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Argus C135E ElectréDptical Testbed

Argus was the only Air Force C-135E capable of flying extended missions up to

e 000 feet above the earthds surface, ma Kk i
From 1986 to 2000, its mission was to collect data on rocket plume phenomena,

reentry vehicle signatures, kill assessments, sensor checkout for SDI,

and airborne laser remote sensing experiments.

A Airborne Electro-optical Testbed

A Palletized optical benches

A UV/Visible Imagery & Spectroscopy
A MWIR/LWIR Imagery & Spectroscopy
A LIDAR & Laser Experiments

A Active/Passive remote sensing

A Hyperspectral Experiments




MSX SPIRIT Il Sensor

Midcourse Space Experiment (MSX) was a Ballistic Missile Defense Organization satellite experiment to map bright
infrared sources in space. MSX offered the first system demonstration of technology in space to identify and track
ballistic missiles during their midcourse flight phase. Operational from 1996-97.

| developed the Sensor Off-Axis Radiance (SOAR) computer code, modeling Bidirectional Reflectance Distribution
Function (BRDF) data to analyze the Mid-Course Space Experiment (MSX) SPIRIT lll infrared sensor (5 IR bands).

Galactic Latitude
=

o
3

486 45 44 43 42
Galactic Longitude

http://irsa.ipac.caltech.edu/Missions/msx.html



The American Institute of Aeronautics and Astronautics (Al&%ngressional Visits Day
Every year, AIAA membegrengineers, scientists, researchers, students, educators, and
technology executivestravel to Washington DC, for a day of advocacy and awareness wit
national decision makers. My group usually presents 2 key issues with recommendations
0 Aerospace & Defense Waoflrce Enhancement (& STEM)
0 Aerospace & Defense Budget Funding and Procurement

In DC withMs. Cynthia Kaiserformer Directed Energy Chief Engineer at AFRL, she is now
involved with the AfterMath summer camp program for studer@ig]. Mark Neicdret.),
Executive Director of the Directed Energy Professional Society, Col. Neice was Chief of tr
Laser Division at AFRL when | was a civilian crew member on the At§6& Electreoptical
testbed aircraft, he was the pilot for Argus on many missions that | flew on including a
deployment to South Korea; and our group lea®erJames Horkovic({Directed Energy
advocate), andsenator Martin Heinrich
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Astronomy Today, 8th ed
Chaisson/McMillan

Astronomy 1192
Lab Manual (CNM)
Dr. Erica Voges, et. al.

Project CLEA Software


http://www3.gettysburg.edu/~marschal/clea/CLEAhome.html
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Contemporary Laboratory
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techniques using digital s | A
9 19 dig ANDMERCURY | , THE SPES
data and color images. 4 !
AL dermery | wrrie i Armasn
The Height of Lunar
Transits of Venus and Jupiter's Moons and the Dying Stars and the Mountains (From an
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Local Group
of galaxies F

Local stellar
neighborhood

© 2011 Pearson Education, Inc.

"% 10,000

x15,000

- "Large-scale .

cosmic structure

0 "Cosmic Voyage" (35 min),
narrated by Morgan Freeman.
Cosmic zoom from 6:35 to 11:40.

https://Iwww.youtube.com/watch?v

=XEdpSqz8KU4

o


https://www.youtube.com/watch?v=xEdpSgz8KU4




1/50

Born

Died

Occupation

Known for

Eratosthenes

276 BC
Cyrene

194 BC
Alexandria
Scholar
Librarian
Poet
Inventor

Sieve of Eratosthenes

Cénter

of the

-
L
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of a circle < 5 000 stadia (~800 km)

" 1circle « 50 x5 000 stadia
=250 000 stadia (~40 000 km)

S 150 of Gy, Parallel
N acirce £ sun rays
.:b__\

Alexandria 4

Well at
Syene
(Aswan)

L4
L4
L4
.
-
.O
-

0.5to 15% error,
dep on def of stadion.




Mars Is at same
point in orbit
every 687 days.

Kepler found that
the orbit of Mars
Is an ellipse.

earth orbit

622
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Johannes Kepler (157171 1630)
found that orbits are ellipses,
not circles. Developed Laws of
planetary motion.

