
Radio observations can be done also: 
during the day because the Sun is a weak radio source 
with cloudy sky 

Wavelength:    λ > 0.3 mm
Frequency:      ν < 1000 GHz
Energy:            E < 1.2 meV



Atmospheric transmission for different Precipitable Water Vapor (PWV)

But radio observations are sensitive to water vapor

300 μm 
(far infrared)

1.5 mm 

PWV: amount of liquid water if all the vapour in the atmosphere 
within vertical column were compressed to point of condensation



Radio telescope design

Image angular resolution is worse for bigger θ (in radians):

λ: wavelength of electromagnetic radiation
D: diameter of telescope or antenna’s aperture

Green Bank Telescope 
(West Virginia - USA)

Resolution is worse for radio telescopes, and better for larger D 
But there’s a way to improve it: interferometry

Diameter of Antenna: 
D = 100 m 



Arecibo Observatory: the largest (single dish) radio antenna in history
Diameter: D = 305 m 
Location: Arecibo, Puerto Rico



In Chajnantor (Chile, at 5000 m  above sea level)
High altitude to minimize water vapour in atmosphere 
31 GHz <ν< 950 GHz  
9.7 mm > λ > 0.32 mm 

Most powerful radio observatory today with interferometry:
Atacama  Large Millimeter Array (ALMA)



Atmospheric transmission at ALMA site (pwv: precipitable water vapor)

ALMA antennas: 10 frequency bands possible



ALMA - Atacama  Large Millimeter Array
66 12/7-meter diameter antennas
Movable antennas covering area from 150 metres to 16 kilometres

Interferometry with relatively small radio antennas 
to get resolution of giant telescope



Effective angolar resolution:

Effectiv
e diameter D

Fringe pattern is created if separation between two antennas is  >  10 × λ

Virtual giant antenna

Interferometry with relatively small radio antennas 
to get resolution of giant telescope

Real small antennas



Formation of fringes in a Michelson interferometer

Interference patter from identical source S: 
superposition of electromagnetic waves



 Same source ⟾ signal perfectly in phase & same frequency
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Interferometer: signal is combined from two or more telescopes to produce a sharper image
to obtain higher angular resolution

Interferometry for radio telescopes

Signal time delay: τg = δl/c 
c: speed of light

Atomic clock to introduce time delay τg, then
combined signals are perfectly synchronised

D cos φ                     = τgc



D     

τi

φ

φ

S0

Atomic clock

S0

D sin φ                     = τgc

Complex correlator   
τg = δl/c     signal delay
τi : compensation delay

Interferometer: signal is combined from two or more telescopes to produce a sharper image
to obtain higher angular resolution

Interferometry for radio telescopes



The Very Large Array (New Mexico)

• 27 dishes 25 meters dimeter each 
• Array is equivalent to single antenna with variable diameter
• Largest separation between antennas: 36 km
• Angular resolution: θ = 0.2 − 0.004 arcseconds

Resolution

D1

D2

Increase in resolution: 
θ2 / θ1 = D1 / D2

Interferometry at Very Large Array radio (VLA) telescope

https://en.wikipedia.org/wiki/Arcseconds


 A sharp radio image taken by ALMA
Angular resolution: θ ≈  0.035 arcsec

Wavelength: λ = 1.3 mm 

Rings

Proto-star

Gaps
(caused by proto-planets?)

Proto-star: HL Tauri 
A protoplanetary disc surrounding young star
Distance: 140 pc 



Future: Square Kilometre Array (SKA) to be built in Australia and South Africa
Thousands of antennas covering area extending out to ~ 3000 km
Technique to be used: aperture synthesis (a type of interferometry)
Collecting area: 1 km2

Frequency range: 50 MHz < ν < 30 GHz
Sensitivity: 50 times more than any existing radio instrument 
12 March 2019: Square Kilometre Array Observatory (SKAO) founded in Rome
Initial observations: 2023
To be built in 2024 − 2030
Among many goals, testing General Relativity: 

• pulsars as gravitational wave detectors 
• timing pulsars orbiting black holes (testing quantum gravity)

https://en.wikipedia.org/wiki/Gravitational_wave


Comparison: optical vs. radio

Wavelength Advantages Disadvantages

Optical Higher resolution for smaller 
telescopes

It can only observe at night and  
with clear nights

Radio It works with clouds and day 
light (Sun weak radio source)

Interferometry necessary for higher resolution 
Pollution from terrestrial sources (cell phones, 

wireless computers, satellites)



Electromagnetic Radiation

ALMA
Hubble Space Telescope

Frequency (Hz)

λ = 3 m



A 21-cm photon is emitted when poles go from being aligned to opposite (a spin flip).

