
Dynamical Processes 
in Astrophysics





Grading

Homework      (30%)

Exams      (70%)
Checkpoint
Midterm
Exam



Topics

• Coordinate Systems

• Photometric Systems

• Stellar and Galactic Dynamics

• Relativistic Astronomy

• Cosmology





Books (or lack thereof)
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Books (or lack thereof)





Positional Astronomy

• Spherical Astronomy

• Coordinate Systems

• Time





Diurnal motion



Celestial Sphere











Celestial Sphere
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The celestial sphere





Our perception of the sky











Celestial Equator



Diurnal Motion



Hour Circle











Great Circle



Shortest Distance on Sphere: Arc of Great Circle













The Spherical Triangle



















The dual triangle















Alt-azimuthal (Horizontal) Coordinates



Time (hour) Coordinates and Horizontal Coordinates



Time (hour) Coordinates and Horizontal Coordinates



Maximum and minimum altitudes









Hour Coordinates and Equatorial Coordinates



Right Ascension



Declination





Observer at the pole



Observer at arbitrary latitude



Observer on equator



Hour Coordinates and Equatorial Coordinates
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Ecliptic 



Ecliptic 



Solar path in Equatorial Coordinates



Solar path in Ecliptic coordinates 





The Zodiac : Constellations arbitrarily defined on the Ecliptic





Ecliptic 
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Northern Hemisphere Seasons



Winter Solstice

Summer Solstice Summer Solstice

Spring
Equinox

Autumn
Equinox

Southern Hemisphere Seasons
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Parallax



Motion Parallax





Lunar Parallax





Location A Location B



Location A Location B







Geocentric Parallax

”Horizon” from 
Earth’s Center



Geocentric Parallax



Geocentric Parallax





Distance to the Sun



Annual Parallax

If the Earth moved,
the stars would 
show a parallax.



Annual Parallax



Geocentrism



Retrograde Motion



Retrograde Motion





An ingenious idea: Epicycles

Two circles!

The planet executes an orbit (epicycle) around a point
This point executes an orbit (deferent) around Earth



An ingenious idea: Epicycles

Two circles!

The planet executes an orbit (epicycle) around a point
This point executes an orbit (deferent) around Earth



Sophistications

Sometimes more epicycles were needed 
to accurately predict the position of the planets



Sophistications: The Equant

Earth is at an “eccentric” point, off the center of the deferent.

The center of the epicycle moves with constant speed around the Equant.





Why does the geocentric model work?
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Epicycles!



Why does the geocentric model work?

Equant Epicycles



The geocentric model

Equant Epicycles









Tycho’s model
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Parallax Ellipse



Parallax





Measurement



Hypothesis Measurement



Hypothesis Measurement





Aberration of Light







Aberration
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Earth’s Apex







Proper Motion

Barnard's Star

1’



How do we measure proper motion?



Stellar velocity components



We see the transverse velocity as a star's “proper motion”,
which changes its position in the sky.  

Stellar velocity components



Stellar Motions

Largest proper motion  - 10.3 ”/yr
(crosses half the moon in a human lifetime)

Barnard's star

Proper motion is measured in 
arcsec per year.

Typical proper motion: 0.1 ”/yr

1950 200019501950



Stellar Motions

Proper motions of stars at the vicinity of the Big Dipper

Constellations change over time



Stellar Motions

Constellations change over time



Stellar Motions

Constellations change over time







Solar Orbit



Solar Apex and Anti-Apex



Solar Apex and Anti-Apex



Elongation

angle between a Planet and the Sun



The Ptolemaic Model



Inferior and Superior planets 
in the Copernican Model



Inferior planets : special points



Distance to the inferior planets



Superior planets : special points 







Distances to the superior planets
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Distance to the inferior planets: Ptolemaic System
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Retrograde Motion



Retrograde Motion



Mars Path in the Sky – Equatorial Coordinates



Mars Path in the Sky – Ecliptic Coordinates
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Date	J2	
=	J1	+	687	days

Date	J1	
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D – Equant
E – Centre of ecliptic (Earth)

A – apogee
G – perigee

HQK – deferent
ABG – eccentre
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Analemma







Ptolemy – The Sun had a small epicycle (~1/25 of deferent)



Circular and Centered Orbit



Regular Epicycles produce regular retrogradations

In reality the retrogradations vary both in position and duration.



