AWAY FROM THE SUN. TS MAGNITUDE DEPENDS ON THE
SATELLITE'S SURFACE AREA, MATERIAL PROPERTIES, AND THE INTENSITY OF SOLAR RADIATION.

o ORrBITAL CHANGES: FOR CERTAIN MISSIONS, PARTICULARLY THOSE IN HIGHER ORBITS OR DESIGNED FOR LONG~TERM
STABILITY, ACCOUNTING FOR SOLAR RADIATION PRESSURE IS ESSENTIAL FOR MAINTAINING PRECISE ORBITAL
TRAJECTORIES.



EARTH'S ALBEDO AND INFRARED RADIATION
EARTH ALSO EMITS INFRARED RADIATION AND REFLECTS SUNLIGHT (ALBEDO), WHICH CAN EXERT ADDITIONAL FORCES ON
SATELLITES.

o THERMAL EFFECTS: THESE EFFECTS ARE PRIMARILY THERMAL IN NATURE BUT CAN TRANSLATE INTO SMALL FORCES DUE TO

OUTGASSING OR UNEVEN HEATING OF SATELLITE COMPONENTS.

® MINOR PERTURBATIONS: W/HILE GENERALLY CONSIDERED MINOR PERTURBATIONS COMPARED TO GRAVITY, THEY ARE
FACTORED INTO HIGHLY PRECISE ORBIT PREDICTIONS.

CELESTIAL MECHANICS IN MissioN DesiIGN AND OPERATION

THE PRINCIPLES OF CELESTIAL MECHANICS ARE NOT MERELY THEORETICAL CONSTRUCTS, THEY ARE INTEGRAL TO EVERY STAGE
OF A SATELLITE MISSION, FROM INITIAL CONCEPTION TO END-OF-LIFE DISPOSAL.

TRAJECTORY PLANNING AND LAUNCH WINDOWS
DESIGNING A SATELLITE MISSION BEGINS WITH DETERMINING THE OPTIMAL TRAJECTORY FROM EARTH'S SURFACE INTO THE DESIRED

ORBIT. THIS INVOLVES PRECISE CALCULATIONS OF LAUNCH WINDOWS, WHICH ARE SPECIFIC PERIODS WHEN THE EARTH'S
ROTATION AND ORBITAL POSITION ALIGN FAVORABLY FOR ACHIEVING THE TARGET ORBIT WITH MINIMAL FUEL EXPENDITURE.

e DELTA-V REQUIREMENTS: CELESTIAL MECHANICS ENGINEERS CALCULATE THE REQUIRED CHANGES IN VELOCITY (DELTA-
V) NEEDED FOR EACH STAGE OF THE MISSION, FROM LAUNCH TO ORBITAL INSERTION AND ANY SUBSEQUENT MANEUVERS.

o LAUNCH VEHICLE PERFORMANCE: THE PERFORMANCE CAPABILITIES OF THE LAUNCH VEHICLE MUST BE MATCHED WITH THE
MISSION'S DELTA-V REQUIREMENTS AND THE DESIRED ORBITAL PARAMETERS.

ORBITAL MANEUVERS AND STATION KEEPING
ONCE IN ORBIT, SATELLITES OFTEN REQUIRE MANEUVERS TO ADJUST THEIR POSITION, INCLINATION, OR ALTITUDE. THESE

MANEUVERS ARE CRUCIAL FOR MAINTAINING PRECISE ORBITS, AVOIDING COLLISIONS, OR REPOSITIONING FOR OPTIMAL
PERFORMANCE.

o STATION KEEPING: FOR GEOSTATIONARY SATELLITES, REGULAR “STATION-KEEPING” BURNS ARE NECESSARY TO
COUNTERACT THE GRAVITATIONAL PERTURBATIONS FROM THE SUN AND MOON/ ENSURING THEY REMAIN IN THEIR
DESIGNATED ORBITAL SLOTS.

o CoLLISION AVOIDANCE: AS THE NUMBER OF SATELLITES IN ORBIT INCREASES, CELESTIAL MECHANICS PLAYS A VITAL
ROLE IN PREDICTING POTENTIAL COLLISION TRAJECTORIES AND EXECUTING AVOIDANCE MANEUVERS.