Planet P(yr} a{A.U) DP? a’

Mercury 0.241  0.387  0.05%8 0.058
Venus 0.615  0.723 0378 0.378
Earth 1 1 1 1
Mars 1.881  1.524  3.537 3537
Jupiter 11.862  5.203 140.7 140.8
Saturn  20.456  D.534  B67.T B6T.D

P<= a3

P = Period (in years)
a = semimajor axis (in AU)



Sir Isaac Newton

Portrait of Newton in 1689 by Godfrey Kneller

Born 25 December 1642
[NS: 4 January 1843]'")
Woolsthorpe, Lincolnshire,
England

Died 20 March 1726/7 (aged 84)
[OS: 20 March 1728
NS: 31 March 1727]'"]
Kensington, Middlesex,
England

Newton modified
Kepl efliaw 3

P2=a3/M

P = Period (in years)
a = semimajor axis (in AU)
M = total mass in solar units

15



Newt onods Newt onos

Universal Law 2nd | aw
Of Gravitation of Motion
F = GMm/r? F =ma
a = GM/r?
(Vector calculus in
polar coordinates)

P2/ a®=4p?/(M+m)



%1 CLEA Exercise - The Revolution of The Moons of Jupiter
Fil=  Help

GANYMEDE (III) - Measured Offset in Jupiter Diameters
I]_IIITIIIIIIIIII]II

August 3. 2011
UT: 0 Hrs, 00 Min, 00 Sec
Jul. Day: 245577650000

Data Interval: 12.00 Hrs

866.0 876.0
Julian Date (minus 2450000)

AMS Residual

I 1.0063331¢ T-Zeeo Hluban Day)
Jupiter = |

Slides Sensitivity - — C 13w Tk,
Comze [ Fine Puriod [Dayz)

1/1047 mass of Sun
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Supermassive black hole Sagittarius A*
4.3 million solar masses

SNR 0.9+0.1
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Star S2 reaching speeds exceeding | -

5000 km/s (11,000,000 mph, or Keck/UCLA
1/60 the speed of light) Galactic Center Group 1995-2008




Basic Trigonometric Functions

The basic trigonometric functions can be defined in terms of a night triangle. For the
angle B at one apex of the nght triangle the functions can be defined by:

d

tangent : tanf = —=

_ _ b side opposite 6
sine : sinfl=—=
h C hivpotenuse

_ a side adjacent 6
cosine : cosfl=—=
C hypotenuse

b side opposite @ sinf

a side adjacent 8 cos6



Triangulation: Measure

baseline and angles, T &%
can calculate distance = P N ==
fioe -
= = o € ‘“V\N T
() S
e
B =100 m Aa e e
q - 600 o 8 ST =
§ —e /—\/;/'\
tan(q) =D /B ~ ] TeSia—
—:‘:__-\ﬂ \—\k?_’*,-\\,_\ _ ~
D =B tan(q) -
= (100m) tan(60°) 9
= (100m) (1.732) A B
=173 m | Baseline I

© 2011 Pearson Education, Inc.

20



Parallax: Similar to
triangulation, but look at
apparent motion of object
against distant
background from two
vantage points

As seen from A

As seen from B




Edmond Halley (1656 - 1743)
first to propose method of
finding AU by measuring the
parallax of transits.

Earth ?ljm
P2 Venus _3}&
ﬁ::::'—':.-.,__:-_—::____;?)::—’_ 8.
F" , __'_'%».\,.:ﬂvft\t-
= i e
Eq
I:—f_ Eros - _F_______._.__-—-a
ﬂ:,,: —=@e=TTT
P4 — .
E:
slars -



Transit T When inner planets pass between Earth
and Sun

A Mercury : 1 or 2 per de
A Venus: about 1 pair pe

1639
1761
1769
1874
1882
2004
2017




TABLE 1: GONG TELESCOPES OBSERVING THE TRANSIT OF VENLUS,

Udaipur Solar Observatory,
India

JUNE 8§, 2004
Site Latitude Longitude
Obzervatorio del Teide, +28°17.5° -16°29 8° e
Tenenfe Spagn | 0 ] o Dme Dy
+24° 35.1° +73°42 8

Learmonth Solar Observatory
Australia

o] 7
-22°132

+114°6.1°

[ rranit ot e n 2000
T Hep

The simple formula vou use to calculate the length of the Astronomical Unit A 1n
km 1s:

A= B+ (@D, - D,)* 206265
T[III- DET. D'ES

CAUTION: Be sure vour units are correct before vou plug into this formula. B 1s
i1 km, D, and D.. are both 1n AU, and m,, 15 1 arc seconds!