The hydrogen line, 21 centimeter line or HI line refers to the spectral line created by changes in the energy state of neutral hydrogen and occurs at a frequency of 
1420.40575 MHz, equivalent to a vacuum wavelength of around 21 cm. This line falls within the microwave region of the electromagnetic spectrum and is used extensively in 
astronomy, since it can penetrate dust clouds that are opaque to visible wavelengths. The radiation comprising the hydrogen line comes from the transition between the two 
hyperfine levels of the hydrogen 1s ground state.[1]

This transition is highly forbidden with an extremely small probability of 2.9×10−15 s−1. This means that the time for a single isolated atom of neutral hydrogen to undergo this 
transition is around 10 million (107) years and so is unlikely to be seen in a laboratory on Earth. However, as the total number of atoms of neutral hydrogen in the interstellar 
medium is very large, this emission line is easily observed by radio telescopes. Also, the lifetime can be considerably shortened by collisions with other hydrogen atoms and 
interaction with the cosmic microwave background.

Radio detection: 21-cm emission from neutral hydrogen gas

Highly forbidden transition (probability: 2.9×10−15 s−1 = one transition every 10 million years)
BUT: galaxies are big and have a lot of hydrogen! 

Used also to measure rotation velocity of gas in spiral galaxies ⟹ non-emitting matter 
present at large distances from center ⟹ dark matter



NGC 6744 
Galay type: Sbc (barred spiral galaxy)
Distance: 9.5 ± 1.6  Mpc

40 kpc



86 S. D. Ryder et al.

Figure 2—Contours of the HI column density (resolution !55!!) overlaid on a blue image of NGC 6744 from the Digitized
Sky Survey. The IB(s)m galaxy NGC 6744A can be seen near (19h09m, "63"44!).

HI surface density by 4/3 (to account for He). The
relative contributions of the gas, stars, and dark
matter to the rotation curve of NGC 6744 have been
computed (assuming that the stellar disk dominates
in the very inner disk), and the results are shown
by the various curves in Figure 4.

There are a number of points to note about this
mass model. First, the model curve cannot account
for all of the structure in the observed rotation
curve, and has particular di!culty in the central
10 kpc. Also note that for the first 20 kpc or so,
the rotation velocity of the gas is negative. This
comes about as a result of the concentration of HI

in the ring producing a net outward force, so that
the balance of gravitational and centripetal forces
requires that the square of the circular velocity V 2

c

be negative. Therefore Vc must be imaginary, but
by convention is plotted as the negative of the real
part. The implied isothermal dark halo core radius
is 1 ·83 kpc, which is low but not unreasonable, while

the halo central density is 2 ·10 ! 10!3 M" pc!3.
This mass model must be considered preliminary
until we can better constrain the total HI mass in
NGC 6744, and measure the inner rotation curve
at higher resolution.

5 Future Work

Because the HI in NGC 6744 overfills the Parkes beam,
measuring the totalHIflux requires either an elaborate
mapping strategy, or a smaller antenna. However,
we are optimistic that with appropriate processing,
the multiple HIPASS scans of the environment of
NGC 6744 will enable us to extract a total HI flux
that will serve to constrain the maximum-entropy
deconvolution. We have recently acquired H! Fabry–
Perot scans of the inner disk of NGC 6744; as the
images by Ryder & Dopita (1993) indicate, there
is di"use H! emission interior to the ring which
should enable us to trace ionised gas motions in the
bar region. In addition, we plan to map the CO

HI disk of NGC 6744
(radio image) 

