Lecture 1: Overview and the Night
Sky at a Glance



Learning Objectives and Overview

By the end of this course, students will be able to:

...identify major stars and constellations in the night sky, recount the life-cycle of a star form the Main
Sequence to supernova, and distinguish between White Dwarfs, Neutron Stars, and Black Holes.

...describe the basic components of an optical telescope,explain the major differences between optical,
infrared, and UV astronomy, describe why X-ray and gamma ray telescopes operate differently from OIR
and UV telescopes.

...describe the basic components of a radio antenna, explain how radio interferometers work, and list the
astrophysical sources of radio waves.

...describe the components of a galaxy (disk, bulge, ISM, halo, CGM), define cosmology, how it is studied
(redshift, CMB, 21 cm cosmology, simulations, FRBs), explain how distance, redshift, and time are related
within general relativity, and understand how the presence of dark matter and dark energy affect our
picture of the Universe.

...list some of the major questions in astronomy today and refer to resources to continue exploring
astronomy within and around Pasadena.
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ANTARCTICA

® Encyclopaedia Britannica, Inc. Source: Natural Earth
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Navigating with Constellations and
Asterisms:
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Celestial Coordinates

Sidereal Time: time measured relative to
field stars instead of the Sun

1 Sidereal Day = 23 hours 56 minutes

Centered on Earth and aligned with
Equator and Poles:

e Right Ascension (RA; Celestial
Longitude)

e Declination (Celestial Latitude)

RA can be specified in degrees (0 - 360)
or hours (0 - 24)

RA[degrees] =15 XRA[hours]
Local Sidereal Time (LST): current RA

overhead at the observer’s location

RA=0°
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https://aa.usno.navy.mil/data/siderealtime

At-Home Astronomy: Online Star Maps

Stellarium: https://stellarium-web.org/

Make Your Own Star Wheel (Sky & Telescope):
https://stellarium-web.org/

Aladin: https://aladin.cds.unistra.fr/AladinLite/

Pan-Starrs (Northern Sky Survey):
https://pslimages.stsci.edu/cgi-bin/pslcutouts

SkyMapper (Southern Sky Survey):
https://skymapper.anu.edu.au/image-cutout/



https://stellarium-web.org/
https://stellarium-web.org/
https://aladin.cds.unistra.fr/AladinLite/
https://ps1images.stsci.edu/cgi-bin/ps1cutouts
https://skymapper.anu.edu.au/image-cutout/

L

——

sl Medion (SM) = gos 4 dush betwan @i w2 208 5210

100 £ \SM ~ 2L & 1SM ~(- {7 of (f’:,k
) ' K Dk —siltSy
5 w \§ e <Cf(b0\ Lol €3,
,,.—-—r—\__‘——ﬁ /‘—A—_\ " .L,a’bu\s § %(“[P‘K
‘NW)'“\_\_%WLWL) | M&%‘“"“Lw‘\ Ly Lirem [c):F=b
4= lulo“( 0w [ e o ol
S5 . , Teldaege ; %g )
rl e ageyeo 24 s ol R Y
Vo ") i FERlL 4
Tonsed | yganps (WS Singly —\“"‘Z‘;éﬂ -
— G m
P«- ® e chaf B ﬁi’:’\ e My A '?,\
2PN peen XA \:/E cegir Pl L@D; S a‘ = A\_-lvkv\r' etk f.fh'»“ = ‘(’4___.;""'6‘7
wpres e Qat CLLMONY g 229 7 % gyfb‘}‘ drpumg &\ s
N\ \orpp«hd—cs*w AonT Rer P :m
covh e o (e et ) ’D’_’\’O\:}"w L M’w :): {_\:;0 f;}“ dcs
M’“"y"" ’Bd“ﬂ" (Hd ’\l Ak g L4
9 & \er by 2 %% 9 \/\ = M +Glog ) 5 ‘l],\l
B ok 2 )\ |
1.\ ) (’:éﬁ \ e S ._-———-"‘"__—
resen LV
Az = ~\;uﬁpa ~ (. 6 7., Og (Ct":‘“ pn
7= e e pAkalS ~ ”& 29%
&~ WA




) . 1
J U ’ ¢ 4 4
J { o€ ( ’|' + f A Corl W '
3 N : !
R 1l ¢ Y
¢
|
»
L‘
’\,.\ ,
c /
. y (=N o=
A, Vi
= 4 - v 7/ &N b y /
Lt C & ; . A /
: K
- =5 ¢ f ~
’ ( .l/[‘,\ il dee do Ca . W <O & R
- { 2 55l ade~) 1 ( <
Qe . 1 72k
s — \ - } 3
3 2 et ‘.’( :
W C-,./ _ =5 G]H— P 4,‘"‘,' ‘ Vg2 "‘,o \
L4 » - - ]
( Ldow [ {0 T S——
'L ) ¢ E‘
- .,:_.r [FENT s t b «'{“u/ﬁ AN o
Tikiton L® = bend v «lrt /
Ve b 2 / 1 Vi
S / z 0 G
[ 9o aTroy Vided Teed (760w

jt.«d [

< \ T _d‘ .‘g 28 3 . A D

! el s UM:;;Q 26;;,4

o ~y 1,
L : S lig(.——) e ‘Zk‘r) pd /s
Vs, &

e ———

]

e =\ o s [IBET v
M52 {EGEY <M)[R <




| dvig Aty . '
L‘,LL‘ bA )R. SK,“.,«\ S vw_;_,tvr( O ¢t ‘_é %
V‘ L(\ - (M4

\ ./r & N
S balaaie of g7 my ok prensn
J
\{—\ N w{.lm Cdwy ¥ é@ CHM'U) f 3 f
\ P— ! / SEIIT IS sy Ty i
oo il T T T T e
Jplod = : ar o \ e <iv b1 ot
\ oy Vous Gt i &t i ok doe sor
\ 2 . /’ 3 i T o AVEV
s~ S ‘ L—i fd( &8 LaASErain on o
\ = - ' be GanStcat deen by '
\ 4 - ymwetple) || d
) an f/ é,‘:“ - !.(v,r'z‘;
~ = pasessen=ol py o Re, ¢
lag = = ' v 7dr
rff’u.}% b ot SHit - deths o b oM M Ve |
; z ' cumputed ovel ~ R
{SH adlias agnsral [T . | = 27K
Qs LUV YA '—té » '
‘J-Lnl g - "":‘S i ~-Lﬁ. \.r-h’ ol e, S l'-;', ) (‘/‘ti | eamd - /
- v e - >
"‘1-{{4‘ > ek A vin A e o pChvata '._)f) e . —— Lgvt & '—\T‘Q““‘j \"’-W‘é‘é Q\L)-..L:\
l J “Max -ohT S v Tl
‘,\u = = . .
— _1!"] 4 ol ;
- {———'Vl ‘1““3 = 4 ple) €0r )
rw "" v INIS"' ol I 1 ‘
) 4‘&/ o a4 0tA pawd” radad
- oo oL aehi P o
A AL o &AN X L g/
(Akianoa l{“w"' - {.11‘-.,1_ ok ed hg photons 1A Ve -;' boa o
v A
\ ey
e -Bmhkmm 2 e
= - a6
D) - At - o
\ 3o :A-.-"‘;.’-.-\‘a’ T/,‘.'J&u o PR
Fo T O
@ Wkt chee Trmepodh= dose rbeg howr 16y J “"/—\ e
e > \L'D /!'n.uchcl i~ A ot o / ./
- —
", 5, VAL SRS ¥ adia 0N
—— p—
ac >l MM
1

