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' History of radio astronomy

» 1932 - Karl Jansky (Bell Telephone Labs)
~20 MHz detected Galactic emission

* 1938 - Grote Reber built a 10m parabolic
telescope and mapped the Galaxy at 160
MHz

* 1950’s - Discrete sources detected

* 1960’s - High resolution interferometry

* 19/70’s/80’s - Interferometric imaging array
(e.g. VLA)

* 2000s - Development of software-based
receivers

e 2020s - Start of SKA, conceived in 1991,
first MoU in 2000




‘ EM Spectrum

Radio Waves => electromagnetic waves
with A = 0.3mm - 100km
(1 THz - 3 kHZz)

Most radio telescopes and interferometers
> 500 MHz (0.6 m)

Microwaves (1 cm - 30 m)
(30 GHz - 10 MH2z)

Millimetre (1 mm to 10 mm)
(300 GHz - 30 GHZz)

Sub-millimetre (< 1 mm, up to 0.4 mm)
(> 300 GHz)
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‘ — Why should we care about the radio band?




/ | Opacity in radio bands
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Bands and naming conventions

High Frequency (mm/sub-mm): Low Frequency:
JCMT LOFAR

A ~ 2000 - 345 pm A~1-20m
v~ 150 - 870 GHz v~10-240 MHz
ALMA (10-90, 110-240)

A ~3mm - 400 pm
v~ 84 -720 GHz (40 - 950 GHz)

Large Radio Telescopes

v > 500 MHz:
GBT (v ~ 0.32 - 100 GHz)
L Band 18 cm 1.40 GHz
S Band 13 cm 2.3 GHz
C Band 6 cm 5.0 GHz

X Band 3.5cm 8.4 GHz
U Band 2.5 cm 15 GHz
K Band 1.3 cm 22 GHz

Ka Band 0.9 cm 32 GHz
Q Band 0.7 cm 43 GHz




How much energy does a radio photon carry??
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’ Conduction Band of Electron States

ol

R=

S B3 “Gap” = 1.26 electron-volts
CCD 5 8 (eV)

Valence Band of Electron States

E = 1.26 electron Volts Silicon
« 1eV=1.602x 102 erg =1.602 x 10-12 Joule

(6.624 x107" erg — sec) : (3 x10° n
SEeC

1.26eV x (1.602x 1072 e’”gj
eV

=9.84x10""m =984 nm

A<984 nmz=1um



What do we measure in radio observations?
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Photon counting In the radio Is not usually an

option, we must think classically in terms of
measuring the source electric field

=> |.e. measure the voltage oscillations induced

In a conductor (antenna) by the incoming EM-
wave.






Incomplete picture without radio data....
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/ _ What do you see in the optical image”




How are radio emissions from astronomical
objects produced?



Radio Emission Processes

» Electromagnetic emission can be divided into two types:

Continuum emission

=> emission over a very broad frequency range

usually due to the acceleration of charged particles moving with a wide-range of energy

Spectral line emission -.II

=> emission over a very narrow frequency range
usually due to the discrete transitions in the internal energy states of atoms or molecules



« Continuum emission

Thermal Emission

300 GHz).

=> Bremsstrahlung (free-free) emission: deflection of a
charged particle (electron) in the electric field of another

Radio Emission Processes

Radio astronomy is cool &

=> Black body radiation for objects with temperature T ~
3-30 K (CMB radiation peaks at T = 2.7 K, 0.001metres,

charged particle (ion)
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Radio Emission Processes

« Continuum emission .J I

Radio astronomy is cool &

Thermal Emission
=> Black body radiation for objects with temperature

T ~ 3-30 K (CMB radiation peaks at T = 2.7 K,

0.001metres, 300 GHz).

=> Bremsstrahlung (free-free) emission: deflection of :\EJN

a charged particle (electron) in the electric field of oL hf=EyE,
another charged particle (ion) h



Radio Emission Processes

« Continuum emission - l

Non-thermal Emission

=> Synchrotron radiation: relativistic electrons
spiraling around weak magnetic field lines.

=> Since synchrotron radiation is strongest at low
frequencies (long wavelength) it can be detected with

radio telescopes. I A absorbed synchrotron spectrum

Turnover
frequency




Higher Energy "Excited” State
“

Radio Emission Processes

- Spectral Line Emission ...llll.

Neutral hydrogen HI (21 cm)

=> Most NB spectral line in the radio. ot PrTre
=> spin-flip transition between high-energy state and low-energy ©

state of the H atom (aligned vs opposed spins for p+ and e-).