Move the Earth from the Center



Circular Off-Centered Orbit (the Eccentre)
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The Equant



The Equant



The Equant

Even for the highest eccentricity (Mercury), 
the equant reproduces the observations to the degree.



The equant: Equal angles at equal time



DM1 =	W Dt1

DM2 =	W Dt2

DM3 =	W Dt3

DM4 =	W Dt4

Equant Point of View



Changing to the Sun’s Reference Frame:
Observations at Opposition



Time between Oppositions

Locating the Equant



DM4 =	W Dt4

DM1 =	W Dt1

DM2 =	W Dt2

DM3 =	W Dt3



Locating the Equant



Kepler’s solution









Eccentric anomaly and True anomaly
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Equant fails at larger eccentricities

Hypothetical planet, e=0.45



Orbital Elements



Deviation True and Mean Anomaly



The analemma





Equation of Time



Equation of Time



“If this wearisome method has filled you 
with loathing, it should more properly fill 
you with compassion for me as I have gone 
through it at least seventy times at the 
expense of a great deal of time.”

Kepler, Johannes, Astronomia Nova, 1609























A page from Galileo’s Sidereus Nuncius
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Kepler’s 3rd law

The square of the orbital period of a planet 
is directly proportional to the cube of the 

semi-major axis of its orbit.





Stuff close in moves fast
stuff far out moves slow



Stuff close in moves fast
stuff far out moves slow

Hypothesis

What keeps the planets in motion 
is something that 

emanates from the Sun
and dilutes with distance. 



Geometric dilution

The same amount of light, 
expanding spherically outwards, 

crosses progressively
larger areas. 



As distance increases, the same energy 
spreads through a larger area

𝑔 ∝
1
r2

Inverse square
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” And	the	same	year	[1665]	I	began	to	think	of	
gravity	[…]	from	Kepler’s	rule	of	the	periodical	
times	of	the	planets	being	in	a	sesquialterate
proportion	of	their	distances	from	the	centers	
of	their	orbs,	I	deduced	that	the	forces	which	
keep	the	planets	in	their	orbs	must	be	
reciprocally	as	the	squares	of	their	distances	
from	the	centers	about	which	they	revolve:	
and	thereby	compared	the	force	requisite	to	
keep	the	moon	in	her	orb	with	the	force	of	
gravity	at	the	surface	of	the	earth,	and	found	
they	answer	pretty	nearly.”

— Isaac Newton, 1665-1666

Isaac Newton, 1642-1727



22-23 y-old Isaac Newton, 
1642-1727

” And	the	same	year	[1665]	I	began	to	think	of	
gravity	[…]	from	Kepler’s	rule	of	the	periodical	
times	of	the	planets	being	in	a	sesquialterate
proportion	of	their	distances	from	the	centers	
of	their	orbs,	I	deduced	that	the	forces	which	
keep	the	planets	in	their	orbs	must	be	
reciprocally	as	the	squares	of	their	distances	
from	the	centers	about	which	they	revolve:	
and	thereby	compared	the	force	requisite	to	
keep	the	moon	in	her	orb	with	the	force	of	
gravity	at	the	surface	of	the	earth,	and	found	
they	answer	pretty	nearly.”

— Isaac Newton, 1665-1666





e





ae

a
(pa)1/2

S C F

A

P



e

e

e

e

e

e











.

.





Conic Sections



















Halley’s comet



Halley’s comet













A majority of comets have parabolic orbits
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Sun	and	Antares	
Rise	together Antares	sets	first
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