L ";fi Aéu‘;n.(
Conveshiy *




N l‘ :(‘ ) J | |/\,’1 %Alg /(‘II L
7 : ~+ e
d\ ) N < Cx 7 f“"“ gw\ b(,”h,\ ¥°
ﬁ, £ o "-; [SSS RSVIE /. /\'),:(AAA f ‘;,“r —7 houda’\ |
{
L . (‘”‘—_D’&("g +2'u
r . :
5\ | -_
i ; 1 ’ _,7‘ ; [:.) 4 ti\_s’_.a-_-a;-ﬂ__ ish Mugy §het
- 2 l : :
,Qj < 4 v 8 ¥ (O« ; «HJ> ( St.2Mp)
L Ry ua"u\; @ g 5 / -
L Ny, Y >
i ¥ N\ .:a re m% A o
I)A - 4 w ‘t‘;ﬁ. ‘4 )“:ZL‘L(
\ { - . "
-i) ‘q ‘J v’
(© B 10 (8 1 |
Sy (U,‘,“- ol .'. o B /
e b Con e (N Tyou
G, Sdalsi 1.1 W ,Ec e 5 \
B bak o2 L4y / 1, Fgs ( & S -
- e MR G el
¥y wiai- Mz 7 S {Le Lo : G
L Lt e v,
41 l e (‘4 C,‘r \ v ')VC ¥ J 7'V(
il ) .7 ® & o P & N .
\7\ ot /4’ 1;,\ ! e et Seopy / ‘9)
( - : : G@ ' Dearive > %
EoupaX25M | ¥ [0S 8" pur-
AR _ st :
) Fotete

~* ) | \‘ L//N"’Y — 6
.‘ \ | | ‘ ' : Qf) f \Af\lup‘/’
Ty - | ek il ’ ; © el
% X ~
yaur

/.
\
ek 'M\

.uA;\ ~Lf




PN formation Post-AGB

H shell
burning

~
-
=
o0

Q

—

Yntraction

H core
exhausted




. SGR 1745-29

2.31 GHz

2.11 GHz

2.01 GHz

1.91 GHz

. 1.86 GHz

1.71 GHz

1.66 GHz

0.4 0.6
Phase [rot]




l. s\
O ie ?ai‘

—

Sl o c<wlihun e sef +o T~ e

A LUrad e - \
P — o l k|| *\ Crmclngty /7 ‘.__’.7/ ’ g/-\-l‘\'r;‘g { ‘L\L )

M A ¢ J xcpad : ‘-‘- % 5 )
#p}v\ h(' \ \jh \é sk L_‘, B. ( lfl‘ ;
P2 Db \ . el guvihina
3 tovedy. v 2 it
“ /\2 vtk ‘ o « 'v«*'* - A
m»?k‘:év{ g—:" "l s N Cpd b or-
. ( X -
"-—‘ -’ R B ‘;/‘U‘J o nagh .
SR fesder ™ — & oY
o ’ Ny
‘/ N qg' hkr
Q, et Mty ool
" @%:( Felhhe o
¢ ol & / from (ot 1)
) V k\(‘\:lt).,\ﬂl i =~ Hc,l.w.\ b\u“:} X
) —— 0lets Aottt ’ Lamswg ™ oG ((4
\‘::’S wg 4o Calbdn oxpa-ss (€f) ¥
Sprphine Grued : DO ) .
v/ k‘ i } A - \J‘\A A hp\e L\'k‘ e 7 ¥ Lo’ '/ "-":v o

. ~ \ 2 ~ b
(.U\)J.Lﬂ M¢4L~l‘l" X ‘-/< Wit b:::ue o] e C E) j r 7-"(03#44\/

l_ -—
~

\k-(, Lo g /" v "\ l_v\'/(tv/ .

e /& 7 . asuang ie

R 1R A ok N yL s sz..qf,
g - :\.‘d',\ 17-46 ( / . / e ‘k

g (\ ﬂé:‘-’-:“)ﬂ’uq [ T ERNEN
\ { .4;!‘.: } k’ﬁj\,-_—ﬁflll "0 ‘./." / qulo I
> = 3 v | ‘\ —_ \ \‘

- __',/:_) [\ W2 5 ‘ 3\ )
=~ — ) \I 9 | 23 / \ 3 \\ = g ‘ |
“ My 1 0/ “é‘l | . ‘ — /




’ ) 'I
2\ seac o
? T\ \ | (7 d O I{ ma (Pf t‘ﬁl(> W:/

N P s A
— \ { ¢ . 1.' L v(.;_' _‘\" {\J,a WA \\' e £ 3
= \ “1 9
| 7 (Supergiant), i £ - (e
bl she (poard qudll eihaves oy gwh ( qupd EDUee)
W 7 STl A / |
- / U o) \ () ! \
e o 8.2 iR ¢ ".-P.‘ qnp .‘_\ \ LW o '3.« o e kX
Wy \ “ l {‘ Stv )n,c,y.((é i a < o (—’ L - T - 4
- Tt s O - Cn
LT »0% (U x
o~ . ) 2\ \\’ P P;
(‘ V\Q Y ‘). | \J.' N T“ | 4O \ F e ol
< o oy o mrv"“—f”"' " { T eV ®
\ S 1 L(‘ ‘DV“« O AN —
\ l:‘;wﬁ YO Xy . ™ l’f.ﬁ"ﬂ\c‘,‘n N\
N 3ed b 0" Vel mren " @& \6 O ?n S Copive @7
— : P B T~ s Dok decrg
PriMoL -o;un-hw meabownso | P a~ee ‘ v (33@\3 & \>CC_/ N fﬂ
L:J Xl &1 @ 24 n - 2 sledhung ®\ " 41 » rd_- -
*—‘\L‘; S sithide Zen ’ o ® Ny 4@ 5 PV ST 1*'
T o . ¢ \
bocepyd o gane env iy Shdc v \ ﬁ E‘_P_

\‘ Lq(u} frag elech~ S 1 Curt WA L"f;l""’ \ ek
roher = veecseet” | = s callegt / TS PYECS
- — —

A [: c? J“" i (oA
2. \(:‘_ ' —y [an S‘(
M""LID\wx L\o-‘«: \[Nﬁu( 1/\(1\!

Mg, S EL N/ !