=> Although this transition is rare - there is just so much H in the

ISM |

/ D

4

Molecular lines (CO, CS, CN,...)
=> Produced by changes in the vibrational or rotational states of [
their electrons (due to collisions or interactions) = -

Maser emission (OH, H20, SiO,...) E,—@0—0—0—0—90—0—
=> Amplification of incident radiation passing through clouds of
gas
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Radio Emission Processes

Wavelength

Spectral Line

Continuum

meter, cm, mm

Neutral Hydrogen (HI) 21 cm fine structure line -
neutral gas

Hydrogen recombination lines - ionised gas

OH, H20, SiO Masers - dense warm molecular
gas

Molecular rotation lines - cold molecular gas

Thermal Bremsstrahlung (free-free emission) -
HIl regions

Synchrotron Radiation - jets in radio galaxies,
pulsars, shocks in supernovae, cosmic ray
electrons in the magnetic fields of normal
galaxies etc.., acceleration of electrons in
stellar and planetary systems

Thermal emission from dust - cold dense gas

sub-mm (and
FIR)

Molecular rotation lines - warm, dense gas
Solid state features (silicates) - dust

Hydrogen recombination lines - ionised Hl|
regions

Thermal emission - warm dust

Credit: Prof. Mike Garrett (ASTRON/Leiden/Swinburne)Radio Astronomy course notes




Radio Emission Processes

Example: the radio spectrum of a “normal” star forming galaxy like M82
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Radio Emission Processes

A (cm)
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Radio Emission Processes
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Radio Emission Processes
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Propagation of radio waves
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Radiative transfer

Source ou Detector

Absorption coefficient : ds

S increases —

<— T 1ncreases

Emission coefficient

Absorption coeflicient:

Emission coefficient

Radiative transfer equation



How radio telescopes
work"?

‘ distant celestial
radio source

primary parabolic
reflector surface

{dish)
video
] ) magnetic display
incoming tape
radio
waves

rt:lisplaag and
analysis system

subreflector

feed horn

B computer
and
recording devices 4

5 receiver

amplifier

cables {(for carrying the signal
to the control room for processing)



Reflector antennas On.axis

Prime Focus Cassegrain (best for array receivers)
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Reflector antenna efficiencies
Response pattern (primary beam): A(v,0,0) = A(v,0,0)/A,
Effective area (on-axis): A,=nA=(aperture efficiency)(nR?) |

where n = nsurfacenblockagenspiIIoverntapernradiationnmisc A -
Neurtace = EXP(—(4TG/A)?) ¢ = rms surface error (Ruze |1966)

= 0.44 for 6 = M 14 (VLA at 43 GHz) Gy a~500um
= 0.79 for 6 = MJ26 (VLA at 22 GHz) G a a~2 M

Nblockage — PlOCkage efficiency (feed legs and subreflector)

I'e)

Nspilover — 1€€d spillover efficiency

Newper — feed taper efficiency

} Nitumination—0-8 for -10dB taper

Nradiarion — Metal reflection efficiency (~0.99 per Al mirror)
Nmisc— diffraction, phase, focus error, polarization efficiencies




Holography: ALMA surface panel adjustment

Phase map converted to path length error from ideal paraboloid

Before adjustment (43um)  After adjustment (11um)
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Amplifiers and mixers

Let’'s compare an amplifier and a mixer:

|. Amplifiers are 2-port devices: one input and one output

IN — [> —> OUT (10-30dB stronger, same frequency)

Example: NRAO Cryogenic Low Noise Amplifiers (LNAs) using
Heterostructure Field Effect Transistors (HFETs) used on the VLA,VLBA, GBT:

Operate at ~I15 K

Tnoise ~ 5 hf/k =
(i.e. 5 x quantum limit) ‘
M. Pospieszalski (2012)
(MIKON conference)

CONSORTIUM




What is a mixer!?
Mixers are 3-port devices: LO and RF inputs, and IF output.

* Invented around WWV/I for radio direction finding (see IEEE Microwave Magazine
Sept. 201 3 special issue).

* They multiply the LO & RF signals and transfer the phase from the RF to the IF
by “heterodyning”. Typically the IF contains signals from two sidebands.

* They are key components for interferometers!!

