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Conversational in breadth of radio astronomical applications
Technical Competency in radio astronomy data analysis
Understanding of astrophysical processes causing radio emission
Work with real radio data from JVLA, ALMA, and our own instrument.

Know some history:.



RADIO DATA ARE A LITTLE TRICKIER THAN OTHER
ASTRONOMY MODES

& C O @ eso.org/public/news/eso1735/
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+E§* eso1/735 — Science Release

9 ALMA Discovers Cold Dust Around

ot Nearest Star

Observatory 3 November 2017

The ALMA Observatory in Chile has detected dust around the closest star to the Solar System, Proxima Centauri.



@ eurekalert.org/pub_releases/2018-02/nrao-pff022618.php

PUBLIC RELEASE: 26-FEB-2018

Powertul flare from star Proxima
Centauri detected with ALMA

Puts habitability of nearby system into question

NATIONAL RADIO ASTRONOMY OBSERVATORY

v | B PRINT & E-MAIL

IMAGE: ARTIST IMPRESSION OF A RED DWARF STAR LIKE PROXIMA CENTAURI, THE NEAREST STAR TO OUR



CEASSIE LLLB

e Students: Graduate and Senior Undergraduates

 Assumed Background: Physics Degree + Basic astronomy

* Space: ISTB4 492
e Time: MW 1:30-2:50

e Class Details: danielcjacobs.com/edu/raclass/



COURSE OUTLINE

The Wonderful World of Wadio

The Why ot the Radio Sky
Emission mechanisms and wave propagation

Recelvers
Antennas
Interterometers
Imaging

Tricky Techniques to Track Transients



COURSE® BLLS IAMES S

e Two main class components

e 1)the relevant tools from math, physics, astronomy

e Traditional lectures + homework in WRH
* 2) projects

e Materials posted on danielcjacobs.com/edu/raclass/
Lecture slides, recordings

e All homework problems in handwriting due Monday in class



GRADING

Cumulative point system

Grade = points awarded / total assigned

With extra credit this can be > 100%

Final letter grade awarded according to this scale.

Detfault values (unless otherwise specified):

Assignments: 1pt/question

Tests: Spts/question

Projects: 10pts/milestone

| will attempt to balance these so no part becomes pointless

Estimated course point total: 150 +/- 25

A >95%

B >85%

>y




Puts habitability of nearby system into question

NATIONAL RADIO ASTRONOMY OBSERVATORY

= PRINT & E-MAIL

Data Project:

Detect a flare at Prox. Cen

Analyze the archive ALMA data.

One of the authors rates this analysis: hard, but
not unreasonable

Instrument Project
Rooftop 21cm Horn

Build a more robust version of this instrument.
We have a steel horn and lots of SDRs.
Goal: map the rotation curve of the galaxy.




CLASS WORK

Homework from Tools. Due next Monday occurring after a weeks time has elapsed.

Class projects
Documentation of incremental progress.
Teamwork encouraged, but your contribution must be clearly identitied.

First month: Background physics, instrument principles. Homework

Second month: Radiation and synthesis imaging. Synthesis tutorials and ALMA project
Third month: Spectral lines, pulsars. Start 21cm project

Fourth Month:. Other cool objects, tinish 21cm project. Extra credit.

Final oral reports last week ot class, written report due on final date.






“‘°""C RADIATIONS co-nieasisgse

CHARACTERIZED BY A COMMON SPEED IN A VACUUM RADIATION- -MATTER | ARTHUR H. COMPTON
SPEED OF LIGHT (C) 299,774 km per sec. —'(Approxlmuely)lgs 000 Miles per sec. Colisienyof ol Photeniie” ."'

LONG| WAV BROADCASTING/@ BRADID) S Comai L o GAMMA RAYS

W. M WELCH SCIENTIPIC COMPANY

NUCLEUS

RADIUM RAYS URANIUM ATOM

RADIUM IN THE
MHOSPFITAL

T 0

e e T T————

pros v e

SHORT WAVE RADIOBEONGRWAVERT 2 2 S ULTRASVIOLET) X°RAY TUBE

n\\ H“.,,oo Tt
® SPARK OSCILLA‘I‘ORS

Je el

VACUUM ‘I‘UBE OSCILLATORS

‘i
n i

Locolsrl =l e s

L -

FREQUENCY RANGE"’““""’“"” 4 ’ T WIGHER  FREQUENGIES

0% 07 108 n10 1011 n12 ( : 019 020 p21

RADIO WAVES  N@INERAVREDESS ITRIVIEL X: RAYS

- SO il 5
1O e . 08 s : 102.-_1-_ 01... = 30081 JOesmrin -A. -5. 1O Temmcs K Bnmmacs 1079- 510 . 11