L “ovaet

M‘a& \;cﬁxa’ & A‘“““(}Bf”““w‘
Con bl S N/ by nwATA
if“ mﬁ(.\

C.ls = M "-'\.‘(“‘MO
‘u;mx ~me

P T T Dol / \ ( G
Y MO -—) L_J&A—k - Mwlﬂ"“:\‘u \/\_ls""fm 5”‘6

; Meoe? 14Mp

HMpd MLTM, — D_,____LM.E,_M" £ & L \’Pn =3 q)}}
“ M35 | as ceeeliabes (ehgidug emmdeg _}W]M) w.w«w(w‘" AL L ___(_7_7 L
M oM, - (Mo N e T i caB
| =0 = (ST Mo/, WAL [Mw=14Me)

’i)( ol rf"”
}

b Uhaderdddue (em Linat® — i o
,-'..,( g'ti)'j‘(‘




Think-Pair-Share

How would you classify a new star given it’s apparent
magnitude?



Think-Pair-Share

How would you classify a new star given it’s apparent
magnitude?

How might a binary companion star impact a star’s
evolution?
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Questions, Comments, or Concerns?

https://[forms.gle/lywPITHADKCqglnDPy9




Lecture 2: Electromagnetic Radiation
from Infrared to Gamma Rays



Learning Objectives and Overview

By the end of this course, students will be able to:

...identify major stars and constellations in the night sky, recount the life-cycle of a star form the Main
Sequence to supernova, and distinguish between White Dwarfs, Neutron Stars, and Black Holes.

...describe the basic components of an optical telescope,explain the major differences between optical,
infrared, and UV astronomy, describe why X-ray and gamma ray telescopes operate differently from OIR
and UV telescopes.

...describe the basic components of a radio antenna, explain how radio interferometers work, and list the
astrophysical sources of radio waves.

...describe the components of a galaxy (disk, bulge, ISM, halo, CGM), define cosmology, how it is studied
(redshift, CMB, 21 cm cosmology, simulations, FRBs), explain how distance, redshift, and time are related
within general relativity, and understand how the presence of dark matter and dark energy affect our
picture of the Universe.

...list some of the major questions in astronomy today and refer to resources to continue exploring
astronomy within and around Pasadena.



What is Light?

Light is energy that travels in waves carried by
electric and magnetic fields

Types of Electromagnetic Radiation

wavelength

radio
microwaves

used in
cooking, radar,
telephone and
other signals

used to
broadcast
radio and
television

© Encyclopaedia Britannica, Inc.

infrared

transmits
heat from
sun, fires,
radiators

ultraviolet X-rays CEMNEREVE

makes things
able to be
seen

used in
medicine for
killing cancer
cells

used to view
inside of

bodies and
objects

absorbed by
the skin,
used in
fluorescent
tubes

All waves have a wavelength and speed ¢=671 million
miles per hour = 299 million meters per second

Light can also be
defined as particles,
photons , which are

discrete quanta of
electromagnetic fields
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Alcm)

1 10" ? -6 10 10 10 12

Blackbody Radiation

108 108 1070 10'2 10% 10'6 1018 1020 1022

Radiation that is in thermal

equilibrium (all photons at the
same temperature)

1
)

~ 1 ster—

-1em=?

Hotter = BLUE

gsec™' cm~2 Hz= ' ster ')
2 Hz

B sec

Colder = RED

’ ¥
08 10'¢  10'2 1014 1016
b v(Hz) :

102 Y 102 10% 10
Alcm)

FIRUIe 1o pectram of blackbody radiation arOR porue
from Kraus, J. D. 1966, Radio Astronomy, McGraw-Hill Book Company)



Stellar Spectra

Stars’ spectra tell us about their chemical content,
environment, age, and speed!

Kirchoff’s Laws: -
a

1. perfect blackbody has continuous spectrum with no spectral lines ;

2. hot diffuse gas produces bright emission lines g

3. cool dense gas in front of continuous spectrum source produces dark absorption E)
lines ]

=

2

Spectra can be used to measure radial velocities of stars and cosmological redshifts 2
(distances) of galaxies using the doppler effect: &

Radial velocity: v= ( Ac)Ar
Cosmological redshift:z=A AAr-1
Luminosity distance: D = cz/HO (Hubble’s constant HO =70 km/s/Mpc)

Demo:

https://phys.libretexts.org/CoursessHACC_Central Pennsylvania's Community Colle
ge/Astronomy_103%3A_Introduction_to_Planetary Astronomy/04%3A._Electromagne -
tic Radiation/4.04%3A_Kirchhoffs Laws Sub-Giant Star Spectra

(Silva & Cornell 1992)

600 700

Wavelength (nm)


https://phys.libretexts.org/Courses/HACC_Central_Pennsylvania's_Community_College/Astronomy_103%3A_Introduction_to_Planetary_Astronomy/04%3A_Electromagnetic_Radiation/4.04%3A_Kirchhoffs_Laws
https://phys.libretexts.org/Courses/HACC_Central_Pennsylvania's_Community_College/Astronomy_103%3A_Introduction_to_Planetary_Astronomy/04%3A_Electromagnetic_Radiation/4.04%3A_Kirchhoffs_Laws
https://phys.libretexts.org/Courses/HACC_Central_Pennsylvania's_Community_College/Astronomy_103%3A_Introduction_to_Planetary_Astronomy/04%3A_Electromagnetic_Radiation/4.04%3A_Kirchhoffs_Laws

Think-Pair-Share

How would you distinguish which spectral lines come
from the star and which ones come from gas in the
Interstellar Medium?



Stellar Spectra Examples

HD 74721, AOV  (logg=3.57)

'V } MW e MILES S.tellar Spectra
HD 4307, G2 V 2 4 ‘5‘ 4 =2, lerary

(Falcon-Barroso+2011)
https://research.iac.es/p
{% h" a royecto/miles/pages/ste
/ Ty Viya llar-libraries/miles-libr

ary.php

>
=
—
S
o
>
oy
pe)
o
—
o
=

CD-26 10417, K5V (logg=4.50) | b

HD 184786, M4.5111 (logg=0.60)

4000 5000 6000 7000 4000 5000 6000 7000

wavelength (R) wavelength (8)


https://research.iac.es/proyecto/miles/pages/stellar-libraries/miles-library.php
https://research.iac.es/proyecto/miles/pages/stellar-libraries/miles-library.php
https://research.iac.es/proyecto/miles/pages/stellar-libraries/miles-library.php
https://research.iac.es/proyecto/miles/pages/stellar-libraries/miles-library.php

Spectral Class Color

0} Blue

Blue-white

Yellow-white

Yellow

Red

Magenta

Approximate Temperature (K)

> 30,000

10,000-30,000

7500-10,000

6000-7500

5200-6000

3700-5200

2400-3700

1300-2400

700-1300
< 700

Principal Features

Neutral and ionized helium lines,
weak hydrogen lines

Neutral helium lines, strong
hydrogen lines

Strongest hydrogen lines, weak
ionized calcium lines, weak
ionized metal (e.g., iron,
magnesium) lines

Strong hydrogen lines, strong
ionized calcium lines, weak
sodium lines, many ionized metal
lines