_ LO
| O = O

RF |npUt IF Output — inftermediate
W -y T > equency U
Frequency x

LO = Local Oscillator R bro-vo) o bio+rd

IF Frequency U| SR UUSB
1 . . 1

sin( 2w fit) sin(27 fot) = > cos2m( f1 — fa)t] — 5 cos2m( f1 + fo2)t]
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Calibrating single-dish telescope data

e Convert from power densities to antenna temperatures
» Correct bandpass and pointing errors

* Derive Kelvin to Jansky conversion factor

* Apply to target

T; — Tcmb T CZ—’rsb T ACz—vsource T [1 T eXp(_TA)]Tatm 1 Tspill T Tr T =






Radio interferometry

0 ~ND~MNB

Eve D~1mm A=600nm 6 ~?2’
GBT D =100m A=6cm B~ 2
HST D=24m A=500nm 6 ~ 50 mas

~‘V
»

}/‘ﬂl d?- -
J‘: jﬂﬁ&’\' ;7.. :‘

An array of parabolic dishes

: i Sir Martin Ryle 1974 Nobel
Single paraboloid 1918-1984 [ Prize in Physics



Radio astronomy facilities in Africa



HartRAO/SARAO telescopes

HartRAQO 26m telescope, 15m XDM and 13.2m VGOS

e Still up and running (Single-dish and VLBI with EVN/LBA)

e Bearing failure may happen in the near future

e Impact of the slow failing bearing already seen in data

e 15m eXperiment Development Model (XDM: 2007) used
for geodetic observations

¢ 13.2m VGOS antenna, not yet fully operational




Ghana 32m radio telescope

 Ambient C-band dual-polarization receiver

 Maser monitoring observations

e Successful fringe tests with EVN (5 GHz) and single baseline
test with HartRAO 26m (6.7 GHz)

e H-maser clock installation expected in few months
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Ultimate goal

African VLBI Network
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‘ MeerKAT telescope
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Scientific Output from African Radio Facilities



Star formation




Credit: Northwestern University star formation group
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N Yape Low-mass
I prestellar core

clumpy molecular
cloud

L ~ several pc

e.g. G19.30+0.07
Devine+2011

Evolutionary stages of high-mass stars
COMs: Complex Organic Molecu!es

Massive dense
core (MDC)

Starless MDC phase (~10° yr)

i

massive prestellar,
cores (very elusivej
R<0.1pc

dust

e.g. G11.92-0.61MMZ"

Cyganowski+2014

i Chemical

SiO
,‘ \
—
CH307
HCO™

hot molecular hypercompact
core HIl region
R <1000 au

Shells \

HCN

iNot distinct stages; incl. EGOs 4.5um

accretion outbursts occur here

50" = 0“.-(

lonized gas

e.g. G35.03+0.35, Towner+2018

1

HIl region /
OB association

R>0.1pc

ultracompact
HIl region

R<10000 au

odest time variability
(DePree+2018)

e.g. G29.96-0.02 OQrion Trapezium
Kalcheva+2018 Bally+1998




Capitalize on the tremendous sensitivity of MeerKAT ~5 pudy/beam
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Galaxy Cluster and Intra-cluster Magnetic Field



alaxy Cluster and Intra-cluster Magnetic Field
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Fast Radio Bursts (FRBs)



’ MILLISECOND DURATION, BRIGHT, SINGULAR EVENTS OF UNKNOWN ORIGIN

FRBS IN A NUTSHELL

Millisecond duration bursts with
microsecond sub-structures

Extremely energetic events (< 1044

erg s') from zgpec ~0.03 to 0.66
AN . \ J lﬁ , “."‘ l AL TVSL VAT M AP NIV MY T 'S ."'.1Il.‘."'.)
") | M@%“ \ | w‘

(' Lorimer et al. 2007 “ .
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r\ MILLISECOND DURATION, BRIGHT, SINGULAR EVENTS OF UNKNOWN ORIGIN
FRBS IN A NUTSHELL

//DMscurce « DMrost. )" FRB signal bears the imprint of
| “the propagation medium
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PUTTING IT ALL TOGETHER: OBSERVATIONS

~600 known FRBs of which ~20 repeat (published)

Repeaters and non-repeaters have same underlying DM and fluence
distributions (CHIME FRB catalog 2021)

Repeater pulses are intrinsically broader in width and narrower in
bandwidth (Pleunis et al. 2021)

Repeater bursts show complex time-frequency structures (Pleunis et al.
2021, Hessels et al. 2019)

Global landscape of polarimetric properties is diverse
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’ POSSIBLY COMPACT OBJECTS WITH SUB-POPULATIONS

PUTTING IT ALL TOGETHER: FRB MODELS

» Magnetospheric origin

4

4

4

- —

» Shock wave models

Magnetars:

— —— — — — = — - —

Young magnetar from SLSN
Magnetar from CCSN

Magnetar from DNS merger

4

4

Pulsars:

Pulsar giant flares

Young SNR pulsars

White dwarfs:

» WD from WD-WD
merger

»  White dwarf collapse

4

4

4

4

Compact-object mergers:

NS-NS merger
WD-WD merger
NS-BH merger

BH-BH merger

www.frbtheorycat.org



Future facilities and efforts to spread radio
astronomy across all of Africa
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African Millimeter Telescope (AMT) as part of EHT and AVN

A
SPT \\
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African Millimeter Telescope (AMT)

* |nternational Science Committee formed (RU, UNAM,
Wits, NWU, Metsahovi, Turku, Oxford, CEA,
ASTRON, MIT, Grenoble Alpes, ...)

