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Quick Bio

Wiadimir Lyra
B.Sc. in Astronomy, Federal University of Rio de Janeiro (UFRJ, Brazil), 1999-2003.

Research Assistant 2003-2004
Space Telescope Science Institute (STSc/, Baltimore MD)
Cerro Tololo Interamerican Observatory (CTIO, La Serena — Chile)
European Southern Observatory (ESO, Munich — Germany)
Lisbon Observatory, Portugal.

Ph.D. in Astronomy, Uppsala University (Uppsala, Sweden), 2004-20089.
Nordic Institute for Theoretical Physics (NORDITA, Stockholm, Sweden)
Max-Planck Institute for Astronomy (MPIA, Heidelberg, Germany)

Postdoctoral Researcher
American Museum of Natural History (AMNH, New York NY), 2009-2011.
Jet Propulsion Laboratory (NASA-JPL/Caltech, Pasadena CA), 2011-2015.

Stellar Astrophysics, Planetary Sciences
Solar-type stars, extrasolar planets, star formation, circumstellar disks and planet formation.

Hydrodynamics, plasma physics, turbulence, life in the universe, icy moons and Europa.



Grading

Homework (30%)

Exams (70%)
Checkpoint
Midterm

Exam



Topics

Coordinate Systems
Photometric Systems

Stellar and Galactic Dynamics
Relativistic Astronomy

Cosmology



Class # Date Topics
1 8/27 Syllabus and overall overview.
2 8/29 Celestial Sphere - Definitions
3 9/5 Celestial Sphere — Planetary motion
4 9/10 Coordinate Systems - Equatorial
5 9/12 Coordinate Systems — Other systems
6 9/17 Spherical Trigonometry - Fundamentals
7 9/19 Spherical Trigonometry - Conversions
9/24 Checkpoint
8 9/26 Distances of nearby stars - Parallax
9 10/01 The brightness of the stars: Stellar Magnitudes
10 10/03 The colors of the stars
11 10/08 Color-magnitude diagrams
12 10/10 Photometric systems
13 10/15 Angular radii of stars
14 10/17 Masses and radii of stars
10/22 Midterm
15 10/24 Dynamics of planetary and satellite systems
16 10/29 Dynamics of planetary rings
17 10/31 Stellar dynamics — collisionless systems
18 11/5 Stellar dynamics - clusters
19 11/7 Galactic Dynamics
20 11/14 Dark Matter
21 11/19 Relativistic orbits — Mercury's orbit
22 11/21 Relativistic orbits — Binary pulsars
23 11/26 Black holes — Formation and structure
24 11/28 Black holes - Dynamics
25 12/3 Cosmology: Fundamentals
26 12/5 Hubble law and Friedmann equation
27 12/10 Evolution of the Universe
12/17 Final exam.
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Positional Astronomy

« Spherical Astronomy
« Coordinate Systems
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Diurnal motion




Celestial Sphere
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What we see
"flat® on sky

e - 1,000 light-years -




Distances to the

stars of Orion

Orion might look like a flat
blanket of stars, but its
components are spread over
hundreds of light years

Bellatrix

Just 250 light
years away,
Bellatrix is the
third brightest
star in Orion and
the closest of its
major stars.

Betelgeuse
Betelgeuse is ared
supergiant that could
explode as a supermova
any day now, and is about
640 light years away.

1800

1400

Orion’s Belt
1200 The three stars in Orion’s Belt, from

Orion nebula
The nebula forms the fuzzy tip of

the ‘sword’ hanging from Orion’s left to right, are Alnitak, Alnilam and
belt of three stars. It is a giant 1000 Mintaka. Estimates place Alnitak at
cloud of gas forming new stars 800 light years away, Mintaka 1,300
and is 1,344 light years away. 800 light years away and Alnilam 900
light years away.

Saiph

At the lower-left ‘knee’ of

Orion, Saiph is 650 light 400

years away. It is a large
star that, like Betelgeuse
and Rigel, will one day

blow up in a supernova.