Weaker hydrogen lines, strong
ionized calcium lines, strong
sodium lines, many lines of
ionized and neutral metals

Very weak hydrogen lines, strong
ionized calcium lines, strong
sodium lines, many lines of

neutral metals

Strong lines of neutral metals and
molecular bands of titanium oxide
dominate

Metal hydride lines, alkali metal
lines (e.g., sodium, potassium,
rubidium)

Methane lines

Ammonia lines

Examples

10 Lacertae

Rigel, Spica

Sirius, Vega

Canopus, Procyon

Sun, Capella

Arcturus, Aldebaran

Betelgeuse, Antares

Teide 1

Gliese 229B
WISE 1828+2650
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. Keck I & II telescopes - 10
Telescope Design Examples meter Ritchey-Chretién
reflecting telescopes with
adaptive optics

Palomar Hale Telescope - 200
inch Cassegrain telescope

Las Cumbres Observatories - 1
meter Ritchey-Chretién
reflecting telescopes



Think-Pair-Share

Why are modern telescopes almost exclusively
reflective telescopes?



Demo: Let’s go through the components of refractive
binoculars and a reflective Gskyer telescope!



Detectors: Photographic Film/Plates




vertical shift registers trarisfor contiel

Detectors: Charge-Coupled
Devices (CCD) & CMOS Detectors

drain connection reset gate

transfer gates C C D

Detection

Charge fo Voltage
Conversion Amplifer

Pixel Select
» Svitch

o Reset/Sample

CMOS

Readout

T Control

Column Select Amplifier




Detectors: Charge-Coupled Devices (CCD) & CMOS Detectors
Keck Echellete Spectrograph S— e

Imager (ESI) 2048 x 4096

CCD (15 pm plxels) Full-well depth 105,000e- 3200 A  10.2%
Read noise 270 3500 A  12.1%

Dark current (-120C) 2 e-/pix/hour 4000 A 60.8%

Gain (low) 1.29 e-/DN 4500 A | 75.5%

Serial CTE (fast readout) 0.99998 6000 A | 80.3%

6500 A  79.7%
7000 A | 77.1%
8000 A | 68.9%
9000 A  45.0%
10000 A  11.3%

Serial CTE (normal readout)  0.99998
Serial CTE (slow readout) 0.99999
Readout time (fast) 39 sec
Readout time (normal) 57 sec

Readout time (slow) 120 sec




Point Spread Function

Spatial response of the
detector due to the aperture
size ; single lens makes an
Airy function PSF
(“spherical aberration”)
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Photometric System Examples HST WideField IR Camera

—— HST/WFC3_IR.F098M
— HST/WFC3_IR.G102
HST/WFC3_IR.F105W
HST/WFC3_IR.F110W
HST/WFC3_IR.F125U
— HST/WFC3_IR.F126N
— HST/WFC3_IR.F127M

Transmission

Y
14000
avelength (A)

—— HST/WFC3_IR.F128N
— HST/WFC3_IR.F130N
HST/WFC3_IR.F132N
HST/WFC3_IR.F139M
HST/WFC3_IR.F140W
— HST/WFC3_IR.G141
— HST/WFC3_IR.F1531
HST/WFC3_IR.F160U

Transmission

| BAREE RARAE RARRE B

%
:

12000
avelength (A)

T T T rrTTY

St n\n._llJLnl wleeay

3000 4000 5000 6000 7000 8000 9000 1000011000
Wavelength (Angstroms)

Transmission

T T
12000 14000
avelength (A)




The Hertzsprung-Russell Diagram

e Color-Index (B-V or BP-RP) closely relates to
stellar type (O-M) and effective surface
temperature

e FEuropean Space Agency’s Gaia telescope has

mapped over 2 billion stars to the H-R diagram!

2 GAIA'S HERTZSPRUNG-RUSSELL DIAGRAM
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30000

7000 5000 4000

3000 Surface temperature (K)

Stellar type

Luminosity (L)




Stellar Spectra Examples - How do we measure stars’ spectra?

HD 46202

61 UMa

o Dra

HD 109011

From 1968
Atlas of
Stellar
Spectra




dsin®=2\

Diffraction Gratings
dsin6=\
Series of N slits creates interference , or =
diffraction between light passing through =
= dsin6=0

constructive interference :dsinf = m\

destructive interference: dsind = (m+%)\

. dsin0O=-A

Resolution:
R=AMA=Nm

RedRefractionReduced
(DiffractionDifferent)



Palomar 200-inch
Hale Telescope

Atmospheric Windows and Telescope Examples

~— X-rays—>]

Visible
Ultraviolet r
|«——>| ' |<«<— Infrared

Optical Radio waves ——>

—  Molecular Molecular Ionospheric
absorption absorption Radio window reflection

[S—
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>
Q
c
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S
o)
0]
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=
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(a7

0.0 ' ' - '

(@] ~ A

Wafer-Scale Imager Widefield IR
for Prime (WaSP) Camera (WIRC)

CHIMERA Imager Next-Generation Palomar
FIGUnr v.zo  11c ui Spectograph (NGPS) atmosphere as a function of wavelength.
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Near-IR Camera (NIRCam) Mid-IR Imager
Near-IR Spectrograph (MIRI) Loglox\ (m)
(NIRSpec)
Near-Infrared Imager and

FI( slitless Spectrograph (NIRISS)  sparency of Earth’s atmosphere as a function of wavelength.




GALactic EXplorer
(GALEX)

Atmospheric Windows and Telescope Examples

~<— X-rays—>]

Visible
Ultraviolet r
|«——>| ' |<«<— Infrared ,
-

Optie ;./ Radio waves ———>
W

—= y

Molecular Ionospheric
absorption Radio window reflection

<

>
Q
c
0]
]
<
o
5]
a
9]
S
fham)
0]
>
=
<
—
0]
(a7

GALEX Far  GALEX Near
UV Imager UV Imager

FIGURE 6.25 The transparency of Earth’s atmosphere as a function of wavelength.



New Observatories

James Webb

Space |

Telescope *
(JWST)
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New Observatories

SPHERE
Observato



Types of Electromagnetic Radiation

wavelength ﬂ ” W ‘

an

radio infrared visible light ultraviolet X-rays CEINEREVES
microwaves

-
N,
-

—?—‘.

used to used in transmits makes things | absorbed by | used to view used in

broadcast cooking, radar, heat from able to be the skin, inside of medicine for

radio and telephone and| sun, fires, seen used in bodies and killing cancer

television other signals radiators fluorescent objects cells
tubes

© Encyclopaedia Britannica, Inc.