s a o i () X v vt G4

TO = LONGER  WAVES w A V E L E N G T H R A N G E(m CENTIMETERS) TO SHORTER  WAVES

METHOD OF MEASURING THE WAVE LENGTH ——~ = S— ; i >

CRATING = ! S >
- — W 3 o A ¢
. & . p SLLETION "

QUANTUM RELATION

RADIOISPEGTRUMFREQUENCYSSFIWAVEVEN '-:: ATTOC j'r'r“‘r ST RIDICHARNCTER f-*::r:'f Lw_mu,,»g%m:mm ITRAVIOUET PXORBAVA E B EICIARSH [GAMMATRAYS| [T [HARA[TERISTI[S p

"”‘““". . \EFLECTIO l:!. l‘til.-. MEASUREMENT OF STA 3 JORESCEN X-RAY o!wmn! 3 U1U L TIVITY]

TEMPERATURE Electromagnetic Radiations Have Particle Characteristics

3 e AN ik Y ] . of intanmty i vo e A . .
:-!>§j‘~ NGty |58 38 14 == NP ‘
e " : — A I T ': ; \ 1 : - i ' Y 'y . \ - volocity of light

299,774 Kms/sec.

RANCE OF TRERNOMITERS
st

B~ CECTRICORT
) " $ \ (" ORARGAD POUTIVIA Y
ZADLATION OF SUN TBLACK \ y . .
THROLUCK LENY OF X 1 m N ! " lt“‘ﬂ et

.n,‘flol \ A —- - < ‘.., ~ O RRAYS WAVE N

uvuv
"-.u-

MINCTIC ENDREY OF CLCTRONS () GIVEN BY EINSTON DOUATIN
Yoo s e - W

B e e I e bt

Revited Radio allecations will be fo the "Key ' to this chart

Uﬁ-wmm / / /‘ I nl=

Tty o Pobates”

¥ rnlllllnluul

CONSERVATION OF ENERGY AND MOMENTUM BETWEEN
COLLISION OF X-RAY PHOTON AND ELECTRON

WM Nﬁm""“‘"/__-- = ~ -/' B -

P
ALL WAVE RECEIVER (Wave bands changed by plug-in ceils) TELE " l S ION RE C El ‘ ER

—_— — =

BIFFRACTIDN

RS WHEN WAVE TRON TERS AN OBATACLE, CRUCIAL TIST rom

-, 3 ]

% ,ﬂ_; B EE

1 - T 1] L o wof L Y
s | e - )
11 b
,!“ e -
g WO §F \
i e e

11111

RADIO TUNED CIRCUIT

WAVE MITER BESONANCE

r > .
@ ) e b o

SUPTANETERODYNE RECTIVER

. ‘ ‘ Ay ) BRIGHT LINE SPECTRA OF SEVERAL ELE
DETBCTORS 0!‘ RADIOWAVES : ‘ R s [ | [T [ [ "N i T | [

1AMy CRYSTAL DETECTORS p10DK NE TUSE CIRCUITs TETROOE A 4 e — (=i
T =1 -]]H:]]-.“- 21 | o | ll-I.jBI
J b B A G| LenaL i Y VY = 53:5°) =56t GOmA alaaell

I N ] 1] — Jmlmmlm-
M THE VISIBLFE SPECTRUM. __

CONERER

Y 2 -
~ - :
e PR

piis =8 S8 114

T
34
oA
N
S K
s
o~
v
E
R
S
A
.
o
C
A
T
X
R
S
R
A
)}
N1
0
R
E
C
E
| |
\
I
N
G

Concepts of LENGTH, MASS AND TIME

' e e LENGTH

I’..-...,-..._.... P

_memywmanwzwmn A=

APPARATUS FOR
DIFFRACTION OF
ELECTRONS

‘e o

PHOTOSYNTH'ESIS VISUAL EFFECT




“‘“’ETIC RADIATIONS “ecicass=-

veosyor CHARACTERIZED BY A COMMON SPEED IN A VACUUM RADIATION® -MATTER P

R ~MATTER | ARTHUR H. COMPTON
RADIATIONS s i — - colli - _\" energy [gomma reys from
.-A---.v NS STEs T SPEED OF LIGHT (C) 299,774' km per 8€C.= (Approximately) 186,000 M 1 l es per sec. 4z i The reverse of this is the preduc- WM WELCH SCIENTIFIC COMPANY
AS DETERMINED BY A. A. MICHELSON e Z e o o ThA(Cearse oL IER e o0