Rigel
The brightest star in

200 Orion is Rigel, a white
supergiant, about 860
light years away.

This diagram illustrates the distances of each
of Orion’s stars, measured in light years

QNASA



The Big Dipper Stars Alkaid
210 light-years
from Earth

Dubhe
105 light-years Mizar
b 88 light-years

Merak Phecda /
90 light-years |

78 light-years

apparent shape of the
Big Dipper traced on a plane
50 light-years from Earth

Alioth
68 light-years
Megrez
63 light-years
Earth © 2006 Encyclopaedia Britannica, Inc.



Celestial Sphere

north
celestial
pole




Celestial Sphere




The celestial sphere

North Celestial Pole

Celestial Equator

4

South Celestial Pole



zenith

altitude = 60°
direction = SE

meridian

horizon

© Addison Wasley Longman, Inc,



Our perception of the sky

Y SCP

Copyright © 2010 Pearson Education, Inc.




Zenith

North Celestial Pole Meridian
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Horizon




Altitude = 10°
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Vertical Circle




Azimuth = 80°

Part of a
Vertical Circle







Celestial Equator

North Celestial Pole

North Celestial Pole Celestial Equator

Celestial Equator

South Celestial Pole



Diurnal Motion

North Celestial Pole Part of
Diurnal Circles

North Celestial Pole

Diurnal Circles

Celestial Equator —»

South Celestial Pole AN



Hour Circle

North Celestial Pole
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Hour Circle

North Celestial Pole
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Celestial Equator —»
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South Celestial Pole
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Great Circle




Shortest Distance on Sphere: Arc of Great Circle
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The Spherical Triangle
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The dual triangle
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Equatorial coordinat

https://commons.wikimedia.org/w/index.php?curid=19127102



Equatorial coordinates

north
celestial pole
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Parameter

WASP-12

RA(J2000)
Dec(J2000)

B
\f'
|
J
H
K

Tog
M/H]
log g
vsin

06:30:32.79
+29:40:20.4

12.11 = 0.08

11.69 = 0.08

11.03 = 0.08
10.477 = 0.021
10.228 = 0.022
10.188 = 0.020

20+200 10
6.300t+18% K
0.30 2415
4.38 + 0.10
< 2.2+ 1.5 km/s



Alt-azimuthal (Horizontal) Coordinates

-
Observer ‘/ ......................... o




Time (hour) Coordinates and Horizontal Coordinates

North
Celestial Pole ,




Time (hour) Coordinates and Horizontal Coordinates

North
Celestial Pole ,




Maximum and minimum altitudes

Part of
Diurnal Circles

North Celestial Pole

Celestial Equator —w=
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Hour Coordinates and Equatorial Coordinates

North
Celestial Pole ~

\__ Celestial =,
Equator

Celestial Pole



Right Ascension

North Celestial Pole

North Celestial Pole Celestial Equator

Part of an
Hour Circle

Right
Ascension

_ Right
Vernal Equinox Ascension

Vernal EQuIinox

South Celestial Pole



Declination

North Celestial Pole

Declination

North Celestial Pole

Declination

Celestial Equator —ym-

South Celestial Pole



Zenith | atitude

North Celestial Pole
Celestial Equator
Latitude ‘




Observer at the pole

MNorth Celestial Pole

= Celestial Equator



Observer at arbitrary latitude

MNorth Celestial Pole




Observer on equator

Celestial Equator

MNorth Celestial Pole South Celestial Pole




Hour Coordinates and Equatorial Coordinates

Meridian

\~__ Celestial _‘
Equator

Celestial Pole

Celestial Equator



Observer

Greenwich
Meridian
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Horizon
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sun

High Noon -
the sun is on the
meridian




y\‘h/’g To distant star
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Sidereal day






Ecliptic




Ecliptic

Zenith




Solar path in Equatorial Coordinates
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Ecliptic coordinates north

ecliptic
pole

south
ecliptic
pole

https://en.wikipedia.org/wiki/Ecliptic_coordinate_system



The Zodiac : Constellations arbitrarily defined on the Ecliptic

Sagittarius

Capricorn

Aquarius




Copyright © 1933
Dwight Ennis

What We See




Ecliptic




Declination (deg)

Right ascension (hr)
6 0 18

(Approximate dates)




Declination (deg)

Right ascension (hr)

6 0 18

—-10

-20

.