**Remember: energy E[eV] = hc/A[m]
Chandra X-Ray Telescope - grazing incidence

Soft X-rays: 100 electronVolts (eV) - 500 eV R i

X-rays

Doubly

Reflected

X-rays

Hard X-rays: 500 eV - 100 keV G S
Field of View
+.5 Deg
Aspect Camera  Spacecraft
Stray Light Module gaf-faalce
Sunshade Door Shade

X-rays

10 meters

High Resolution

Mirror Assembl 4 X 1
(HRMA) z = A 7 T d Mirror elements are 0.8 m long and from 0.6 m to 1.2 m diameter

> : .
Paraboloid Hyperboloid

Optical Bench Surface Surfaces
y -
o High Resolution

\ ' - - ¢ N /Camera (HRC)
Solar Array — . 5

Thrusters (4)

< Integrated Science

Instrument Module - ;
(1SIm) Focal Point

Low Gain Antenna (2)

Advanced CCD
Imaging Spectrometer
(ACIS)



- RGB

.3 keV

3-2

0

New Observator

SRG/eROSITA




Fermi Gamma-Ray Burst Monitor - scintillometry

Photocathode
Focusing electrode  Photomultiplier Tube (PMT)

lonization track

Gamma Rays: 100 keV - 1000 TeV

High energy | .~ g

photon
Connector

Scintillator Primary  Secondary Dynode  Anode il

electron electrons

‘0
o
£
o
o
)
o
S’
53]
z,
o
53]

16® 107 40 10> 10" 10 160 10¢ 16°
Photon Energy (MeV)




**Remember: energy E[eV]
= hc/A\[m]

VERITAS - atmospheric Cherenkov detection

Development of gamma-ray air showers

Primary particle
(gamma ray)

Gamma Rays: 100 keV - 1000 TeV

first interaction
with nucleus in air

VERITAS uses the atmosphere itself as a scintillator! \e i s

bremsstrahlung
on nucleus in air

pair production

bremsstrahlung




Millimeter Array
(ALMA)




At-Home Astronomy: Stellar Spectra and X-ray Images

Stargazing Nights are a Great Way to learn to use telescopes!

e LA Astronomical Society - https://www.laas.org/

o  Every Wednesday at Garvey Ranch 7:30-10pm
o  Monthly Star Parties at Griffith Park 2pm-9:45pm (next one is Feb 21)
https://griffithobservatory.org/event/public-star-party-february-21-2026/

e  (Caltech Stargazing Lectures - https://www.astro.caltech.edu/outreach/stargazing-lecture-series

Tools for Stellar Spectra:

e  SVO Filter Profile Service: https://svo2.cab.inta-csic.es/theory/fps
e  MILES Library of Stellar Spectra: https://research.iac.es/proyecto/miles/pages/stellar-libraries/miles-library.ph

e  NIST Atomic Spectra Database: https://physics.nist.gov/PhysRefData/ASD/lines_form.html
Tools for X-ray Data:

e eRosita X-ray Image Skyview: https://erositampe.mpg.de/drl/erodat/skyview/sky/
e Chandra video of Kepler’s Supernova Remnant: https://chandra.harvard.edu/photo/2026/kepler/



https://www.laas.org/
https://griffithobservatory.org/event/public-star-party-february-21-2026/
https://www.astro.caltech.edu/outreach/stargazing-lecture-series
https://svo2.cab.inta-csic.es/theory/fps
https://research.iac.es/proyecto/miles/pages/stellar-libraries/miles-library.php
https://physics.nist.gov/PhysRefData/ASD/lines_form.html
https://erosita.mpe.mpg.de/dr1/erodat/skyview/sky/
https://chandra.harvard.edu/photo/2026/kepler/

Questions, Comments, or Concerns?

https://[forms.gle/lywPITHADKCqglnDPy9




Lecture 3: Radio Astronomy and
Compact Stellar Remnants



Learning Objectives and Overview

By the end of this course, students will be able to:

...identify major stars and constellations in the night sky, recount the life-cycle of a star form the Main
Sequence to supernova, and distinguish between White Dwarfs, Neutron Stars, and Black Holes.

...describe the basic components of an optical telescope,explain the major differences between optical,
infrared, and UV astronomy, describe why X-ray and gamma ray telescopes operate differently from OIR
and UV telescopes.

...describe the basic components of a radio antenna, explain how radio interferometers work, and list the
astrophysical sources of radio waves.

...describe the components of a galaxy (disk, bulge, ISM, halo, CGM), define cosmology, how it is studied
(redshift, CMB, 21 cm cosmology, simulations, FRBs), explain how distance, redshift, and time are related
within general relativity, and understand how the presence of dark matter and dark energy affect our
picture of the Universe.

...list some of the major questions in astronomy today and refer to resources to continue exploring
astronomy within and around Pasadena.



Recap: What is Light?

Light is energy that travels in waves carried by

electric and magnetic fields
Types of Electromagnetic Radiation
/ wavelength
radio infrared visible light ultraviolet X-rays gamma rays
microwaves

used to used in transmits makes things | absorbed by | used to view used in

broadcast cooking, radar,
radio and telephone and
television other signals

heat from able to be the skin, inside of medicine for

sun, fires, seen used in bodies and killing cancer

radiators fluorescent objects cells
tubes

© Encyclopaedia Britannica, Inc.

All waves have a wavelength and speed ¢=671 million
miles per hour = 299 million meters per second

Light can also be
defined as particles,
photons , which are

discrete quanta of

electromagnetic fields



Radio light has  frequencies

: ' ' wavelengths from from 10 kHz
Recall: Atmospheric Windows L O

~<— X-rays—>] Visib] / \
isible

Ultraviolet r
|«—>| ' |<«<— Infrared —>
firare Microwave
(
>‘<7 Radio waves ———

Optical
[ window
—  Molecular Molecular Ionospheric
absorption absorption Radio window reflection
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FIGURE 6.25 The transparency of Earth’s atmosphere as a function of wavelength.




Radio Spectrum Allocations

g
8
s]
[=]
2

MOBILE (aeronautical telemetry)

U0 ASTRONOMY

RADIO ASTRONOMY
II

RADIONAVIGAT ION-SATE LLITE
{ )

ISM - 915.0:.13MH:z

The Federal Communications Commission (FCC) and International Telecommunications
Union (ITU) regulate the frequency spectrum and reserve specific “bands”
(frequency/wavelength ranges) for communications, television, GPS, satellites, HAM
radio, radio astronomy, and more.

For example, FM radio uses 88-108 MHz while radio astronomy often uses 400-800 MHz
various sub-bands between 1-2 GHz



Band Designation Nominal Frequency
Range

3-30 MHz

|EEE Standard Radio Bands Jomiiz.

