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Learning Objectives

By the end of this talk, participants
should be to:

* Define the unit of Jansky [Jy]

e Summarize common emission
mechanisms in Radio Astronomy

 Recall the basics of an
interferometer (for future lectures)

* Discuss the difference between six
types of temperature typically
encountered in Radio Astronomy Past Synthesis Imaging Students!
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The Radio
Window

Other than optical / near IR, radio
offers the only opportunity for
ground based astronomy.

The atmosphere still matters for
some observing

5/27/2026

Opacity of the Atmosphere (solid line is altitude at
which transmission is reduced by factor of 2)
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Tricky Units Note!

Units Specific intensity =
! Jy Iy]
L, = or |—
« Jansky beam ST
*1Jy =107 Wm % Hz ! o denc
e 1Jy = 107 %3erg s " tcm ?Hz 1 ux density =
o ° Sy = 1,dQ = [Jy]
* Common unit of Radio e _[w
Astronomy *Flux=$ = [ S,dv = [ﬁ]
* Fundamental unit of flux density | E— . R —

* Specific Intensity vs. Flux density
vs. Flux
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Emission
Mechanisms

Bremsstrahlung
Thermal Dust
Synchrotron

Spectral Lines
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Emission at Radio Wavelengths

A {cem)
1000 100 10 1 0.1 0.01
¥ Ifil'lYT k] 4 Ii]!l! 0 i 'IFI'T! $: 4 i I!i'l] TT ¥ III'I LU ] I[]U{} T
1000 .
= M82 3
100 2 =
3 =l ! . -
@ 10 -
1 E‘ ": g
E g TSI st ‘q‘. . :'. E
g Bremsstrahlung ™ | o ]
: -\‘ A3 Rl o] ~
N T
0~1 il iilllii i 1 llilllE | illlli* § — lilllli "\g A lllllll L1l
0.01 0.1 1 10 100 1000 10*
v (GHz)

Dominic Ludovici | 21st Synthesis Imaging Workshop : @ National Radio
/' | Astronomy

NRAO| Observatory



Emission
Mechanisms

Bremsstrahlung
Thermal Dust
Synchrotron

Spectral Lines
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Emission at Radio Wavelengths

* Free-free emission (both particles are free)
* Braking emission
— acceleration of the electron
* Thermal emission from ionized gas (e.g., Hll regions)
e Optically thin
* Good for estimating density and temperature of ionized gas

hv
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Emission
Mechanisms

Bremsstrahlung
Thermal Dust
Synchrotron

Spectral Lines

5/27/2026

Emission at Radio Wavelengths

Canadian Galactic Plane
Survey image of the
Heart Nebula at 1.42 GHz
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Emission at Radio Wavelengths

Emission « Thermal radiation
. * Follows a blackbody spectrum
MEChanlsmS * In the Rayleigh-Jeans Limit in Radio
B trahl 2h3 1
remsstraniung B(l/, T) — BV(T) ey 5
Thermal Dust c2 ehv/kBT _ 1
Synchrotron 10
Spectral Li i 5! 6 K
pectral Lines '(7, 10 i - V2 at |OW V. 3eb6 K :
¥ gl cutoff at hv > kT
|g N
71078

— X
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frequency (Hz)
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Emission
Mechanisms

Bremsstrahlung
Thermal Dust
Synchrotron

Spectral Lines
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Emission at Radio Wavelengths

* Thermal radiation
* Follows a blackbody spectrum
* In the Rayleigh-Jeans Limit in Radio
* Dust Polarization due to grain alignment

Sub-mm (emission)

Dust thermal emission.
to
the magnetic field

Spinning non-
spherical dust grains I. /Il B

NIR (absorption) Observer
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Emission at Radio Wavelengths

Emission « Thermal radiation
Mechanisms

Bremsstrahlung
Thermal Dust

Synchrotron
The protoplanetary disk around the young star, HL
Tauri, as photographed by ALMA. The gaps in the
disk indicate the presence of new planets. Once
enough heavy elements are present, some of
these planets can be rocky. This system is already
hundreds of millions of years old, and the planets
there are likely nearing their final stages and
orbits. ALMA (ESO/NAOJ/NRAO)