. — — — — — — — — — — — — — — — — — — — — — — — — — —— — — — —

September
Equinox

~30 December Solstlpe

1
June Solstice

March
Equinox . ()

— — — — — — — — — — — — — — — — — — — — —

Dlece_r_n ber Solstice |

Dec 21

Sep 23

Jun 21 Mar 20 Dec 21
(Approximate dates)




Declination (deg)

Northern Hemisphere Seasons

Right ascension (hr)

18 12 6 0 18
30 I I ) I
- Summersolstice .
20 + —
10 - Autumnal Vernal ]
o i equinox equinox ()
—10
-20
30 " Winter s.olstic:el : lWinter solstice |
Dec 21 Sep 23 Jun 21 Mar 20 Dec 21

(Approximate dates)




Declination (deg)

—-10

-20
-30

Southern Hemisphere Seasons

Right ascension (hr)

6 0 18

Spring
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.

. — — — — — — — — — — —

. — — — — — — — — — —

1
Winter Solstice

Autumn
Equinox . ()

— — — — — — — — — — — — — — — — — — — — —

Slumm_er_ Solstice |

Dec 21 Sep 23

Jun 21 Mar 20 Dec 21
(Approximate dates)




June solstice December solstice
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View Looking East

) Celestial
Summer Equator

Equinoxes

| ® Winter







The ecliptic and tropic circles



Direction of
Earth's Rotation "~-__

Pointto .-~
the Sun -
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The Sun

Point to a
Distant Star
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The ‘Earth

(not to scale)
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A Distant Star




Ecliptic

north celestial pole

re /-

vernal equinox 4
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south celestial pole



North Celestial Pole

AN

Ecliptic

Vernal EqQuinox

South Celestial Pole

Ecliptic

Ecliptic

North Celestial Pole ¢ Celestial Equator

Vernal Equinox



North
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Equator










Twilight

Day

Horizon

Sunrise




Twilight

Horizon

Sunset







East

N (Noon)

M (Midnight)

(Real Sun)
m (Mean Sun)

West
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d.Celestial Equator
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To Polaris

Earth’s axis
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Polaris
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Polaris
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Meridian

Hour
Circle

Celestial Equator



north
galactic
pole

https://commons.wikimedia.org/w/index.php?curid=20028939




North Galactic Pole
1 90° lat

- 180° long

YT

*-90° lat
South Galactic Pole




North cclestial pole

North galactic

pole <
5=274° . -
] —
81950 )
Celestial equaior

\ 20 22h

€= 33.00°
v a= I8h 49m

\ (node)

Galactic center
{approx)




Stars in the local

solar neighborhood
move randomly

relative to one another. . .

. - ~While the galaxy's
..., rotation carnes them
around the galactic
center at even higher
speed.




.The “Teapot”
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9 -' e  Antares
Ny ® Galactic center :

Scorpius







921 BATSE Gamma—Ray Bursts
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Homework







Before Class

During Class

Self-care




Review notes from class before

Self - care
Study maps
Get enough sleep =
at
Eat something before class Before Class
Time management Ask for HW before class so we know what to look for
Learn terminology
Run practice problems Invest more time into studying
Try to have a visual (e.g. globe)
Write down questions as they come along
Exigiquostione Write down questions as they come along
Go to office hours
Active note taking
Work together g Class
Read the book - Ask more questions
Review notes Stay focused and concentrate
Try homework before office hours
Take better notes
Do homework before the night before it's due
Group study Try to. complete homework before Monday in order to have
Redo the homework ol
Doy Review lecture
Office hours
After Class