Crnns s Sl

LT VERG OLTE
j Terenid FHorrexie, Anze 1639 Die 14 Kosensbrie, ot Tul
Transits were important to e
determine length of the T
Astronomical Unit (AU), the
average distance from the

Earth to the Sun.

——

1 AU =93 million miles
= 9.22956 x10’ mi
= 1.49598 x108 km
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The Dimensions of the Solar System

Now measured
using radar. Ratio
of mean radius of
VenusoOos or
that of Earth is
very well known.

Earth’s
orbit

Venus’s
orbit

*
Emitted? E Reflected




A beam of light is depicted travelling =
between the Earth and the Moon in the time https://en.wikipedia.org/wiki/Speed

it takes a light pulse to move between them: of light#/media/File:Speed of light

1.255 seconds at their mean orbital (surface- from Earth to Moon.qif
to-surface) distance. The relative sizes and
separation of the Earth—Moon system are
shown to scale.

Flanet Distance from Light Travel
Sun in Time
Astronomical
Units
Mercury (.38 3.2 minutes
Venus 0.72 6.1 minutes
Earth 1.00 2.5 minutes
Mars 1.52 12.9 minutes
Jupiter 5.20 44 2 minutes
Satumn G958 1.4 hours
Uranus 19.14 2.7 hours
Neptune 30.20 4.3 hours



https://en.wikipedia.org/wiki/Speed_of_light#/media/File:Speed_of_light_from_Earth_to_Moon.gif

Radar astronomy is atechnique of observing nearby astronomical objects by
reflecting microwaves off target objects and analyzing the reflections. This
research has been conducted for six decades. Radar astronomy differs from radio
astronomy in that the latter is a passive observation and the former an active one.
Radar systems have been used for a wide range of solar system studies.

The combination of optical and radar observations normally allows the prediction
of orbits at least decades, and sometimes centuries, into the future.

Radar provides the ability to study shape, size and spin state of asteroids and
comets from the ground. Radar imaging has produced images with up to 7.5-m
resolution. With sufficient data, the size, shape, spin and radar albedo of the
target asteroids can be extracted.

Only 19 comets have been studied by radar,[8] including 73P/Schwassmann-
Wachmann. There have been radar observations of 612 Near-Earth asteroids and
138 Main belt asteroids.

) e Computer model of asteroid (218) =
Radar images and computer model of Kleopatra, based on radar analysis.

asteroid 1999 JMS 70 m antenna at Goldstone &3




AFamily Portraito, 1990,

JUPITER

y e s
%\‘:s'vﬂ

EARTH

A

VENUS SATURN NEPTUNE

) i Lk Neptune
The Pale Blue Dot - Cosmps:#\ Space Time Odyssey (3.5 min) 7 r - 1
> *hitps:/wwiwSoutube.com/weich?v=GO5FwSbipT8 . : ¥ Uranus =
\ https://én.wikipedia.org/wiki/Pale ‘Blue Dot . o6 ¢ 8 4 - -
ips:Aeh.wikipedia.org/wiki/Famify_Portrait_(Voyager) . . ) =

https://en.wikipedia.org/wiki/Cosmos: A Spacetime Odyssey



https://www.youtube.com/watch?v=GO5FwsblpT8
https://en.wikipedia.org/wiki/Pale_Blue_Dot
https://en.wikipedia.org/wiki/Family_Portrait_(Voyager)
https://en.wikipedia.org/wiki/Cosmos:_A_Spacetime_Odyssey




®
“ Earth,
December

v

! Proper Motion of Ursa Major

(the Big Dipper)
https://www.youtube.com/wat
ch?v=txJH8RII0XQ

Stellar Parallax
(exaggerated)

B https://www.youtube.com/wat

ch?v= D7sbn27arE

j Parallax - Polaris, Big Dipper

with proper motion
8 (exaggerated)

https://www.youtube.com/wat
ch?v=-sc|pUI9ksA



https://www.youtube.com/watch?v=txJH8RlIoXQ
https://www.youtube.com/watch?v=_D7sbn27arE
https://www.youtube.com/watch?v=-scjpUI9ksA

Parsec
Distant stars

gl s ———

i T
"

- '.'q.h_. &~

~ Apparent parallax
maotion of near star

F'.,h_h_.
Parallax angle
= 1 arc second
Near star ¢ rd

1 Parsec

—= 4

1AL

Earth's motion around Sun

A parsec is the distance from the Sun to an
astronomical object that has a parallax angle
of one arcsecond (the diagram is not to scale).