40 kpc



Pinwheel Galaxy (Messier 101)
Distance: 6.4 ± 0.5 Mpc



Infrared + visible + X-ray

Pinwheel Galaxy (Messier 101)
Distance: 6.4 ± 0.5 Mpc



Infrared + visible + X-ray

Pinwheel Galaxy (Messier 101)
Distance: 6.4 ± 0.5 Mpc

Blue: UV (star formation)
Red: infrared (dust)
Green: 21 cm emission (𝞶 = 1420 MHz)



In the Milky Way:
• Planets in Solar system
• Galactic Center
• Planetary nebula
• Extrasolar planets
• Massive stars (Wolf-Rayet stars)
• Supernova remnants
• Novae
• Pulsars
• X-ray binaries (synchrotron radiation from jets)
• Magnetic field in interstellar medium (polarized 

emission, radio is only way)

Outside the Milky Way (extragalactic):
• Active Galactic Nuclei (synchrotron radiation 

from jets)
• Radio galaxies
• 21 cm in nearby galaxies
• Magnetic field in galaxies and Active Galactic 

Nuclei (polarized emission, radio is only way)
• Cosmic Microwave Background (CMB)
• Epoch of reionisation (21 cm is only way)

Science with radio telescopes



Observations of gamma-ray radiation



Andromeda

Small Magellanic Cloud

Large Magellanic Cloud

Optical

The sky is harder to investigate with short-wavelength 
instruments (worse sensitivity and resolution)

The celestial sphere



Andromeda

Small Magellanic Cloud

Large Magellanic Cloud

Radio

The sky is harder to investigate with short-wavelength 
instruments (worse sensitivity and resolution)

The celestial sphere



Andromeda

Small Magellanic Cloud

Large Magellanic Cloud

γ-ray

The sky is harder to investigate with short-wavelength 
instruments (worse sensitivity and resolution)

The celestial sphere



γ-ray

The sky is harder to investigate with short-wavelength 
instruments (worse sensitivity and resolution)

The celestial sphere



γ-ray (1-10 GeV)

The sky is harder to investigate with short-wavelength 
instruments (worse sensitivity and resolution)

The celestial sphere

Giant gamma-ray glow related to energetic events in Galactic Center



Fermi Space Telescope
Launch date: June 2008
Planned duration 10 years, still operational
Altitude: 534 km
Energy interval: 0.020 − 300 GeV
Frequency: 4.8×1021 Hz <ν< 7.2×1025 Hz
Wavelength: 62 fermi > λ > 0.004 fermi
(Size of a proton: ~ 0.9 fermi)



Electromagnetic Radiation

ALMA
Hubble Space Telescope Fermi Space Telescope

Frequency (Hz)
λ = 0.3  fermi 
(1/3 proton size)



Ground-based observatories of high-energy gamma-ray
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Observational windows of electromagnetic radiation

Flux of gamma-ray photons from cosmic sources falls rapidly  ⟾  space-based detection ineffective 
(small collection areas, ~ tens or hundreds / cm2) ⟾ Observations from ground over large surface



Origin: cascade of relativistic charged particles (Extensive Air Shower - EAS) produced by 
interaction of high-energy photons from cosmic sources with atmosphere (altitude 10−20 km)
Technique: Imaging Atmospheric (or Air ) Cherenkov Telescope or Technique (IACT) to detect 
gamma-ray photons in the range: 50 GeV < E < 50 TeV
Principle:
• Gamma-ray photon undergoes pair production (electron-positron) when interacting with nucleus 

in atmospheric molecules
• Electron-positron pairs produce high-energy radiation (Bremsstrahlung) undergoing further pair 

production
• Production of more charged particles going faster than light in air ⟾ Cherenkov radiation flash 

(duration: 5 − 20 nano-seconds)
• Cherenkov radiation is like sonic boom (shock waves produced when plane breaks sound 

barrier − going faster than sound speed)
 Observation: short flash of Cherenkov radiation produced by relativist particle cascade is 
reflected by mirrors to photomultiplier tubes, distributed over a large area on ground

Ground-based gamma-ray observatories

Bremsstrahlung radiation
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Gamma-ray observatory on ground

Cherenkov flash covering many 
hundreds square meters

Particle cascade (air shower ) by gamma-ray in Earth’s atmosphere



Future of gamma-ray astronomy from ground
Cherenkov Telescope Array (CTA) 
Two observatories (in Northern & Southern hemispheres)
Total of 114 dishes: 23 m (4), 12 m (40), 4 m (70)
Energy range: 20 GeV < E < 300 TeV 
Frequency range: 4.8×1024 Hz <ν< 7.3×1028 GHz
Ten times gain in sensitivity from existing Cherenkov telescopes
Agreement signed December 2018 by 210 institutes in 31 countries
Full operation in ~ 2025?