COSMIC RAYS

NUCLEUS
RADIUM RAYS URANIUM ATOM

RADIUM IN THE
HOSFITAL

_._—--—»—-.

,.-‘&_.:_Ho.—‘—h i s —
T | aaeiis """‘L‘,r P VTS “"‘"

SHORT.WAVE| RADI0BIONURTAVER L e ea [ TRAVIOLED] X RAY_TUB

SPARK OSCILLATORS - ,[J \'[’ ;“.’._ x ' LAMP. 3

. - L EEE! [ i N . " =i P
. H.:.__,_ " : Sy J ” I ) [I WA\ A =
g ' é '" Alug ¥ ) 2T e ol 1=~ O 0“'0 /) i 3 )_"':r' YIJ/ / o \.\_, , =] ':}

n X - R ENERGY-PLANCK’S CONSTANT X FREQUENCY
[ T = h 6 623 X |0"27 X | n o

I P\ D) 6
A (WAVE LENGTH) J_.ff f.e-.‘»ﬁ. RE:

(R

10'2---1 1073~ 2 Edited by
N G E ¢«
OSCILLATING = ARTHUR H. COMPTON

CHARGE @ U Compiled by R. J. STEPHENSON and D. L. BARR
= Published and Copyright 1944 by
T

W M. WELCH SCIENTIFIC COMPANY

.“'A'l.l‘l“ OF TRERNOMITERS 1515 schWi'ck Strcct Chicago Iu. U. S' A

COMPL gl s ™ » AL

FREQUENCY (n) "JU

-

wzﬂm

nTRe KUY 10 TS Chon

- ......,.m...,“ / / /4/ = —l' _‘l’nmm OF RADI

SURI t WAVE l\L'N

WAVE LENGTH- = / 1 AN

‘.'%

'y.,\ - N a U I— u‘.l

A CONSERVATION OF ENERGY AND MOMENTUM BETWEEN
i, COLLISION OF X-RAY PHOTON AND ELECTRON
drmie S B =0
ALL WAVE RECEIVER (Wave bands changed by plug-in ceils) | T £ LEVISION RECEIVER oy F B
J/

DIFFRACTION

OCCURS WHEN WAVE FRONT ENCOUNTERS AN OBSTACLE, CRUCIAL TIST Fod WAVES

THE HYDROGENNGON. 7 . | 1 e == e
SPECTRUM PN | B Tz

CAS TRIR™D '| 1

’/.

£ 45#,1& A | ﬁ .E‘[jz “, |8 T |- “ i COSMIC RAY EFFECT

Yz
@ 1 o b o

B ]
by

@n

0
N
S
R
A
D
N1
0
R [y
E
C
E
| |
V
o 1
|
G

= 'g' i

IONTZATION CHAMAERS orE
~ ksxv pnn

RADIO TUNED CIRCUIT

wA\x rTER l"onu (l

- BRIGHT LINE SPECTRA OF SEVERAL ELEMENTS
DETECTORS 0!‘ RADIOWAVES el T el ] e e — ——

CRYSTAL DETECTORS DIODE ONT TURE CIRCUITS TRIODE TETRODE FINTODE Uy ARGON (Ar) MELIUM (He POTASSIUM (K)
lno’urn: |g|n(u»o. r ‘ i I * : ’ '
A ) P—

e a | Ao ' I]]H:j.llﬂl-llll_ II--ll-— ALC3 |1

. a US) @t : CALCIUM (Ca BARIUM (1L NITROGEN (N,) (BRAND SPLCTHA)

e

| i KRR = | | ) {/ e G D VISIBLE SPECTRUM
\ ; :‘ 2 i 3 1 1 3 o P ]

