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A Little History
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Astronomy through History

Ancient Human looking at the stars (José A. Peñas/SINC) Galileo’s Telescope (Museo Galileo)
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Discovery of light beyond optical

Infrared: Year 1800 by Fredrich William Herschel

Ultraviolet: Year 1801 by Johann Wilhelm Ritter

X-rays: Year 1895 by Wilhelm Röntgen

The Wide Electromagnetic Spectrum
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Discovery of light beyond optical

Theory of Electromagnetism: 19th Century (1885 JC Maxwell)

Electromagnetic Waves: Year 1887 by Heinrich Hertz with 5m wavelength radio waves.

The Wide Electromagnetic Spectrum

5



● Unsuccessful solar observations in 1890 to 1920s.

● Karl Jansky, at Bell Labs, discovered radio emission 

coming from the center of the Milky Way – 1932, 20.5 

MHz, 24° x 35° resolution.

● Birth of Radio Astronomy

Extraterrestrial Radio Detection

“There is no indication of any kind that these radio 
waves constitute some kind of interstellar signalling or 
that they are the result of some form of intelligence  
striving for intra-galactic communication”
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● First radio telescope and receivers built by Grote 

Reber – 1936-37

● He was the only radio astronomer in the World for a 

decade.

● Successfully detected radio emission from Milky Way 

at 160 MHz.

● All Sky Surveys in 1940s.

Extraterrestrial Radio Detection

Reber Radio Telescope
in Wheaton, Illinois, 1937
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The 80 foot ‘hole in the ground’ antenna in Australia The 12-Yagi array in Australia

Post WWII Frenzy
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1955: Martin Ryle developed the first radio interferometer
Photograph by John T Scott, AIP Emilio Segrè Visual Archives, Physics Today Collection

1946: Sea Cliff Interferometer in Australia
Figure from the book “Joe Pawsey and the Founding of Australian Radio 

Astronomy” by Goss et al.

Birth of Radio Interferometry

9



The Very Large Array (New Mexico, USA)
Credit: Bettymaya Foott, NRAO/AUI/NSF

NOEMA (Grenoble, France)
Credit: © IRAM, J. Boissier

Radio Interferometers
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Why do we care about radio?

Essential Radio Astronomy James J. Condon and Scott M. Ransom11



Thermal Radiation
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Blackbody emission Dust emission



Thermal Blackbody Radiation

The radio Sun: radio image of the Sun recorded by 
VLA. The brightest regions are part of corona 

nearby but beyond sunspots. (NRAO/AUI)

Radio image of Jupiter made with ALMA

de Pater+2019 NRAO/AUI/NSF
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Continuum Emission

Interaction of free electrons with photons, or electromagnetic fields

Bremsstrahlung, Synchrotron, Compton
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● Bremsstrahlung: HII regions, Star forming 

nebulae, planetary nebulae, stellar surrounding.

● Synchrotron emission: Pulsars, Supernova 

remnants, AGN and their jets.



● Free – free emission due to motion of electron 

in an electrostatic field

● HII regions: regions of ISM where hydrogen is 

ionized

● Star forming nebulae, planetary nebulae, 

regions surrounding stars.

Bremsstrahlung

https://www.cv.nrao.edu/~sransom/web/Ch4.html 15



● Relativistic electrons moving in magnetic field

● Pulsars, Supernova remnants, AGN and their 

jets.

Synchrotron Emission

https://www.cv.nrao.edu/~sransom/web/Ch5.html
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Spectral Line Emission

Electron spin-flip

The All-sky map of the 21 cm hydrogen emission
(Benjamin Winkel & the HI4PI Collaboration)
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Spectral Line Emission

Atomic line emission:

- C II: ionized carbon (158 micron) tracing the warm neutral medium and 

photodissociation regions.

- O III: 88 micron, often used for measuring accurate redshift of high-z sources 

18



Molecular Line Emission

A diatomic molecule rotating about its center of mass.
https://www.cv.nrao.edu/course/astr534/MolecularSpectra.html

The spectral lines of the CO molecula
(Benjamin Winkel & the HI4PI Collaboration)
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Molecular Line Emission
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ALMA Science Capabilities

ALMA works best for:

● Cool Universe

● Cold molecular gas (interstellar medium, galaxies, AGN, Star forming 
regions etc.)