Unit information

Unit system astronomical units
Unit of length
Symbol pc

Unit conversions

1pcin .. .. i5equalto ...

meftric {51) units 3.0857 =10 m
~31 Petametres

imperial & US units 1.9174 = 10" mi

astronomical units 2.0626 =10° au
3.261 56 ly

Small angles so use
d(pc) =1/ p(arcsec)









Ground-based telescope
measurements of parallax angle
Is limited to about 0.01
arcseconds, and thus to stars
no more than_100 pc distant.

Hipparcos satellite, with an
astrometric precision of about
0.97 milliarcseconds, obtained
accurate measurements for
stellar distances of stars up to

1000 pc away.

Gaia satellite, with precision of
20 microarcseconds, produces
errors of 10% in measurements
as far as the Galactic Centre,
about 8000 pc away.




The Solar Neighborhood

The Solar

Neighborhood
G51-15

The 30 closest stars
to the Sun

Procyon _
BD+5°1 /

(within 4 pc or 13 ly)

Wolf 3

e > 2398

Lalande 21185

Grm 34

v Ross 248
59 Fioss1 28

L
,‘2“pc —|

, 1 BC
~ Barnards

Proxima Centauri
parall ax =
= 270,000 AU

= 4.3 light-years

©2011 Pearson Education, Inc.

| #Siius—
Epsilon Eridani o

Yhath

e
—— N S@Mpha—|
- 'i Centauri

Luyten
789-6

-

Lacaille 8760

Lacaille 9352
®Epsilon Indi




—_—

s w :
= __I.lll_ . _,-"_ -t _T _T _f _"._ - === —"_T‘_T .-T j}ﬁ'ﬁ"-__-\"l‘: q ..L
_.-'l __. '-.- ___ ...-__.- |, b ) .

.-'-,’.- - h B

The electromagnetic waves that compose electromagnetic radiation ]
can be imagined as a self-propagating transverse oscillating wave of
electric and magnetic fields. This diagram shows a plane linearly
polarized EMRE wave propagating from left to right (X axis). The electric
field is in a vertical plane (£ axis) and the magnetic field in a horizontal
plane (Y axis). The electric and magnetic fields in EME waves are
always in phase and at 90 degrees to each other.



: Moon

Sunlight takes about 8 minutes 17 seconds to travel the

average distance from the surface of the Sun to the Earth.

Exact values
metres per second 290 792 453

Planck length per Planck time 1
{i.e., Planck units)

Approximate values (to three significant digits)

kilometres per hour 1080 million
(1.08 = 10%)
miles per second 186 Q00
miles per hour!" 671 million
(6.71=10%
astronomical units per day q73ihate Tl
parsecs per year 0.307Met= 2l

Approximate light signal travel times

Distance

one foot

one metre

from geostationary orbit to Earth
the length of Earth’'s equator
from Moon to Earth

from Sun to Earth (1 ALY

one light year

one parsec

from nearest star to Sun (1.3 pc)

from the nearest galaxy (the Canis
Major Dwarf Galaxy) to Earth

across the Milky Way
from the Andromeda Galaxy to Earth

from Earth to the edge of the
observable universe

Time

1.0 ns
3.3ns

119 ms
134 ms
135

8.3 min
1.0 year
3.26 years
4 2 years

25 000 years

100 000 years
2.5 million years

46.5 billion years



3.1 Information from the Skies

Visible spectrum:

Screen
\
\
Radio Infrared Visible Ultraviolet X ray Gamma ray
I I 5
43x10™ 75x 10" Frequency (Hz)
4 I l
Wavelength (nm) 700 400 *ESA em rad