ORBIT PREDICTION AND GROUND STATION SCHEDULING

ACCURATE PREDICTION OF A SATELLITE'S FUTURE POSITION IS ESSENTIAL FOR EFFECTIVE COMMUNICATION AND DATA

RECEPTION. GROUND STATIONS NEED TO KNOW PRECISELY WHEN AND WHERE TO POINT THEIR ANTENNAS TO MAINTAIN CONTACT.
¢ PREDICTIVE MODELS: SOPHISTICATED ORBITAL PROPAGATION MODELS, INCORPORATING ALL KNOWN PERTURBATIONS,

ARE USED TO FORECAST SATELLITE POSITIONS DAYS, WEEKS, AND EVEN YEARS INTO THE FUTURE.

® SCHEDULING: THIS ALLOWS FOR THE EFFICIENT SCHEDULING OF COMMUNICATION PASSES AND SCIENTIFIC OBSERVATIONS.



EnD-oF-LIFE DisPosAL

RESPONSIBLE SPACE STEWARDSHIP DICTATES THAT SATELLITES BE DE-ORBITED OR MOVED TO “GRAVEYARD” ORBITS AT THE
END OF THEIR OPERATIONAL LIFE. CELESTIAL MECHANICS IS USED TO PLAN THESE MANEUVERS SAFELY AND EFFECTIVELY.

o CONTROLLED RE-ENTRY: FOrR LEO SATELLITES, CONTROLLED RE-ENTRY INTO EARTH'S ATMOSPHERE ENSURES THAT ANY
REMAINING DEBRIS BURNS UP SAFELY OVER UNPOPULATED AREAS.

* GRAVEYARD ORBITS: GEO SATELLITES ARE TYPICALLY MOVED TO HIGHER GRAVEYARD ORBITS TO CLEAR THE
VALUABLE GEOSTATIONARY ARC FOR NEW MISSIONS.

THe FUTURE oF CELESTIAL MECHANICS IN SPACE

AS HUMANITY'S PRESENCE IN SPACE EXPANDS, THE ROLE OF CELESTIAL MECHANICS WILL ONLY BECOME MORE CRITICAL AND
COMPLEX. ADVANCEMENTS IN COMPUTING POWER AND SENSOR TECHNOLOGY ARE ENABLING MORE SOPHISTICATED MODELING AND
REAL-TIME TRAJECTORY ADJUSTMENTS.

ADVANCED OrBIT CONTROL AND AUTONOMOUS SYSTEMS

THE DEVELOPMENT OF AUTONOMOUS NAVIGATION SYSTEMS, GUIDED BY REFINED CELESTIAL MECHANICS ALGORITHMS, WILL
ALLOW FUTURE SPACECRAFT TO INDEPENDENTLY MANAGE THEIR ORBITS AND PERFORM COMPLEX MANEUVERS WITH MINIMAL
HUMAN INTERVENTION. THIS IS PARTICULARLY IMPORTANT FOR DEEP SPACE EXPLORATION WHERE COMMUNICATION DELAYS ARE
SIGNIFICANT.

SPACE TRAFFIC MANAGEMENT

W/ ITH THE INCREASING DENSITY OF OBJECTS IN EARTH ORBIT, ROBUST SPACE TRAFFIC MANAGEMENT SYSTEMS ARE BECOMING
ESSENTIAL. CELESTIAL MECHANICS PROVIDES THE FOUNDATIONAL UNDERSTANDING FOR TRACKING, PREDICTING, AND MITIGATING
THE RISKS OF ORBITAL COLLISIONS.

INTERPLANETARY AND INTERSTELLAR TRAJECTORIES

AS MISSIONS VENTURE FURTHER INTO THE SOLAR SYSTEM AND BEYOND, THE COMPLEX GRAVITATIONAL INTERACTIONS OF
MULTIPLE CELESTIAL BODIES WILL REQUIRE INCREASINGLY SOPHISTICATED CELESTIAL MECHANICS CALCULATIONS. CONCEPTS LIKE
GRAVITY ASSISTS, WHICH LEVERAGE THE GRAVITATIONAL PULL OF PLANETS TO ACCELERATE SPACECRAFT, ARE PRIME
EXAMPLES OF CELESTIAL MECHANICS IN ACTION.