● Dust (High redshift galaxies, protostars, evolved stars, protoplanetary 
disks, nebulae etc.)

● Continuum (Synchrotron, free-free emission, SED fitting)

● Sun and the solar system.
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ALMA Science Capabilities

ALMA provides:

● Very high angular resolution (the best possible resolution of 15 milliarcsec, 
better than HST, VLT and comparable with JWST).

● Incredible sensitivity (large collecting area and wide bandwidth).

● High spectral resolution (down to few m/s).

● Full polarization mode.

● Joint proposals with other observatories (VLT, JVLA, JWST).
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ALMA Science Capabilities
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ALMA Science Capabilities

ALMA Science is broadly divided in these 6 categories 
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ALMA Science Capabilities

High-z Universe & Cosmology:

Galaxy SDP.81, bright orange part of ring 
shows glowing dust, diffuse glow is CO 
emission.

Y. Hezaveh, Stanford Univ.; ALMA (NRAO/ESO/NAOJ); 
NASA/ESA Hubble Space Telescope

Goals:
 
● Galaxy Mass Assembly & Galaxy Formation.
● Evolution of Galaxies.
● History of Star Formation.

ALMA Capabilities:

● Detection and imaging of FIR dust emission.
● Molecular line detection and imaging.
● Study molecular gas → Star Formation 

Reservoir.
● Study dynamical masses. 25



ALMA Science Capabilities

Molecular line emission in NGC 1068 imaged 
with ALMA: AGN driven outflow in dense 
molecular gas (Garcia-Burillo+14)

Goals:
 

● Excitation and dynamics of ISM
● Star Formation in Galaxies.
● Galaxy Mergers.
● Gas Infall & Molecular Outflows around AGN
● Dusty Torus in Galactic Nuclei

ALMA Capabilities:

● High Spatial Resolution (~parsec scale).
● High Sensitivity Molecular Line Observations.
● Trace Gas Kinematics with High Spatial and Spectral 

resolution.

26



ALMA Science Capabilities

Molecular Outflow from the Protostar in the 
Orion Nebula. (Hirota et al. 2017)

Goals:
 

● Study of Structure of Giant Molecular Clouds & 
Initial conditions of Star Formation.

● Observations of Young Stellar Objects.
● Dense Pre-stellar Cores that form Protostars.
● Magnetic Fields in Star Forming Clouds.

ALMA Capabilities:

● High Spatial Resolution (~1 – 100 AU).
● High Sensitivity Molecular Line Observations with 

access to High Excitation Transitions.
● Millimeter Absorption Spectroscopy.
● Full Polarization.
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ALMA Science Capabilities

Spiral Outflow from LL Pegasi
(Kim et al., 2017)

Goals:
 

● Wind Acceleration of Hot Stars, Be stars and other 
hot stars with shells

● Stellar Chromospheres of late type giants, 
supergiants and cools stars.

● Circumstellar envelopes and outflows
● Supernova Remnants & GRBs.
● Stellar Collisions.

ALMA Capabilities:

● Resolve (sub)millimeter photospheres of red 
giants.

● Sample regions close to the stellar surface.
● Study outflow & wind nebulae from red giants.
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ALMA Science Capabilities

DSHARP Large Program
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ALMA Science Capabilities

The moon-forming disc surrounding PDS 70c, a young Jupiter-like planet nearly 400 light-years away. 
(Benisty et al. 2021) 30



ALMA Science Capabilities
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ALMA Science Capabilities
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What is ALMA?

Amazingly Large Manufacturer of Acronyms

Atacama Large Millimeter/submillimeter Array

Amazingly Large Manufacturer of Acronyms

● 3 different arrays together:
○ 12-m Main array - 50 antennas
○ 7-m Compact array (ACA) - 12 antennas
○ 12-m Total Power (TP) - 4 antennas

● Operating Frequencies:
○ Bands 1 - 10
○ 35 - 950 GHz
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ALMA: An Organization

A Global collaboration between Europe, North America, East Asia and Chile
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ALMA: An Organization

A Global collaboration between Europe, North America, East Asia and Chile
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Clem & Adri Bacri-Normier (wingsforscience.com)

192 antenna 
pad foundations

66 antennas
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The Array Operations Site