300-1000 MHz
(Note 5)
1-2 GHz
2-4 GHz

4-8 GHz

8-12 GHz
12-18 GHz

18-27 GHz
Ka 27-40 GHz

Vv 40-75 GHz
W 75-110 GHz

mm (Note 9) 110-300 GHz
>300 GHz

Sub-mm




Recall: Blackbody o e e
Radiation 108 1070 10f2 104 1016 1018 1020 1022

By,

1045
° o 0 0 1080.( 6
Radiation that is in thermal 100

107°K
o7]c c 105°K 10%
equilibrium (all photons at the o i
same temperature) %
/ 00
| 4»// e
| //‘ 1010
///’

. | Wein Tail
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T, 2k 7. .
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Alcm)
Figure 1.11 Spectrum of blackbody radiation at various temperatures (taken

| 10%°K
o / 1025
7 /

/
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Q
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from Kraus, J. D. 1966, Radio Astronomy, McGraw-Hill Book Company)
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Half-Wave Dipole Antenna Ground-Plane Dipole Antenna

“Essential Radio Astronomy” James Condon & Scott Ransom: https://www.cv.nrao.edu/~sransom/web/xxx.html



https://www.cv.nrao.edu/~sransom/web/xxx.html

Karl Jansky’s Radio Telescope (1932)

Bell Telephone Laboratories

Karl Jansky discovered
“Electrical disturbances of
apparently extraterrestrial
origin” at 20 MHz — first
evidence of astrophysical radio
waves!

Unit of flux density: Jansky
(Jy)




Loop Antennas
(direction finders,
radio receivers)

Lens antennas
(mm-wavelengths)

N \%'.ls; T
Reflector Antennas

(communications,
astronomy)

Yagi Antennas
(VLE LF)

. Patch, Microstrip Antennas
(cell phones)

Wide Band Antennas
(adjustable
wavelength range)

Helical antennas
(weather, GPS,
astronomy)
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305 Meter Arecibo Telescope

Single-Dish Telescopes | dresismeiens

Five-Hundred-Meter Aperture
Spherical Telescope (FAST;
Guizhou, China)

Parkes Murriyang 64 Meter
Telescope (Parkes Australia)

o

Green Bank 100 Meter Telescope
(Green Bank, West Virginia)




Interferometry

x)
V,=Vcos[a(t-7,)] V,=Vcos(wt)

|

()

R=(V&/2)cos(wT,)

“Essential Radio Astronomy” James Condon & Scott Ransom: https://www.cv.nrao.edu/~sransom/web/xxx.html


https://www.cv.nrao.edu/~sransom/web/xxx.html

Fringe patterns

NRAO
Introduction to
Radio
Astronomy —
Cassie Reuter:

https://science.nr

ao.edu/facilities/a
lma/naasc-works
hops/nrao-cd-nor
thwesternl9/Inte
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s.pdf
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https://science.nrao.edu/facilities/alma/naasc-workshops/nrao-cd-northwestern19/Interferometry_Basics.pdf
https://science.nrao.edu/facilities/alma/naasc-workshops/nrao-cd-northwestern19/Interferometry_Basics.pdf
https://science.nrao.edu/facilities/alma/naasc-workshops/nrao-cd-northwestern19/Interferometry_Basics.pdf
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Demo: Let’s experiment with our own miniature
interferometer!

What happens when we add/remove components of
the interferometer?

What allows us to build such a small optical
interferometer, while radio interferometers can span

hundreds of miles?



Fourier Representation of Signals

Square Wave and Its Constituent Sinusoids

Any real signal can be
represented by a sum of
sinusoids with fourier

amplitudes —

Amplitude

Any complex signal can be
represented by a sum of
complex exponentials with

fourier amplitudes




Fourier Representation of Signals |
Discrete Fourier Transform E
converts time domain signal to
fourier domain ( frequency)

representation:
DFT: F[k]=2f[X]e -2.n'ikfo Time (s)

iDFT: f[x]=(1/N)
Y F[k]e 2N

Fast Fourier transform is an E :. | u “..l I| M N” H\m ’ M
algorithm to compute the \‘ H || ”HM H “HH ’ | “
DTFT quickly and efficiently




Radio Imaging

Stages of Imaging:

Grid to UV
plane

FFT
“Clean”

(convolve
with PSF)

The Dirty Beam

S(u,v)

“Dirty Image”

FT

s(x,y)

“Dirty Beam”

RA offscl (arcsec; J2000)

*(Convolution)




Examples: DSA-110 (97x10
meter antennas, Owens
Valley, CA Sl iy /

=
o

~—~ ~<
~~~~~
~~~~~

-
-

........

’

S

Declination offset (arcsec)