Spectral Lines
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Emission at Radio Wavelengths

Emission

Mechanisms * Relativistic electrons spiraling around a magnetic field
* Polarized Emission / Relativistic Beaming

* Non-thermal emission
Bremsstrahlung * Sources: Active Galactic Nuclei, Pulsars, Supernova Remnants

Thermal Dust

S h Radiation emitted from

ync rotron any part of trajectory

Electron with acceleration
(L to B), velocity

pitch angle o (not shown)

Spectral Lines
3 ,ebB |,

Yp = —"——gIn
4T me

~y~Irad

Polarisation

lev

Synchrotron
radiation To observer

N
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Emission
Mechanisms

Bremsstrahlung
Thermal Dust
Synchrotron

Spectral Lines
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Emission at Radio Wavelengths

The radio galaxy Cygnus A on scales from hundreds of
kilo-parsecs imaged with the Very Large Array (Perley
et al. 1984) to the sub-parsec probed with mm-VLBI
(Boccardi et al. 20164, b). The VLBI images are
created after stacking several epochs. Data at 2 cm are
from the MOJAVE survey (Lister et al. 2009)
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Cygnus A

VLA 6 cm

35000 ly
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VLBl 2 cm

VLBI 7 mm

VLBI 3 mm
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https://link.springer.com/article/10.1007/s00159-017-0105-6#ref-CR193
https://link.springer.com/article/10.1007/s00159-017-0105-6#ref-CR41
https://link.springer.com/article/10.1007/s00159-017-0105-6#ref-CR42
https://link.springer.com/article/10.1007/s00159-017-0105-6#ref-CR139

Emission
Mechanisms

Bremsstrahlung
Thermal Dust
Synchrotron

Spectral Lines
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Identifying Emission at Radio Wavelengths
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Emission
Mechanisms

Bremsstrahlung
Thermal Dust
Synchrotron

Spectral Lines
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Emission at Radio Wavelengths

e Molecular Gas
* 2+ atom molecules (CO, HCN, NH3, etc)
e Rotational states in radio

* Molecules can form on the surfaces of dust grains or in the gas
phase

https://splatalogue.online/

':!/‘\ i ";\YC' ‘Y‘ :b-"

cyanoallene
. ketenimine
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Carbon
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https://splatalogue.online/

Emission
Mechanisms

Bremsstrahlung
Thermal Dust
Synchrotron

Spectral Lines
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Emission at Radio Wavelengths

lonized Gas

* Radio recombination lines
— Like Balmer and Lyman series
— Higher ‘n’ transitions (~20+)
* (Cascade of the electron down
to the ground state

e (Can use multiple transitions
together to boost SNR
— E.g., H64a+H63a

Dominic Ludovici | 21st Synthesis Imaging Workshop

Lyman
series

Balmer -
series

N Paschen
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Brackett
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Emission at Radio Wavelengths

Emission Neutral Hydrogen (HI) F—1
Mechanlsms e 21 cm spin flip of the electron R \$

* Rest frequency is 1420 MHz A P

— Lband; observable with the VLA and R -

Bremsstrahlung GBT o Jo — 1420 MHz
Thermal Dust * Detected in both emission and S -- Jo=21 Cz\‘f
Synchrotron absorption g Spi”'F"pC*
Spectral Lines « Commonly observed in galactic \\~ ) _/,/

and extragalactic studies

Mo AN+

h-vt vy |

:; Triplet A |
1S 2S]_P .'.
. v = 1420 MHzZ-"\N\"
. A=21cm
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Temperatures

Physical Temperature (T)
Excitation Temperature (Tg)

Brightness Temperature (Tg)

5/27/2026

An object’s physical temperature causes it to emit Black Body
Radiation according to Plank’s Law

Often times in the Radio, we can use the Rayleigh-Jeans
approximation, the low frequency limit of Plank’s Law.

ZVZkBT
C2

B, (T) —
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Temperatures . . .
Excitation temperature describes the relative

populations of two energy levels in a collection

Physical Temperature (T) of atoms/molecules/ions

Excitation Temperature (T)

Brightness Temperature (Tg)

"2 _ (92 ,~nvo/KTex

nq 51

T,,, may or may not be equal to T depending on
if the gas is in local thermodynamic equilibrium.