D. Schreiner and S. Degezelle (ESO)
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S. Argandoña ALMA (ESO/NAOJ/NRAO)

The ALMA Correlator
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How does ALMA work?
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A simple radio antenna

The resolution of a single dish radio 
telescope is given by

θ = 1.22 λ/D (radian)

   = 2.52 × 105 λ/D (arcsec)

http://www.haystack.edu/
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A simple radio antenna

http://www.haystack.edu/

Limitations of single dish radio telescopes:

● Low angular resolution

● Larger antennas face major issues:

○ Tracking accuracy problem,

○ gravitational distortion,

○ solar heating
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Interferometry

Magic and wizardry of maths and 
technology
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Interferometry

Fourier series

Any well-behaved function 
can be written as an 
(infinite) sum of sines and 
cosines
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Interferometry

jkrieger https://commons.wikimedia.org/w/index.php?curid=18705795

Single antenna response function
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Interferometry
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Interferometry
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Interferometry

Van Cittert Zernike Theorem
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Aperture Synthesis

● Use a distribution of antennas to synthesize a telescope of a large aperture.

● The size of the synthesized aperture is determined by  the largest separation 

between antennas.

● Earth rotation synthesis: source moves across the sky as the earth rotates. Each 

measurement adds to the UV-plane.

● Multi-frequency synthesis: u- and v- are measured in units of wavelengths. 

Observe in a broad frequency (wavelength) range to fill the UV-plane.
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The UV-plane
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The UV-plane
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The UV-plane
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Aperture Synthesis
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https://xkcd.com/1922/

56



57



58



59



Interferometry basics

Interferometry:

● Aperture synthesis: Combine antennas together to create a larger 
telescope.

● Collect EM Waves, not photons.

● Work in Fourier Space (complex visibility function is a Fourier transform of 
Sky Brightness).

● Complex calibration and imaging procedure, which can feel intimidating to 
new users.
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Interferometry basics

Angular resolution (aka synthesized beam):

- The effective resolving power of the telescope, equivalent of a point spread function 
of an optical telescope.
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Interferometry basics

Field of view (aka Primary beam):

- Angular sensitivity pattern of a radio antenna, which defines the field of 
view.

- Depends on the diameter of the antenna and the observing frequency.
- Few arcsec to arcmin.
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Interferometry basics

Maximum Recoverable Scale and Largest Angular Structure:

- The largest scale structures you can detect with a radio interferometer.

- Depends on the array and shortest distance between the antennas.

- Shortest baselines are sensitive to the largest structure on the sky, while 
long baselines “resolve out” the large scale structure and are sensitive to 
small scales and point sources.

- Small and large scale information can be extracted by combining arrays 
with different short and long baselines.
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Interferometry basics

Spectral window

● User defined Central frequency, bandwidth, spectral resolution 

● Can have variable width, can be placed anywhere within the baseband, and 
can overlap & be split.
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Interferometry basics
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Interferometry basics

Sensitivity:

● A measure of noise in the image.

● Relation between sensitivity & observation time depends on many factors 
(esp. Atmospheric conditions).

● Some observatories offer specific observation time (that you request), while 
others (like ALMA) guarantee a sensitivity limit (of your choice). 
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Useful Links

Radio Astronomy and Interferometry

● Essential Radio Astronomy by James J. Condon and Scott M. Ransom 

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

● Low Frequency Radio Astronomy (GMRT-TIFR) 

https://www.gmrt.ncra.tifr.res.in/doc/WEBLF/LFRA/index.html 

● Interferometry and Synthesis in radio astronomy by Thompson et al.
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ALMA Help

● European ALMA Regional Center Nodes https://www.eso.org/sci/facilities/alma/arc.html 

● ALMA Helpdesk https://help.almascience.org/ 

● ALMA Primer https://almascience.nrao.edu/proposing/alma-science-primer 

● I-TRAIN with the EU-ARC Network https://almascience.eso.org/tools/eu-arc-network/i-train 

https://www.cv.nrao.edu/~sransom/web/xxx.html
https://www.gmrt.ncra.tifr.res.in/doc/WEBLF/LFRA/index.html
https://www.eso.org/sci/facilities/alma/arc.html
https://help.almascience.org/
https://almascience.nrao.edu/proposing/alma-science-primer
https://almascience.eso.org/tools/eu-arc-network/i-train