\\\\\\\\\\
~~~~~~

Right Ascension offset (arcsec)

zme {ms) Fast Radio Burst (FRB) detected and localized by
the DSA-110 (Ravi et al., 2023)



Examples: MeerKAT (64x13.5
meter antennas, South Africa)

Right ascension

Radio Image of the Small Magellanic IR + Radio Image of Galactic Plane
Cloud (Cotton et al., 2024) (Goedhart et al., 2024)
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Very-Long Baseline < 15 £ o g
Interfe rometry (VLBI) Mﬁ';ﬁea Ovéi'/i?\r/na;’;ey WBa:;gn x Ne fr(:;.ls(hire
Combines data from antennas around | B
the world (maximum baselines ~1000
km) to achieve high angular resolution
(~milliarcseconds)

ATCA 5 x 22m

B e
Kltt Peak Pie Town Fort Davis Los Alamos St. Croix
Arizona New Mexico Texas New Mexico Virgin Islands

TIGO 6m

}’;. P Very Long Baseline Array (VLBA)
\ /é /| Tracking Active Galactic Nuclei
3R ‘ with Austral Milliarcsecond
- Interferometry (TANAMI) Array




Example: Event Horizon oY
Telescope (EHT) 7N

1.3 mm Images of the Black
Hole M87 in the Andromeda o
Galaxy (EHT Collab. 2017)

D

April 10 April 11

at

e

Brightness Temp. (10° K)

1

0

Figure 15. Averages of the three fiducial images of M87 for each of the four observed days after restoring each to an equivalent resolution, as in Figure 14. The
indicated beam is 20 pas (i.e., that of DIFMAP, which is always the largest of the three individual beams).




Think-Pair-Share

Compare and contrast the properties of single-dish
antennas and interferometers.

Why don’t we use interferometry in other areas of
astronomy? E.g. why don’t we have optical or x-ray
interferometers?



ISM Cyclotron and
Synchrotron Radiation

Free electrons moving in the
magnetized, ionized ISM produce
radiation emission in dense regions

Figure 6.12 Synchrotron spectrum from a power-law distribution of electrons.

Synchrotron radiation comes from
charges moving relativistically

IR + Radio Image of Galactic Plane
(Goedhart et al., 2024)

Cyclotron radiation comes from charges
moving non-relativistically



Cosmic Microwave Background (CMB)

2.725 K Blackbody radiation from dense, early universe in
thermal equilibrium

The COsmic Background
Explorer (COBE), Wilkinson
Microwave Anisotropy Probe &
(WMAP) and the Max Planck ’[
Telescope characterized the

CMB with Microwave and IR

| detectors

) /
!
¢‘mﬁ‘5“‘u The smooth curve is the best
/

i (WSEEE | e

Arno Penzias and Robert
Wilson at the Holmdel Horn
Antenna used to detect the
noise temperature of the CMB
(Penzias & Wilson 1967)

!; fit blackbody spectrum
L]

Brightness ( 10”7 W/m?¥steradian/cm™")

8 10 12 14

Frequency (cycles/centimeter)



Supermassive Black Hole

(SMBH) Jets

Active Galactic Nuclei - Matter
falling gravitationally into SMBH

at center of galaxy creates a
radio-loud accretion disk

Magnetic field of the black hole
can collimate matter into a
powerful jet of relativistic
charges radiating coherently in
radio, X-rays and gamma rays

Jet can also form turbulent
shocks with surrounding matter
that generates synchrotron
emission

Jet, inner-hotspot @

Backflow ;’1__
~Quter hotspot @

232.4
Right ascension

Specific intensity /, (Jy deg™)

(°)
VLBA image of an AGN at the

center of a spiral galaxy at
2=20 cm (Kaviraj et al., 2015)

Centaurus A’s Inner Jets

|
— — M
o o a a

ac Offget (arcsec)

5 milliarcsec

Largest Known (7 Mpc) Radio

Jet at A=1.02 m from the

Porphyrion SMBH Detected by

the International LOw
Frequency ARray (LOFAR)

Telescope (ILT; Oei et al., 2024)

11 03 11.253 +27 58 21.44 {J2000)
10

(Apwly Aysuag =ni4

=
&

26 10 0 -10-20
RA Offset (arcsec)

Radio shock fronts (left) and
radio jet (right) from SMBH at
center of Centaurus A galaxy
at 8.4 GHz (Miiller et al., 2014)



21 cm Hyperfine Hydrogen

Spin-Flip Emission Line

Spin: quantum mechanical
property of particles

e fermions (e.g. electrons,
positrons) - spin-%2
particles which can have
s=1%2

e bosons (eg. protons,
neutrons) - spin-1 particles
which can have s=0,+1

21-cm transition - “hyperfine”
transition of Hydrogen electron
from s=+¥% to s=-¥

e  Primary tracer of star
formation in galaxies

1420 MHz
A=2lcm

vvvvvv

High-resolution H-I absorption map of
the Andromeda Galaxy from the GBT
100-m telescope (Roberts et al., 1966)

g
&
o
L
2
©
o
@
a
£
5]
12
[
]
14
c
S
(=4
=
0

26 24 22 20
Redshift, z

Possible detection of 21 cm Hydrogen
line from early universe by EDGES
Experiment (Bowman et al., 2018)



Think-Pair-Share

We mentioned that white dwarfs, neutron stars, and
black holes have ‘radio emission’; what do you think
that means? Why do we not detect them on our car
radios?



Demo: Let’s explore the radio sky!

What sounds different between the signals we play?
Do pulsars sound different than FRBs? From
magnetars¢?



Polars (White Dwarf-M Dwarf Binaries)

Polars are White Dwarf - M Dwarf binaries T
which produce coherent, periodic radio
emission by streaming charged particles
between the stars’ magnetic poles.

E.g. AR Scorpii produces radio emission at
beat frequencies between the 3.6 hour orbital
period and 1.95 rotation period (Geng et al,
2016; Stanway et al., 2018)

[ 9-10 GHz

8-9 GHz
5-6 GHz

[ | 4-5GHz

Observer

e+e- beam

1.0 1.5 20
Orbital Phase

Long Period Radio Transients (LPTs or

NG LPRTs) were discovered in 2022; at least
2 are intermediate polars with hour-scale

periods, but are magnetically locked .
E.g. ILT 1101+5521 has a 2-hour period
suspected to be the orbital period (de

Bow Shock

Ruiter et al., 2025)

2020-12-29

2020-12-29

20201222 |

03:52:24
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06:42:42

02:31:40

2015-02-09 |

02:08:15

o

o
@

e
N

Flux density
(Jy per beam)

o

Frequency (MHz)

05:20:12 |

03:14:41 7|

04:44:24 |

2020-1217 |

20201217 |

Orbital phase

004

o
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Neutron Stars: Pulsars, Radio

Magnetars, RRATs, magnetars
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Neutron Stars: Pulsars, Radio

Magnetars, RRATs, magnetars

CTTer=10%yr

RRATS |
XDINs

T=10%yr

=107 yr

10!
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Neutron Stars: Pulsars, Radio

Rotating Radio Transients (RRAT5):

M agn eta rS, R RATS, 11 agn eta IS only detectable through single pulses

because of irregular nulling

CPs (P>30 ms) RRATs
» MSPsilFi=30 ms) ARG Magnetars (>2s): largest magnetic
v Magnetars .

fields, produce giant flares and pulses
that exceed rotational energy

T=10%yr

=107 yr

CTTer=10%yr

Spindown Rate P (s/s)

-50

J0656-5449 JO709-5923 J1231-4609 J1308-4650
=101 yr
_ arkes Pulsar Polarimetry J1333-4449 J1339-4712 J1427-4158 115363602
) e

10t 10t
Pulse Period P | riuees

Millisecond Pulsars (<0.3 s):
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then accreted from companion to
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Fast Radio Bursts (FRBs)

Extragalactic radio bursts lasting <lms with
unknown source mechanism; leading
candidates are magnetars

||v|'1
I

TR
lq]

‘J’? rw i WMW gl W“
| M

| 'H- : ! I:J“[‘ﬂ".h
L u. ,_n%ﬁh.t:@mw
AR il

200 300 400
Time after UT 19:50:01.63 (ms

In 2020, an
FRB-like burst
was detected from
a Galactic
magnetar, SGR
J1935+54, making
magnetars the
primary
candidates (e.g.
Bochenek et al.,
2020)

Z

requency (MH
-
w
=~
S

-3.28 0.0
Time after 14:34:24.45548 utc

First FRB (The Lorimer Burst), detected by
the Parkes telescope, was determined
extragalactic due to the large
frequency-dependent dispersive delay




At-Home Astronomy: Quick-look Radio Images

Images from the Very Large Array (VLA) and Australia Square Kilometre Array
Pathfinder (ASKAP) interferometers:

e VLASS, RACS, NVSS Quick-look images: https://cutouts.cirada.ca/
e MeerKAT SAO Survey:

Owens Valley Radio Observatory: https://www.ovro.caltech.edu/



https://cutouts.cirada.ca/
https://archive-gw-1.kat.ac.za/public/repository/10.48479/3wfd-e270/index.html
https://www.ovro.caltech.edu/

Questions, Comments, or Concerns?