ORrBITAL DEBRIS MITIGATION

PROACTIVE STRATEGIES FOR MITIGATING ORBITAL DEBRIS, SUCH AS ACTIVE DEBRIS REMOVAL MISSIONS, WILL RELY HEAVILY ON
PRECISE CELESTIAL MECHANICS TO INTERCEPT AND REMOVE DEFUNCT SATELLITES AND OTHER SPACE JUNK.

THE CONTINUED EVOLUTION OF CELESTIAL MECHANICS IS INTRINSICALLY LINKED TO OUR ABILITY TO SAFELY AND EFFECTIVELY
EXPLORE, UTILIZE, AND SUSTAIN ACTIVITIES IN SPACE, ENSURING A SUSTAINABLE FUTURE FOR OUR ENDEAVORS BEYOND EARTH.

FREQUENTLY Askep QuesTions (FAQ)

QI \WHAT IS THE PRIMARY FORCE THAT KEEPS A SATELLITE IN ORBIT AROUND EARTH?

A: THE PRIMARY FORCE THAT KEEPS A SATELLITE IN ORBIT AROUND EARTH IS EARTH'S GRAVITATIONAL PULL. ACCORDING TO
NewToN's LAw oF UNIVERSAL GRAVITATION, EARTH EXERTS AN ATTRACTIVE FORCE ON THE SATELLITE, PREVENTING IT FROM
FLYING OFF IN A STRAIGHT LINE AND INSTEAD CURVING ITS PATH INTO AN ORBIT.



Q: How DOES ATMOSPHERIC DRAG AFFECT SATELLITE ORBITS, PARTICULARLY IN Low
EARTH OrBIT (LEO)?

A: ATMOSPHERIC DRAG IS A RESISTIVE FORCE EXERTED BY THE EARTH'S UPPER ATMOSPHERE ON SATELLITES IN LEO. THIS DRAG
CAUSES THE SATELLITE TO LOSE ENERGY, LEADING TO A GRADUAL DECREASE IN ITS ORBITAL ALTITUDE AND SPEED, A
PHENOMENON KNOWN AS ORBITAL DECAY. THE EFFECT IS MORE PRONOUNCED IN LEO DUE TO THE CLOSER PROXIMITY TO THE
DENSER ATMOSPHERIC LAYERS.

Q: WHY ARe GEOSTATIONARY ORrBITS (GEQ) IMPORTANT FOR COMMUNICATION
SATELLITES?

A: GEOSTATIONARY ORBITS ARE CRUCIAL FOR COMMUNICATION SATELLITES BECAUSE THEY ALLOW A SATELLITE TO APPEAR
STATIONARY IN THE SKY RELATIVE TO A FIXED POINT ON EARTH'S SURFACE. THIS IS ACHIEVED BY ORBITING AT AN ALTITUDE OF
APPROXIMATELY 35,78() KILOMETERS DIRECTLY ABOVE THE EQUATOR WITH AN ORBITAL PERIOD MATCHING EARTH'S
ROTATION. THIS CONSTANT POSITIONING SIMPLIFIES GROUND ANTENNA ALIGNMENT AND ENABLES CONTINUOUS COVERAGE OF A
SPECIFIC REGION FOR BROADCASTING AND TELECOMMUNICATIONS.

Q: WHAT ARE ORBITAL PERTURBATIONS AND WHY ARE THEY SIGNIFICANT IN CELESTIAL
MECHANICS?

A: ORBITAL PERTURBATIONS ARE DEVIATIONS FROM AN IDEALIZED ORBIT CAUSED BY EXTERNAL FORCES OTHER THAN THE
PRIMARY GRAVITATIONAL ATTRACTION OF THE CENTRAL BODY. THESE CAN INCLUDE THE GRAVITATIONAL INFLUENCE OF THE
MooN AND SUN, EARTH'S OBLATENESS, ATMOSPHERIC DRAG, AND SOLAR RADIATION PRESSURE. PERTURBATIONS ARE
SIGNIFICANT BECAUSE THEY AFFECT THE LONG-TERM STABILITY AND PRECISION OF SATELLITE ORBITS, REQUIRING CONSTANT
MONITORING AND CORRECTION THROUGH ORBITAL MANEUVERS.