Site quality being tested

SEST to be upgraded to NOEMA (electronics, surface
stability, etc.)

Preliminary Design Review passed in 2019
First-light instruments:

* 67-116GHz (EHT)

* 211-275GHz (EHT)

Additions:

* 275-373GHz (hgEHT)

- 35-50GHz (EVN)
. 23GHz (SKA, EVN)



SKA- Key Science Drivers:
The hlstory of th;g,U!nmerse
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» : rk Energy, Large Scale Structure)
Cosmic Magnetism ’ ‘8v,
(Origin, Evolution) ’
-

Exploration of the Unknown

Square Kilometre
Array (SKA)

’

Extremely broad range of science!



The need to grow human capacity in radio astronomy and interferometry

on the African continent is enormous considering that SKA-era is in the

horizon.
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African Radio Astronomy Network (ARAN)

North-West University 4-diish interferometer




North-West University 4-dish interferometer

3.7/m dishes

C-band 6.45 ~ 6.75 GHz
Dual polarization

Only one polarization in use

® Practical/hands-on tools
® Commissioning and verification is ongoing
® Role out to the rest of Africa



The ARAN Goal

‘Mediterranean Sea =~ syria = KyrgyZstan

/Afghanistan

L

f < —

an 8

. ;‘ ’-
Ethiopiaj.
L L

.

"/ African

T Republic
(~ T~

i

.
o~

¥ -
»

Tanzania
A

o -
PROSS SIS
e e oy
LR _3
..

amibial Botswana
South <IN 88 o R .

Iy o

b A 2 Madagascar

v

Atlantic
Ocean

N o
.

b I} Eswatini

-l

i
N

~ South Africa

13



The ARAN - Nigeria

Global Emerging Radio Astronomy Foundation

NG gl 19128 Township Road 524, Beaver County AB TOB 4J5, Canada

Yo Phone : +1-5619-495-7751

i Email : info@gerafoundation.com

\ N W\ . Website : www.gerafoundation.com
R o A ;({‘f‘lv‘,‘ ‘ “; ” ’ ‘ . 2N -g .

v
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Centre for Basic Space Science, National Space Research and

\ - f ‘ Development Agency, NASRDA-CBSS,
: : Off-TTC Road Ebirimiri-Agu Umuakashi, Nsukka, Enugu State, Nigeria.

Ross A. Burns, PhD James O. Chibueze, PhD Gordon Macleod, PhD MBA

Phone : +234-806-466-2538
DIRECTOR DIRECTOR DIRECTOR l . b k ]
Observing facility support, web contact person Procurement and Logistics, spokesperson Legal matters and finance, strategy 4 Email . ona.oxere maitl.com

‘ (g ’~\

Website : www.nasrdachss.com

MEMORANDUM OF UNDERSTANDING

Between

i

il

CENTRE for BASIC SPACE SCIENCE,

NIGERIA

and

GLOBAL EMERGING RADIO ASTRONOMY FOUNDATION

Centre for Basic Space Science (hereafter referred to as CBSS), Nsukka, an activity centre of the
National Space Research and Development Agency incorporated under the NASRDA Act, 2010 and
having its principal office at Obasanjo Space Centre, Umaru Musa Ydar'adua express way, P.M.B. 437,
Lugbe, Abuja, Nigeria and the Global Emerging Radio Astronomy Foundation (hereafter referred to as
GERAF), incorporated under the Canada Not-For-Profit Corporations Act (Act No S.C. 2009, c. 23),
having its principal office at 5841 87A Street NW Edmonton AB T6E 5W6, Canada, wish to collaborate
on a pre-agreed basis, in order to install a 3-m class radio telescope for education and training
purposes.

The purpose of this Memorandum of Understanding (MoU) is to establish a framework within which co-
operation may develop between the two institutions for the purpose of purchasing and installing a 3-m
class radio telescope in Nigeria. This will occur within the context of the regulations and policies of each
institution, subject to the availability of resources and on a pre-agreed basis.
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