https://[forms.gle/lywPITHADKCqglnDPy9




Lecture 4: Large-Scale Structure
and Cosmology



Learning Objectives and Overview

By the end of this course, students will be able to:

...identify major stars and constellations in the night sky, recount the life-cycle of a star form the Main
Sequence to supernova, and distinguish between White Dwarfs, Neutron Stars, and Black Holes.

...describe the basic components of an optical telescope,explain the major differences between optical,
infrared, and UV astronomy, describe why X-ray and gamma ray telescopes operate differently from OIR
and UV telescopes.

...describe the basic components of a radio antenna, explain how radio interferometers work, and list the
astrophysical sources of radio waves.

...describe the components of a galaxy (disk, bulge, ISM, halo, CGM), define cosmology, how it is studied
(redshift, CMB, 21 cm cosmology, simulations, FRBs), explain how distance, redshift, and time are related
within general relativity, and understand how the presence of dark matter and dark energy affect our
picture of the Universe.

...list some of the major questions in astronomy today and refer to resources to continue exploring
astronomy within and around Pasadena.



Hubble’s Galaxy Classification Scheme

“Normal® Irregulars

Sa . S',’.

Ellipticals so ‘

. » . . : .Lenticulars
o e E3 E6 .
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Galaxy Luminosity
Function
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Fig. 13. LFs for different types of galaxies in different environments: upper left panel shows the least dense environment (D1) and bottom right

M h 1 panel shows the most dense environment (D4). Green solid lines show the LFs for all galaxies; blue dashed lines show the LFs for spiral galaxies;

o Orp (0) Ogy red dotted lines show the LFs for elliptical galaxies. The upper LFs in each panel are the observed LFs that are shifted up two units in logarithmic

) . scale and right by one mag. The lower LFs in each panel are the attenuation-corrected LFs. Filled areas show the 95% confidence regions. The

[ ] Gal axy denS]_ty (VOId , panels D1 to D4 show different global environmental regions: D1 are void regions and D4 are supercluster regions. The LFs have been normalised
to the volume of each sample.

cluster , supercluster ) Luminosity functions from Sloan Digital Sky Survey Data
Release 7 (Tempel et al., 2011)




Galactic center
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Figure 6. The SFR per unit volume as a function of age determined for the same slices of the sample shown in Fig. 4, also indicated on top of each panel. The
blue lines represent the best fitting SFR values, while the grey-shaded areas and the dashed lines mark the 68 and 94 per cent confidence intervals, respectively.
We note that the SFR at young ages (log (z[yr]) < 7.5) is non-zero even at large z, although it is very uncertain.




Mounting evidence for large amount of

M| SSII] g Matter? ‘non-luminous’ matter:

e 1933: Fritz Zwicky identified stellar
mass of Coma cluster much lower
than dynamical mass based on
galaxy velocities

e 1940: Jan Oort studies of NGC 3115
dynamics imply mass distribution
different than light distribution

e 1945: Martin Schwarzschild finds
inconsistent rotation curve of M31

e 1962: Vera Rubin measures flat
Milky Way rotation curve from
888 stars, first confirmation of a
“Dark Matter Halo”

Images, spectra, and rotation
curves for a sample of galaxies
showing flat rotation curves
(Rubin et al. 1962, 1983)




Think-Pair-Share

How do you think galaxies formed?

What role do you think dark matter plays in galaxy
formation?



Milky Way Structure

Hierarchical

(bottom-up) galaxy
formation:

[1] Dark matter
perturbations
(10”Msun) define
where galaxies will
form — cosmic web

[2] Within DM
perturbations, first
small clusters
(10°Msun) collapse,
begin forming stars
and globular clusters

— bulge

Bulge

Sun
~8.5.kpc

Halo

Galactic center

[3] Collisions between
small clusters disrupt
star formation, collide
into larger (10"°Msun)
proto-galaxies —

stellar halo

[4] Residual torque
from collisions and
gravitational
interactions induce
angular momentum,
causes matter to settle

into disk — thick disk

[5] Cool gas settles
into smaller scale

height — thin disk


https://science.nasa.gov/mission/hubble/science/science-highlights/mapping-the-cosmic-web/
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Think-Pair-Share

Let’s do a thought experiment: say there are two twins
who start on earth. If one twin starts travelling very
fast, he experiences time passing more slowly than the
one on earth. After a long time, he turns around and
comes back at the same speed. When he arrives, will
he be older, younger, or the same age as his twin?

Why?



15.365 GHz 2010-02-25

Relative Dec. (mas)

1 0
Relative R. A. (mas)

Superluminal Motion
KPR N T R ., (Blazar J1429+5406;
e all TEER LN .. Koller & Frey 2025)

Synchrotron Radiation (MeerKAT
1.3 GHz; Heywood+2024)

I (Jy/beam)
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Two BHs release gravitational waves as they spiral inward Merger BH stabilizes

Gravitational Waves

Laser Interferometer

Gravitational-Wave
Observatory (LIGO)

LIGO Hanford ?*”WVV%#W~

LIGO Livingston SN ST e

— 05 as 0y o9 0

03
i Time (se<)


http://www.youtube.com/watch?v=TWqhUANNFXw

At-Home Astronomy: Gravitational Lensing and Gravitational Waves

Hubble Gravitational Lensing Image Archives:
https://esahubble.org/images/archive/category/cosmology/

Gravitational Waves:

e Open Source Catalog and Tutorials on Accessing LIGO/VIRGO/KAGRA data:
https://gwosc.org/tutorials/

e (Gravitational Wave alerts on your phone:

https://[www.ligo.caltech.edu/page/GWPhoneAlerts


https://esahubble.org/images/archive/category/cosmology/
https://gwosc.org/tutorials/
https://www.ligo.caltech.edu/page/GWPhoneAlerts
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The Expanding Universe

WHEN SPACE EXPANDS, LIGHT STRETCHES

Since the big bang, the physical space of the universe has been expanding. %
Stars and galaxies maintain their size, but the space ’
between them grows.

BIG BANG

1 Wavelength

https://science.n

asa.gov/mission/
hubble/science/s
cience-behind-th
e-discoveries/hu

bble-cosmologic

al-redshift/

1 Wavelength

H1ION3ITIAVM ONISVIIDNI

1 Wavelength

Y

As light travels through expanding space, it is stretched to longer wavelengths


https://science.nasa.gov/mission/hubble/science/science-behind-the-discoveries/hubble-cosmological-redshift/
https://science.nasa.gov/mission/hubble/science/science-behind-the-discoveries/hubble-cosmological-redshift/
https://science.nasa.gov/mission/hubble/science/science-behind-the-discoveries/hubble-cosmological-redshift/
https://science.nasa.gov/mission/hubble/science/science-behind-the-discoveries/hubble-cosmological-redshift/
https://science.nasa.gov/mission/hubble/science/science-behind-the-discoveries/hubble-cosmological-redshift/
https://science.nasa.gov/mission/hubble/science/science-behind-the-discoveries/hubble-cosmological-redshift/
https://science.nasa.gov/mission/hubble/science/science-behind-the-discoveries/hubble-cosmological-redshift/

Think-Pair-Share

If the Universe is expanding, why don’t we see
evidence of it on Earth?



History of the Universe

-

10732 seconds

1 microsecond

380,000 years

200 million years

400 million years

10 billion years 13.8 billion years

3 minutes
Inflation First Particles First Nuclei First Light First Stars Galaxies & Dark Energy Today
Initial Neutrons, protons, Helium and The first Gas and dust Dark Matter Expansion Humans observe
expansion and electrons form  hydrogen form atoms form condense into stars Galaxies form in accelerates the universe

dark matter cradles


https://science.nasa.gov/universe/overview/

Questions, Comments, or Concerns?

https://[forms.gle/lywPITHADKCqglnDPy9