Homepage: https://www.cta-observatory.org

https://www.cta-observatory.org


p

Air showers from of gamma-rays (left) & cosmic rays (right)

Color coding:
gamma-rays 
e+ / e−
µ+ / µ−
hadrons

gamma-rays create a unique cascade pattern different from more abundant background cosmic rays
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In the Milky Way:
• Supernova remnants
• Pulsars
• Star-forming regions
• The Galactic center
• X-ray binaries
• Black holes

Extragalactic:
• Active Galactic Nuclei (AGN)
• Extragalactic background light
• Gamma-ray bursts (GRB)
• Galaxy clusters

Fundamental Physics:
• Dark matter
• Quantum gravity
• Cosmic Rays

Science with gamma-ray observatories 
(large overlap with radio)

Origin (non thermal radiation): 

 Relativistic particles accelerated by cosmic explosions
 Interaction of high-energy particles with photons and magnetic field



Recognising a galaxy from its shape (morphology)

To classify galaxies observed by SDSS: https://www.galaxyzoo.org
Twelve Years of Galaxy Zoo: https://arxiv.org/abs/1910.08177

https://www.galaxyzoo.org




Classification scheme for galaxies
(from De Vaucouleurs 1959)

Milky Way

Large Magellanic Cloud

Andromeda



Integrated spectra of elliptical, spiral, & irregular galaxies

Elliptical galaxy Spiral galaxy

Spiral galaxy

Irregular galaxy



Filters and comparison with galaxy spectra (models)

Filters {

Elliptical
Disk + bulge

Spirals

Irregular
{

u

r
i

z

g



Coverage of the sky: 14,555 square degrees (35% of full sky)
500 million objects
3 million spectra
Median redshift: z = 0.1

Sloan Digital Sky Survey (SDSS) Data Release 10 (DR10)

SEGUE (Sloan Extension for Galactic Understanding and Exploration) obtained spectra of ~ 230,000 stars in the Milky Way



SDSS
Dedicated 2.5-m wide-angle optical telescope
Multi-filter imaging and spectroscopic redshift survey
Coverage: 14,555 square degrees (35% of full sky)
500 million objects
3 million spectra
Median redshift: z = 0.1

About 150 000 galaxies  
in the local universe Earth
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Maximum luminosity distance

DL = 690 Mpc



SDSS
Dedicated 2.5-m wide-angle optical telescope
Multi-filter imaging and spectroscopic redshift survey
Coverage: 14,555 square degrees (35% of full sky)
500 million objects
3 million spectra
Median redshift: z = 0.1

Yellow dots: normal local galaxies 
White dots: luminous red galaxies 
Red dots: distant galaxies

Maximum luminosity distance
DL = 4.3 Gpc



SDSS
Dedicated 2.5-m wide-angle optical telescope
Multi-filter imaging and spectroscopic redshift survey
Coverage: 14,555 square degrees (35% of full sky)
500 million objects
3 million spectra
Median redshift: z = 0.1

Yellow dots: SDSS I 
Red dots: SDSS II 
White dots: SDSS III 
Cyan dots: quasars Maximum luminosity distance

DL = 24.4 Gpc



QSO J2233-60 
Redshift: z = 2.2
Apparent magnitude: mV = 17.2
Absolute magnitude: M = −29.4

Quasars to illuminate the distant universe



Parameters given by 
Big Bang & Cosmological Model

Age of the universe

Most distant quasar 
z=7.54 
699 Myr after BB

Most distant GRB 090423
z=8.26
619 Myr after BB

Hubble Law (linear relation) 
d = v / Ho = z × c / Ho

Most distant galaxy 
z=11.09
414 Myr after BB



Effect of distance (redshift) on galaxy appearance



Filters and galaxy spectra (models) at different redshifts

– 3 –

Absolute AB magnitude of galaxy at redshift z > 0.1 and observed at �obs:

MAB(�r) = mAB(�obs)� 25� 5⇥ log(DL) + 2.5 log(1 + z) (8)

DL: luminosity distance (Mpc) at redshift z and for a given cosmological model

�r = �obs/(1 + z): rest-frame wavelength

Observed wavelength: �obs = �r ⇥ (1 + z)



Angular size of objects at different redshift



Spiral galaxy Messier 101 (Pinwheel  Galaxy)
Distance: d = 6.4 ± 0.5 Mpc 
Redshift: z = 0.000804
Apparent magnitude (V band): m = 7.86
Apparent size (V band): 28.8′× 26.9′
Diameter: ~ 50 kpc



The relation between angular size and redshift
(dependent on cosmological model assumed) 

= 8.9 kpc

For more: https://ned.ipac.caltech.edu/level5/March02/Sahni/Sahni4_5.html



The relation between angular size and redshift
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Galaxy at redshift z = 0.8350  
Luminosity distance: DL = 5.3 Gpc

A galaxy at large distance (high redshift)
(but distant galaxies are physically more compact than today)

Optical image taken with Hubble Space Telescope

The Milky Way today is 10 times larger! 



1.1 kpc

HST image of galaxy at redshift z = 7.01 
Luminosity distance: DL = 70.7 Gpc
Size scale: 5.3 kpc/arcsec

A galaxy at large distance (high redshift)

HST: Hubble Space Telescope



From images (photometry)
1. Physical size
2. Morphology
3. Redshift (photometric)
4. Star formation rate (SFR)
5. Total mass in stars
6. Total mass in dust
7. Age

From spectra (spectroscopy)
1.Redshift
2.Dust extinction
3.Star formation rate
4.Chemical enrichment 

Galaxy parameters



Different magnitudes with different filters

 Spectral Energy Distribution (SED) for galaxies



B

Filter:

Angular resolution:
θ = 1.220 λ/D 
θ in radians
λ : wavelength  
D : diameter of telescope mirror



V

Filter:

Angular resolution:
θ = 1.220 λ/D 
θ in radians
λ : wavelength  
D : diameter of telescope mirror



i

Filter:

Angular resolution:
θ = 1.220 λ/D 
θ in radians
λ : wavelength  
D : diameter of telescope mirror



z

Filter:

Angular resolution:
θ = 1.220 λ/D 
θ in radians
λ : wavelength  
D : diameter of telescope mirror



J

Filter:

Angular resolution:
θ = 1.220 λ/D 
θ in radians
λ : wavelength  
D : diameter of telescope mirror



H

Filter:

Angular resolution:
θ = 1.220 λ/D 
θ in radians
λ : wavelength  
D : diameter of telescope mirror



K

Filter:

Angular resolution:
θ = 1.220 λ/D 
θ in radians
λ : wavelength  
D : diameter of telescope mirror



3.6μm

Filter:

Angular resolution:
θ = 1.220 λ/D 
θ in radians
λ : wavelength  
D : diameter of telescope mirror



Multi-band photometry of a nearby dwarf galaxy

Model of 2 merging galaxies with QSO at center

Model of starburst galaxy

Best fit

Observed fluxes
Redshift z = 0.0085



Broad-band spectrum of normal spiral galaxy

Hot gas

Stars

Dust



Spectral Energy Distribution (SED) of galaxy 
This is flux density × wavelength: λFλ (it gives emitted energy)

Same as before, but different unit in y-axis (λFλ)



Stars
Dust emission

Hot gas 
no dust

0.1 1.0 10.0 100.0 1000.0
Rest-frame Wavelength (+m)

109

1010

1011

 L
 (L

so
la

r)

Total
PAHs 

(Polycyclic Aromatic 
Hydrocarbons)

Typical galaxy SED model from UV to radio

– 4 –

Bolometric flux: total power received over all frequencies per unit area

Bolometric luminosity Lbol: total energy output of the source given in solar luminosities