Qe Wi * &
a ~ PR (30)) -
iddded| X2 o -! 15 C-’ U B y

FARADAY EFFECT ZEEMAN EFFECT

0

i

e

PARTICLES HAVE WAVE CHARACTERISTICS C-:«cm of LENGTH, MASS AM) TIME «« C.G.S. Units of centimeter - gram - second

LENGTH

CRANCE IN FREQUENCY AND WAVE LENGTN DUT TO MOTION OF SOURCE OR MOTION OF OBSERVER gq RELATIVE VISIRILITY CURVE

T Wiy Lyw, Wit LA e ey DOPPLER EFFECT DUE TO ROTATION
Lon wre OF THE SUN

APPARATUS FOR -
Wt B of s, s dpind b S Mt s DIFFRACTION OF oo
- ELECTRONS e
BAGTION o

J(lo activity of earth diseharges electrsscopes 4 .
en the discharye was found to increase with elevation » naw radix

3 . 3 e h < . e e e By ' (e St on called ke COSMIC RAYS was dlscovered
mmemme———— e o | e | v (e - s et e N e PHOTOSYNTHESIS VWV I SUA L E F P E C T PHOTO CHEMICAL EFFECT PHOTOELECTRIC BFFECT o 550151 the earth s determined by the helium cratent o reskemiel

—




Radio Window

Atmospheric

1nm 100 nm 1 um 100 um 1 mm 1cm 10 cm Tm 10m 100 m 1km

Wavelength X )
spans i | W'ldQ range of )\. and V

from A~ 0.33 mm to ~ 20 m!
(v=1300 GHz to 15 MHZz )

Most of the
Infrared spectrum : Long-wavelength
pectru Radio Waves observable  Radio Waves

absorbed by PR R
atmospheric blocked.

gasses (best
observed
from space).

Visible Light
observable
from Earth,
with some
atmospheric
distortion.

Gamma Rays, X-Rays and Ultraviolet
Light blocked by the upper atmosphere
(best observed from space).
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6,200 MILES

o THE HIGH FREQUENCY
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HIGH ANDLDRY S| 'S

Mauna Kea

via Greg Taylor
ALMA Observatory

Space Antarctica
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LOW END

Atmospheric

1 nm 100 nm

1 um 10 um

1000 um 1 mm

Wavelength

Radio Windo

1cm 10 cm Tm 10 m 100 m 1 km

spans a wide range of A and v

from A~ 0.33 mm ¢ l

Gamma Rays, X-Rays and Ultraviolet
Light blocked by the upper atmosphere
(best observed from space).

Visible Light
observable
from Earth,
with some
atmospheric
distortion.

(v=1300 GHzg0 1S MHz)

Most of the
Infrared spectrum
absorbed by
atmospheric
gasses (best
observed

from space).

. Long-wavelength
Radio Waves obs 'vable Radio Waves

from Earth. blocked.
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The Very Large Array



Cygnus A
Carilli and Perley 1983







NRFs

Radio Arc
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SNR - \
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Sgr B2 Sgr B1
The
Snake

| VLA ca 1990
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MeerKAT (radio) g . % Webb (mfr ar ed)

NASA, ESA, CSA, STScl, SARAO, Samuel Crowe (UVA), John Bally (CU), Ruben Fedriani (IAA-CSIC), lan Heywood (Oxford)



Planck 2015
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NERRTT

e Derivation of Intensity and Brightness temp

e More objects.



JONOSPHEREQNVEA™SER MATTERS A LOT

lower cutoff frequency Denser in the sun!
depends on density (no)

Daytime ~11MHz
Night time ~ 4.5 MHz




RADIO " PREQUENCYSNTERFERENCE
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INTERFERENCE" IS @ T NEW!

Reber Dish 1937 Power vs time

adapted from Greg Taylor



PAPER South Africa

PAPER Green Bank
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NEXT TIME

AGN
Galaxies
Pulsars

Supernovae

CMB

The Sun

Abundances

HOMEWORK

e For next Monday, read anao
comment on.

e Anglada et al 201/

ui.adsabs.harvard.edu/abs/2017Apd...850L...6A/

e Macgregor et al 2018

ui.adsabs.harvard.edu/abs/2018Apd...855L...2M/

e Topics: Planet tormation and
Space Weather