*\inD
©2011 Pearson Education, Inc. VIO



Electromagnetic Spectrum

- Increasing energy
Increasing wavelength >
0.0001 nm 0.01 nm 10nm 1000 nm 0.01 cm 1 cm 1 m 100 m
l I 1 I I 1
Gamma rays Xrays Ulira- Infrared Radio waves
violet

Radar TV FM AM

/’//v;lengm\

400 nm 500 nm 600 nm 700 nm  (nanometers)
4000 A 5000 A 6000 A 7000 A (angstroms)
0.4 mMn 0.5 mm 0.6 mm 0.7 mm (microns)

(1 micron = 10% meters, 1 nanometer = 10° meters , 1 angstrom = 1019 meters)



Human Vision

Human spectral sensitivity to color
Three cone types (p, v, 8) correspond roughly to R, G, B.

Relative sensitivity

L] 3
400 460 490 500 530 600 650 700

T ‘ TWavelength(nm) T
Blue Cvyan Green Red




Biological Hyperspectral
Remote Sensing System

AT :Ir\ll II
|

\/ flx?ﬂq .’ 1. 1'5 Mantis Shrimp (Stomatopod)

A Most complex vision system in nature

A Hyperspectral
I Photoreceptors for 16 bands
I Humans & primates see 3 bands (RGB)
I Birds see 4 bands

A Ultraviolet / Visible / Near-Infrared range
I 300to >700 nm

A Detects 3 linear polarizations
I E-vectors at 0° ,45° ,90° (~500 nm)

A 360° push-broom scanning mode

A Each eye is trinocular
i 3 pupilsin each eye
i Both eyes result i1 n Al

A Nervous system integrates:
I Spatial / Spectral / Temporal / Polarization

¥, A Evolved from crustaceans 400 M years ago
N I Vision system developed 40 M years ago



Project

University of
Queensland

Australian Research
Council (ARC)




Ki rchoff 6s Laws

Continuum Spectrum

\-,%l cf,‘,{
\
— :1\
(high density) -

Emission Line Spectrum

Hot Gas /&\
- HINNE

(low density)

Cold Gas Absorption Llne Spectrum




(Na) Sodium

(H) Hydrogen

(Ca) Calcium

(Mg) Magnesium

(Ne) Neon




Spectral Lines

An absorption spectrum can also be used to
Identify elements. These are the emission and
absorption spectra of sodium:
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Photospheric composition (by mass)

Hydrogen 73.45%"
Helium 24 85%
Cxvgen 0.7 %
Carbon 0.25%
Iron 0.16%
Meon 0.12%
Mitrogen 0.05%
Silicon 0.07%
Magnesium 0.05%

Sulfur 0.04%



Brighter >

< Duller

Spectral radiant exitance

10’

Blackbody Radiation

J

Wi ends Displ ace
| max (Mm) = 2898/ T (K)

Visible Bands
pK Y
Blackbody radiative curve
4dc at the sun's temperature

Sun peak:

| max (mm) = 2898 /5800 = 0.5 mm
(green-blue)

Earth peak:

| max (mm) = 2898/ 295 = 9.8 mMm
(LWIR or thermal band)

Blackbody radiative curve

500K
at the earth's temperature

300K

200K

| T T T e SRRk
02 ‘03 1 2 O 3020 50 200

Wavelength (um)



Harvard Spectral Classification

. [] _ -
Temperature™  Conventional Mass Radius® Hydrogen Fr..a-:tlnn of all
Class . (solar . . main sequence
(kelvins) color (solar radii)| lines (2]
masses) stars' -
0 =33000K blue =16 Mg =66 Rg Weak ~0.00003%
g 10.000- blue to blue white 2 1-16 I 1.8-66Rp  Medi 0.13%
33.000 K 1-16 Me B8-hH6Ke edium 13%
A 7.,900-10.000 K white 14-21Ms 1.4-18Re | Strong 0.6%
. . 1.15-14 . .
F6,000-7 200 K |yellowish white 1.04—1.4 Mg 0 Medium |3%
0
—1.15
G 5200-6.000K vyelow 0.6-1.04 Mg [;'96 11 Weak 7.6%
@
0.7-0.96
K 3,700-5200K orange 0.45-0.8 Mg . Very weak 12.1%
@
M =3700K =045 Me =0.7 Re Very weak 76.45%