5/27/2026

Dominic Ludovici | 21st Synthesis Imaging Workshop

,7," National Radio

\ Astronomy
NRAO| Observatory




Temperatures )2
B,(T) = 7"3
Physical Temperature (T')

Excitation Temperature (Tg)

When hv < kgT (Rayleigh Jean’s Approximation)

Brightness Temperature (T'g)

We define Ty as a scaled version of the specific

intensity (Jy/beam)
2

I, —Z—kBTB

In thermal regime for low optical depth, T < T
For non-thermal, there is no connectionto T.
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¢ Single Dish telescopes

o consist of a single
Types of Radio ntenna
Telescopes » Examples: GBT, ALMA
(Total Power), Parks,
Single Dish APEX
Interferometers * Beam size dependent on
dish size.
- 9~122
D
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Types of Radio
Telescopes

Single Dish

Interferometers

5/27/2026

* Multiple Antennas work together to increase resolution of the
telescope

* VLA, ALMA, NOEMA, ATCA, VLBA

Dominic Ludovici | 21st Synthesis Imaging Workshop
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Types of Radio
Telescopes

Single Dish

Interferometers

5/27/2026

* Multiple Antennas work together to increase resolution of the
telescope

* VLA, ALMA, NOEMA, ATCA, VLBA

* Primary Beam vs. Synthesized Beam

* Primary beam is determined by dish size
* Synthesized beam is determined by telescope separation

L projected baseline length
ays the role of “D” in
the A/D resolution.

Correlator|

Lisa Young
1 6% SIW

National Radio
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Types of Radio
Telescopes

Single Dish

Interferometers

5/27/2026

* Multiple Antennas work together to increase resolution of the
telescope

* VLA, ALMA, NOEMA, ATCA, VLBA

* Primary Beam vs. Synthesized Beam
* Primary beam is determined by dish size
* Synthesized beam is determined by telescope separation

Vs U

o -
(@]
O -
b
. b
E
> .

D ‘

\Q'\S
S\
o

U I(m) | 1600
this is a short VLA D-
config dataset
(max. baselines ~ 1 km)
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Types of Radio
Telescopes

Single Dish

Interferometers

5/27/2026

* Multiple Antennas work together to increase resolution of the
telescope

* VLA, ALMA, NOEMA, ATCA, VLBA

* Primary Beam vs. Synthesized Beam
* Primary beam is determined by dish size
* Synthesized beam is determined by telescope separation

Amplitude vs. uv distance
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~2 0 o D .
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FS;‘\‘ ' -1000 U (m) 1000
- e this is a short VLA D-

config dataset
(max. baselines ~ 1 km)
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* Multiple Antennas work together to increase resolution of the

. telescope
Types Of Radlo * VLA, ALMA, NOEMA, ATCA, VLBA
TE|ESC0pes * Primary Beam vs. Synthesized Beam

* Primary beam is determined by dish size

Single Dish * Synthesized beam is determined by telescope separation

Interferometers -~ sampling in u-v plane

20

J2000 Declination

o
i

Hdirty beam” (PSF) - 70
response of the system to a =
point source 12M5™00%  14M20®  13M40° 00" 12M40° Lisa Young
6™ SIW

J2000 Right Ascension
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Types of Radio
Telescopes

Single Dish

Interferometers

recall this is
what point
sources look like

1ZMs™0% 14Met 13M40° Q0° 127M40°
J2000 Right Ascensicn
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* Multiple Antennas work together to increase resolution of the

telescope
* VLA, ALMA, NOEMA, ATCA, VLBA

* Primary Beam vs. Synthesized Beam
* Primary beam is determined by dish size
* Synthesized beam is determined by telescope separation

Dez inction

-
-

12000 Dec ination
1200

12M3m00® 14200 | 3™40° 00° 1274C® 12F15m 00"
J20C0 Rigkt Aacensien
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cleaned image

1472¢° 13Mer? 0% 1274 F
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ng
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Don’t worry, you will be going into a lot more depth on these topics
throughout the rest of the workshop!
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More Temperatures

* In addition to the temperatures
that are related to the source,
there are also instrumental
temperatures.