Q: How ARE KepLER'S LAWS OF PLANETARY MOTION RELEVANT TO SATELLITE
ORBITS?

A: KepLER'S LAWS OF PLANETARY MOTIONI ORIGINALLY DESCRIBING PLANETARY ORBITS AROUND THE SUN, ARE FUNDAMENTAL
TO UNDERSTANDING SATELLITE ORBITS. THE LAW OF ELLIPSES EXPLAINS THAT SATELLITE ORBITS ARE TYPICALLY ELLIPTICAL,
NOT PERFECTLY CIRCULAR. THE LAW OF EQUAL AREAS DESCRIBES HOW A SATELLITE'S SPEED VARIES IN ITS ORBIT, MOVING
FASTER WHEN CLOSER TO EARTH AND SLOWER WHEN FARTHER AWAY. THE LAW OF HARMONIES RELATES THE ORBITAL PERIOD
TO THE SIZE OF THE ORBIT, ALLOWING FOR CALCULATIONS OF HOW LONG A SATELLITE WILL TAKE TO COMPLETE A
REVOLUTION.

Q: WHAT IS THE ROLE OF CELESTIAL MECHANICS IN PLANNING SATELLITE LAUNCH
WINDOWS?P

A: CELESTIAL MECHANICS IS ESSENTIAL FOR DETERMINING OPTIMAL LAUNCH WINDOWS FOR SATELLITES. THESE ARE SPECIFIC
TIMES WHEN THE RELATIVE POSITIONS OF EARTH, THE SUN, AND THE TARGET ORBITAL DESTINATION ARE MOST FAVORABLE FOR
ACHIEVING THE DESIRED ORBIT WITH THE LEAST AMOUNT OF FUEL. CALCULATIONS INVOLVE THE EARTH'S ROTATION, ITS ORBIT
AROUND THE SUN, AND THE SPECIFIC ORBITAL PARAMETERS REQUIRED FOR THE SATELLITE.

QI CAN YOU EXPLAIN THE CONCEPT OF ORBITAL MANEUVERS AND THEIR PURPOSE?

A: ORBITAL MANEUVERS ARE PLANNED CHANGES IN A SATELLITE'S VELOCITY, TYPICALLY ACHIEVED BY FIRING THRUSTERS. THEIR
PURPOSE CAN INCLUDE CORRECTING ORBITAL DECAY CAUSED BY DRAG, ADJUSTING ORBITAL ALTITUDE OR INCLINATION,
CHANGING THE SHAPE OF THE ORBIT, AVOIDING COLLISIONS WITH SPACE DEBRIS, OR REPOSITIONING THE SATELLITE FOR SPECIFIC
MISSION OBJECTIVES. CELESTIAL MECHANICS PROVIDES THE PRECISE CALCULATIONS NEEDED TO PLAN AND EXECUTE THESE
MANEUVERS EFFECTIVELY.



QI How DOES EARTH'S NON-SPHERICAL SHAPE INFLUENCE SATELLITE ORBITS?

A: EARTH'S NON-SPHERICAL SHAPE, PARTICULARLY ITS EQUATORIAL BULGE (OBLATENESS), CREATES A NON-UNIFORM
GRAVITATIONAL FIELD. THIS CAUSES PERTURBATIONS IN SATELLITE ORBITS, ESPECIALLY FOR THOSE IN LOWER ALTITUDES.
THESE PERTURBATIONS MANIFEST AS GRADUAL CHANGES IN THE ORIENTATION OF THE ORBIT, SUCH AS THE PRECESSION OF THE
ORBITAL PLANE AND THE ARGUMENT OF PERIAPSIS, WHICH MUST BE ACCOUNTED FOR IN LONG-TERM ORBIT PREDICTIONS.
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