Each spectral type further subdivided into 10 divisions,
OO0 to O9 through MO to M9.
Our Sun is spectral type G2 (Surface T ~ 5800 K ~ 10,000 F)



Example Stellar Spectra

06.5
BO
B6
A1
A5
FO
F5
GO
G5
KO
KS
MO
M5

4000 A 5000 A 6000 A
7000 A

Our Sun is spectral type G2V
(Surface T ~ 5800 K ~ 10,000 F, main-sequence star)

HD 12993
HD 158659
HD 30584
HD 116608
HD 9547
HD 10032
BD 61 0367
HD 28099
HD 70178
HD 23524
SAO 76803
HD 260655
Yale 1755
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Blackbody Curve (Intensity vs Wavelength at temperature):
Peak Intensity shifts left for higher temperature.
Peak Intensity shifts right for lower temperature.

T ’ T
z z z
2 Z
g g £
| 250K S 50K =
— i A | | < = 1 R e — :
= § 00 10,000 15000 20000 L0000 10000 15000 N o) L 000 10040 15,000
Wavelength (A) ~——» Wavelength (A)  wm Wavelength ()  —e
1. This star appears red I, This star appears yellow I, This star appears blue

Wi ends Law gives wavelength of
for a given temperature.

o (A)=2.9%x107/T (K)

Our Sun: a..., = 2.9 x 107/ (5800 K) = 5000 A



Spectral Image (photo)
compared to Spectral Data Plot (Intensity vs Wavelength)

Absorption lines.

HD 66171

-
-

HD 66171

Intensity is Wavelength (A)

iNormalizedo to (J;.Langstrom = 1019 meters)



Classification of Stellar Spectra

— Classity Spectra s
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Get absolute magnitude (M) from spectral type,
Get apparent magnitude (m) from measurement.

i Neticom Spechometer Headirg

Startasurs Cow

Iavs Feat Eemum

: i
I IIII lll|'~| II"lI'I b
= [ i o 'l_ ] LY
I = r.li.. a1
v E N TUA VT LA
! iy
(5] 1 1| ks §
1] .:_ A IJ'.\_r I" rl f § | = 1 | lIr I ll |'|
'r- .-I |.|- I| [ I. g 4 . '.l I. |
:1 - Il s’ 1 ¥ ILI
' i.""!l-_ Ay
¥ & |
TR
t L]
IR ] A T AT N AN AN TN AN NN N il s i il
Jann dninn Al00 4700 4300 A400 A0
ARgitami

Ubject 494

Apparent Magnitude [V): 4.90
Hight Ancenslan:  Gh 14m 25878
Declinotion: 324 29" 31.5°

integration [Scconds]: 10.%
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foerg. per Channels 210674
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Main Sequence Stars, Luminosity Class V

Spectral Type | Absolute Magnitude, M
03 -5.8
BO -4.1
B3 -1.1
AD 0.7
A5 +2.0
FO +2.6
Fs =34
GO +4.4
G3 =51
KD +58
K3 +73
MO =00
M5 +11.8
M2 +16.0




Apparent and Absolute Magnitude

The apparent magnitude (m) of a celestial body is a measure of its
brightness as seen by an observer on Earth.

The absolute magnitude (M) of a celestial body (outside of the solar
system) is the apparent magnitude it would have if it were 10 parsecs
(~32.6 light years) away.

(The brighter the object appears, the lower its magnitude.)

http://en.wikipedia.org/wiki/Apparent magnitude

Inverse-square law.
Intensity drops as 1/r?.



http://en.wikipedia.org/wiki/Apparent_magnitude

Spectroscopic Parallax Method

logD=(MT M+5)/5 (ImMm-M 1 s NDI stance
D=10"[(M7T M+ 5)/5]

D = distance to star in parsecs
(1 parsec = 3.26 light years = 3.08 x 103 km ~ 19 trillion miles)

m = apparent magnitude (from your spectral plot)
M = absolute magnitude (from Main Sequence Chart, p.23)

Example: M=-2.1, m=105, D=7



Example:

m = 10.5 (apparent magnitude)
M=-21 (absolute magnitude)

D=10~[(mi M+5)/5]

D=10"[(10.57 (-2.1) + 5)/5]

=107 | 12.6 + 5)/5 ]

=107 [17.6/5]

=10~ [ 3.52]

= 3311 parsecs (x 3.26 ly/pc = 10,793 ly)

Identify spectral type to get M,
measure intensity to get m,
use distance modulus to calculate distance.