VLBA Antenna
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Temperatures

Physical Temperature (T')
Excitation Temperature (Tg)

Brightness Temperature (Tp)
Antenna Temperature (T )

Receiver Temperature (Tg)

System Temperature ('I'Sys)

5/27/2026

T, is the power delivered by an equivalent thermal resistor at the input
of the receiver. This is how single dish telescopes often report their
sensitivities.

So T, is a measure of how bright your source is & how it couples to your
telescope beam. T, < Ty because of the telescope efficiency

Antenna Temperature can be converted to a point source flux density
using
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Even without any signal, a receiver will generate noise which
Temperatures can again be modeled as a resistor of temperature Tp which
is connected to a noiseless receiver. To make Ty as low as
Physical Temperature (T) possible, receivers are often cryogenically cooled.
Excitation Temperature (Tg)
Brightness Temperature (Tp) However, radiometers are not just matched resistors, so Tr
may be either lower or higher than the physical temperature
Antenna Temperature (Tj) of the radiometer itself.

Receiver Temperature (Ty)

System Temperature ('I'Sys)
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Tsys quantifies the noise that will be contributed to your

measurement by emission from the receiver, dish,
atmosphere, etc.
Physical Temperature (T) At high frequencies T, is strongly weather-dependent

Excitation Temperature (Tg)

Temperatures

3 ) < ‘ 6 7 8 9 10
Brightness Temperature (Tp) o i q 1§ /7 A W/{—"f j o TINZT
Il "’ itf L 1 \“I‘h ,‘u" '.
T A | AT
Antenna Temperature (T,) s 1 | JIlc I' i ' ‘ | lJ
V2 I ‘ y
Receiver Temperature (Tg) a “ | ‘m ," | .J 1 “l
2 150 . Y ‘
System Temperature (Ty;) X 'l " | , "\}ll V A
[ | 1y | |
} 100 h ql“ . )J
n ‘ “ ‘J’I}I‘ 1
ity |
50 ‘, | ) /“J il Wy
“ \{- #‘ tﬁ 1“,‘, ‘ 0.5 mm
1\ )\ 1.5 mm
J ’J L\#{"’ J:f | “J — 2.5 mm
9 200

400 600 800 1000 .
Frequency / GHz e
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Temperatures

Physical Temperature (T')
Excitation Temperature (Tg)

Brightness Temperature (Tg)

Antenna Temperature (T,)

Receiver Temperature (Tg)

System Temperature (Ty;)

5/27/2026

System temperature is particularly important because:

Tsys

ATrms = Ay T

The rms of your measurement scales with Tg,,c. Increasing

the bandwidth (4v) and integration time (7) helps lower the
rms.

Dominic Ludovici | 21st Synthesis Imaging Workshop o . | National Radio

i
& Astronomy
NRAO| Observatory



Practical *Dynamic Range:
Telescope * |s your faint feature next to a bright
Considerations feature?
*Tuning:
* Can you get all those spectral lines in
one tuning?

*FOV:

* FOV depends on frequency.
* Sensitivity changes over the FOV.
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Radio Frequency
Interference

* Interference in radio astronomy

observations due to terrestrial
sources (e.g., short-wave radio,

telecommunications, radar,
thunderstorms, et. cetera)
1000 1200 1400 1600

* We have to share the spectrum. "4FR) IPS(RR

>
2
=
£
<
=
g
)
4

IF1(RR) IF2(RR) IF3(RR) IF 4(RR) IF 5(RR) IF6(RR) IF 7(RR) IF 8(RR)

November 2023 RFl sweep at the VLA
L Band (1-2 GHz)
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MARITIME MOBILE

MARITIME MOBILE
MARITIME MCBLE
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L Band compared to Ka band.
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Additional Resources

HelprI bOOkS: PRINC N SERIES IN MODERN OBSERVAHONAIASTRONCNY
* Radiative Processes in Astrophysics
* Rybicki & Lightman
* Essential Radio Astronomy
* Condon & Ransom

Online version of the Essential Radio
Astronomy textbook can be found here:

https://science.nrao.edu/opportunities/courses/era/

Essential Radio Astronomy

SIW slides and recordings!
* Available online after the workshop

James J. Condon & Scott M. Ransom
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