Do not wait so long to start homework

Email questions Q



Parallax

Na



Motion Parallax




Moon

Earth

e

distance to Moon



Lunar Parallax

2006-08-05 3:00 UT @ Roeland Park, KS




Montreal, Quebec, Canada
Latitude 45.5000N, Longitude 73.5830W

Y

" 4 9
Selsey, West Sussex, United Kfngcpm"
Latitude 50.7340N, Longitude 0.7880W

.b’-c

Montevideo, Uruguay, South America
Latitude 34.9167S, Longitude 56.1667W

Image: Visible Earth, NASA

This image is a composite of three images of an eclipsed
Moon taken at the same time (03h30m +11s UTC) from
three distant locations on the Earth - Montreal - Quebec -
Canada, Montevideo - Uruguay - South America and
Selsey - West Sussex - UK

The Moon being ~400,000km distant shows a
‘parallax-shift’ when the three images are superimposed
in this manner. The surface (great-circle) distance

between the imaging sites is:
Feter C/éﬁ/ﬁ,“MO///ffEd/, 6?”ddd y . A-B: 5,220km, A-C: 9,121km, B-C: 10,967km
Gerardb Addiégo, Montevideo, Urngnay, South America

Lunar Parallax Demonstration Project - Update 2004 October 28
http://www.DigitalSky.org.uk/lunar_parallax.html

Upper Moon - Gerardo Addiego Pezfe / awrence,
Lower-left-hand Moon - Pete Cleary

Background stars, lower-right-hand Moon and image composition - Pete Lawrence 36/5 67, ///K
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Location A Location B
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Geocentric Parallax
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Geocentric Parallax




Geocentric Parallax







Distance to the Sun

Earth orbit

Venus orbit
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Annual Parallax

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

Photo taken now

Earth
now

Baseline: ‘ Photo taken
the diameter of ® 6 months
the Earth’s orbit from now

Earth
gx months

from now
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Geocentrism

.S"ghere of the

Jupiter

Arisfolle’s Universe



Retrograde Motion

2003-06-15



Retrograde Motion




Heliocentrism Geocentrism




An ingenious idea: Epicycles

Deferent

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

Epicycles on
Epicycles

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



Sophistications: The Equant

w» Equant

|
e Center ’

|
. Earth at eccent |

/

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?

f(x):@+i:: ancos(nx)+i:: b sin(nx)

2




Why does the geocentric model work?
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Why does the geocentric model work?

f(x) % Z ancos(nx)+i:: b sin(nx

Equant Epicycles

=
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The geocentric model

f(x) Z ancos(nx)+i.:: b sin(nx

Equant Epicycles
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Tycho’s model
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Measurement

-y Draconis
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Measurement

Hypothesis
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Hypothesis Measurement

Parallax hypothesis
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Aberration of Light

Moving Frame
4 A
Rest Frame );Cv{ ¢




Source's rest frame
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Observer's rest frame
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Earth’s Apex










Proper Motion

Barnard's Star



How do we measure proper motion?
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Stellar velocity components

sun ‘_..x-"”’f Velocity components of a star
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Stellar velocity components

s\
& «,\9‘_‘__\,_‘
W
sun Velocity components of a star
Ny -
3%
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We see the transverse velocity as a star's “proper motion”,
which changes its position in the sky.



Sun

Tt

M,
‘.‘! e

o
eo“"\%‘-\f""
e ,

, Velocity components of a star

Proper motion is measured in
arcsec per year.