Photoelectric Photometry of the Pleiades

Main Sequence Stars, Luminosity Class V

- -
= -
Speciral Type | Absolute Magnitude, M
E l] E-' 3 S p : yp : g .
~ PAPFR Z PLASTIC 05 5.8
= GRAPH " GRAPH B0 41
= = B5 11
Y] - . l - .
< Use Your Data - Use Data in AD +0.7
=1 =T
S 0.4 1.8 ™ -0.4 1.8 FO +2.6
g B_V = B—V F5 <34
G0 -4 4
| CLER Excercise - Photoelectric Photometry FIf=
= 1 G5 +5.1
TELESCOFE 0.4n (16"} Telescope FHOTOKETER
Dome Open Take Reading KO +5.9
Iracking QN _ -
SlewRate | 4 K5 +73
" Mo 0.0
n_EJ j!]ﬁ _
| 1= M5 +11.8
Right h‘;’mm”“ Record Readings  Return ME +16.0

dh ddm 27 .19

Start Count |C> Elapsed o.a Completed o
Filterl W Seconds | 10.0 Integrations | 3

od 15' @0 Wovenber 10, 2008 Mean

Declination
23d K7 51 6"

(oW, ...

Lecal Time: 11:10 Object: HD 23830 Raw Counts Count=-Sec
Set Coordinates
- S-H Ratio
Hean Sky Hagnitude
V. HO SEY! W

Counts-Sec

D=10"A[(mi M +5)/5]



Pleiades (Seven Sisters) -
- Open star cluster (~1000) . .
_Many young blue hot stars
Distance ~ 410 light years' -
o T
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Globular clusters

Galactic halo\ -
- s
*
, .- . *
: | 9‘_”_‘,‘?"?'_9?,“.'99 S O, B stars

Gas and dust i
Emission nebula

Open cluster .
*

30 kpc

The Milky Way, Star Clusters


https://www.youtube.com/watch?v=tj_QPnO8vpQ&index=37&list=PL8dPuuaLjXtPAJr1ysd5yGIyiSFuh0mIL
https://www.youtube.com/watch?v=an4rgJ3O21A&list=PL8dPuuaLjXtPAJr1ysd5yGIyiSFuh0mIL&index=35

Galactic Longitude
00

60° 300°

90° — e 1 Su ' = 00



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

Cygnus Arm




E open clusters 13.m13

File View Filters Presets Windows Help

Sky View

!
‘
Zoom: |- ||+
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e 0

® . O
J - -
Zoom: |- (|4 Field of view = 5,063 light-years
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Hertzsprungi
Russell Diagram

This is an Hi R plot of about
20,000 stars. (Hipparcos
satellite data.) The main
sequence is clear, as is the
red giant region.

About 90% of stars lie on the
main sequence; 9% are red
giants and 1% are white
dwarfs.
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HertzsprungRussell (FR) Diagram

Plot of stars magnitude (V) vs color index-\B

M = absolute visible magnitude

B-V = apparent blue magnitude minus apparent visible magnitude

HOT AND HIGH LUMINOSITY}

Luminosity
(Absolute Magnitude, M)

WHITE
DWARFS
| | | | |

-0.3 Color (B-V) 2.0

30, 000 K Temperature 3000 K
O B A or Spectral Type G K M




Figure 4: HOW THE HR DIAGRANM OF A CLUSTER CHANGES ASIT AGES
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Main sequence fitting

-

Apparcnt Magnilude of Cluster Stars

mor ¥V
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30, 000 K Temperature 3000 K
O B A or Spectral Type G K M

Figure 5: The distance modulus, m-M, of a cluster is the difference between the
apparent magnitude of the main sequence stars and the absolute magnitude of
the corresponding stars on the Zero-Age Main Sequence.
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Example: M45 (Pleiades)

LYY

D=10""[(ng M + 5)/5]



Extending the Cosmic Distance Scale

Spectroscopic parallax can extend the cosmic distance scale to several thousand

parsecs \ /
\ /
\ /
~10,000 pc\ /

*“ .'. o e
ok Spectroscopic
“TOBAFGKM parallax

~200 pc v

z ; Stellar parallax
~1 AU

K Radar ranging

Earth

— Distance —»



Pulsar Signals

CANBRU Lzt all NJ RSUSOUSR 6& W20St
More pulsar discoveries confirmed they were rapidly rotating
neutron stars with strong magnetic fields.

Most emit in radio region of EM spectrum (some visfa§, gamma).
Our radio observatory measures from 400 to 1400 MHz.

Higher frequencies travel faster through interstellar medium causin
difference in timing between pulses.
CKA& AGAYUSNBOUSTEEI NI RAALISNEAZ2Y €

e T J.-;rJ#JL"r-;ﬂ,f«;mefJ f L‘eﬁ_,;ﬁ f /e r’lJ iﬁwuf.ff i mafw.“) l\fﬂ*‘yf "-f--#.r-f’“ar.jwurfww

Figure 3: Typical Pulsar Signal



CLEA Exercise - Radio Astronomy of Pulsars

File Help
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https://www.youtube.com/watch?v=SRDOCKOq5iQ&nohtml5=False

Dispersion in pulsar timing

Pulsarsare spinning neutron stars that emit pulses at very regular intervals ranging from
milliseconds to seconds. Astronomers believe that the pulses are emitted simultaneously
over a wide range of frequencies. However, as observed on Earth, the components of eac
pulse emitted at higher radio frequencies arrive before those emitted at lower frequencies.
This dispersion occurs because of the ionized component ofititerstellar medium mainly
the free electrons, which make the group velocity frequency dependent.

. Analyze Pulsar Data | = |&]
File Results Window Help
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L Eads 2l [ | Scale Cursur 1
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http://en.wikipedia.org/wiki/Pulsar
http://en.wikipedia.org/wiki/Interstellar_medium

Measuring distance using dispersion
Pulsar emits radiation at many different frequencies.
Higher frequencies travel faster through interstellar medium.

To=L/V
Hunmnar 10 khr A !

ﬁ Ts=L/Vy
A
< 10 KM - Tg—Ty=L/V, - L/V,

ITg—-Ts=L{A/V,-1/V,)
B F AFTER 1 HR
Runner S whr 1. —-T
Has 1 hour till to go [=—FB 4
11
Ve Ve
L=_(2¢1) =10km

(1/5 ¢ 1/10)



Dispersion formula for interstellar medium
Velocity of pulse depends on EM frequency and electron density.

v =£/ (4150 * )

| T,-T,
electron density D= — —
n, = 0.03 electrons/cr 124.5 (( V) —(1/t)) }
v=F/124.5

T = arrival time (sec)

1/v=1245/¢ f = frequency (MHz)
D = distance (parsecs)



Example

T, =3.690 sec
T,=4.355 sec T, — Tl
T,- T, = 0.665 sec D= —— —
124.5((VE,) — (V)
f, =800 MHz
f, =400 MHz , _
T = arrival time (sec)
(1/£,)2 - (L/f,) 2 f = fr_equency (MHz)
= (1/400) - (1/800)? D = distance (parsecs)
= 4,687 x 106
D = 0.665 = 1139 parsecs

124.5 * 4.687 x 10
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The upper plot is an RR
Lyrae star. All such stars
have essentially the same
luminosity curve with
periods from 0.5 to 1 day.

The lower plot is a Cepheid
variable; Cepheid periods
range from about 1 to 100
days.
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The variability of these
stars comes from a
dynamic balance
between gravity and
pressured they have
large oscillations
around stabllity.
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Cepheid Variable Stars
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~25 Mpc
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Ursa Minor

dwarf Draco
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This is the Local Group of
galaxies, about 45 galaxies
within about 1 Mpc of the
Milky Way. Three spirals,

mostly dwarf-elliptical or
500,000 pc 1,000,000 pc :
irregular.
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However, some galaxies have no Cepheids, and most are farther
away than 25 Mpc. New distance measures are needed.

ATully-Fisher relationc or r e | at e srotation gpadd avkichd |
can be measured using the Doppler effect) to its luminosity. Very
tight correlation. Using 21-cm and IR to avoid dust. 200 Mpc.