Typical proper motion: 0.1 "/yr

Stellar Motions

Barnard's star

P

1950 2000

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




Stellar Motions

Proper motions of stars at the vicinity of the Big Dipper

Constellations change over time



Stellar Motions

Constellations change over time

100000 BS




Stellar Motions

Constellations change over time

100000 BC




THE SUN'S CLOSEST NEIGHBORS

WISE 0855-0714

(distance 2014)

6 LIGHT YEARS WISE 1049-5319

(distance 2013)

Barnard’s Star

(distance 1916) Alpha Centauri
A \.\GHT YEARS ‘()distance 1839)

. Proxima

Centauri
(distance 1917)
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Ervikke Hon

Astrometric Accuracy during 2000 Years

Hlpparchus/?tolelny -1028 stars | | I | I

o.._ al-Sufi: ~964AD
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o.Tycho Brahe - 1004 stars
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Ole Romer - 88 stars ° "~~.~....__o-..l.‘.‘_a‘lande - 50 000
Bradley - aberration O ""‘-u...&_""Ar.Selander - 34 000
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Solar Orbit

Copyright © Addison Wesley



Solar Apex and Anti-Apex
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Solar Apex and Anti-Apex

TW Hydrae

T e SR S e +m" ..........

Bona Fide Members (Malo et al. 2013)
Apex and Anti-apex
Solar Apex and Anti-apex

.12k



Elongation

angle between a Planet and the Sun



The Ptolemaic Model




Inferior and Superior planets
in the Copernican Model
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Inferior planets : special points
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Superior planets : special points
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Distances to the superior planets




Distance to the inferior planets: Ptolemaic System
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Retrograde Motion
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Retrograde Motion
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Constructing an Orbit

Earth on f
11/22/41
. -

10/10/43

After 687 days, Mars is
in the same place on its
orbit, but Earth is not.
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D — Equant
E — Centre of ecliptic (Earth)

A — apogee
G — perigee

HOK — deferent
ABG - eccentre



AN=BC=BD=BQ=a
ABQN is a parallelogram
AB =NQ = ae

QH L CBD




AB = ae = %(CA — DA).

Q BC=BD=BQ=a

F BF=b

, 4Q80=B
QPH L CBD
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BC=BD=BQ=a
ABQN is a parallelogram
BF=b

xQBC =8
QPH L CBD
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Ptolemy — The Sun had a small epicycle (~1/25 of deferent)




Circular and Centered Orbit
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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
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—— Mercury

Venus
— Mars

—— Jupiter
~——  Saturn

Years

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




The equant: Equal angles at equal time
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Equant Point of View
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Changing to the Sun’s Reference Frame:
Observations at Opposition




Locating the Equant
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Locating the Equant



Kepler’s solution










How big is the difference?
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Equant fails at larger eccentricities
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“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
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A page from Galileo’s Sidereus Nuncius
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Kepler’s 3 law

The square of the orbital period of a planet
is directly proportional to the cube of the
semi-major axis of its orbit.

7







Stuff close in moves fast
stuff far out moves slow



Hypothesis

What keeps the planets in motion
IS something that

and dilutes with distance.

Stuff close in moves fast
stuff far out moves slow



Geometric dilution

The same amount of light,
expanding spherically outwards,
Crosses progressively
larger areas.



Inverse square

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



V,;<V<V,
V,; <Vo<V



” And the same year [1665] | 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, | 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



” And the same year [1665] | 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, | 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

22-23 y-old Isaac Newton,
1642-1727
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Types of orbit

Hyperbola -\

Orbit Type Eccentricity
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Conic Sections
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Figure 4.1



Types of orbit: Conic Sections
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Effective Potential (A =1,B = 2)
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Effective Potential (A =1,B = 2)
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Halley’s comet
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Numb er of Comet:

Figure 1a: Comet Semimajor Axis Distribution
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Figure 1b: Comet Eccentricity Distribution
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Numb er of Comet:
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A majority of comets have parabolic orbits

Figure 1a: Comet Semimajor Axis Distribution
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Figure 1b: Comet Eccentricity Distribution
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Figure 1c: Comet Orbital Inclination Distribution
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Figure 1e: Comet Argument of Perihelion Distribution
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Figure 1d: Comet Longitude of the Ascending Node
Distribution
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