Solar luminosity: L� = 3.846⇥ 10
33

erg s
�1



The dust: it effects about half of the 
radiation produced in the universe





Radiation of Sun far and near horizon

Photons scattered by molecules in atmosphere



 Dust in the universe, why it is important:
It causes extinction (absorption and reddening)
It is important for the formation of stars
It absorbs half of radiation emitted in the universe
This is re-emitted in the far infrared



Dust grains



Interstellar dust



Grain-size distributions for different theoretical models

Weingartner & Draine (2001)



Spiral galaxy Messier 33
Distance: 840 kpc

H II region NGC 604
Size: ~ 460 pc
Mass: 105  M☉



An H II region is a region of star formation



Star emission

Nebula

Observation of the star

Observation of the nebula

Scattering of radiation by gas in a nebula



Wavelength dependence of dust extinction



Dense cloud 
“Black Cloud” B68
Distance: 160 pc
Diameter: ~ 0.2 pc



Dense cloud 
“Black Cloud” B68

B                                 V                                 z

K                                 H                                 J

λ

λ



 Dust effect as a function of wavelength or frequency: extinction law

Extinction of interstellar dust. The total effect (top curve) is the result of the absorption (with the characteristic 2200 Å bump, blue line) and scattering (green line). Extinction is 
measured in magnitude per unit distance (in kpc).

See 2200-Å absorption feature due to graphite grains 
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Aλ : extinction in magnitudes 
as a function of wavelength λ 

UV bump λpeak =
– 7 –

Color excess:

EB�V = (B � V )observed � (B � V )intrinsic (8)

with B and V : magnitudes of the source in the B band and V band

Correcting the observed flux for dust e↵ects:

F�,int = F�,obs ⇥ 100.4A�

F�,obs: observed flux as a function of wavelength

F�,int: emitted flux at source (intrinsic)

Total



Extinction law in different directions of the Milky Way

AV: extinction in visual band
EB−V: color excess
EB−V = AV/RV

19
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Color excess:

EB�V = (B � V )observed � (B � V )intrinsic (6)

with B and V : magnitudes of the source in the B band and V band

Color excess: difference between observed and intrinsic color



Extinction curves to short wavelengths for various grain-size distributions

NIR          Optical    NUV                  FUV

Weingartner & Draine (2001)

Most used RV



Dust extinction in close galaxies



The Milky Way

Large Magellanic Cloud (LMC)

Small Magellanic Cloud (SMC)



 Dust extinction: Milky Way (MW), Large Magellanic Cloud (LMC),  
Small Magellanic Cloud (SMC) 

UV bump λpeak = 2175 Å

Color excess:
EB−V = AV/RV

V    B

At λ = 5500 Å = 0.55 μm
Aλ /AV = 1

NIR      Optical                                           UV



Two dust effects to be taken into account 
when observing distant sources:

1.Dust extinction from Milky Way to distant galaxies
2.Intrinsic extinction due to dust inside distant galaxies



Optical Microwave
(emission of dust)

The Milky Way

MW dust extinction

Background galaxy



Example, galaxy coordinates:
R.A.:   15:15:16.13
Dec.:   −10:10:30.37

SDSS magnitudes:
u = 18.73 ± 0.07
g = 17.21 ± 0.01
r = 16.26 ± 0.01
i = 15.78 ± 0.01
z = 15.41 ± 0.01

Milky Way extinction Aλ in different bands: 

Schlegel et al. (1998, old correction) 

Δu = 0.516          ⟹       u = 18.214
Δg = 0.402          ⟹       g = 16.808
Δr = 0.278           ⟹       r = 15.982
Δi = 0.207           ⟹       i = 15.473
Δz = 0.154          ⟹       z = 15.256

Schlafly & Finkbeiner (2011, correction used today) 
Δu = 0.424          ⟹       u = 18.306
Δg = 0.330          ⟹       g = 16.880
Δr = 0.229           ⟹       r = 16.031
Δi = 0.170           ⟹       i = 15.610
Δz = 0.126          ⟹       z = 15.284

– 7 –

Color excess:

EB�V = (B � V )observed � (B � V )intrinsic (6)

with B and V : magnitudes of the source in the B band and V band

m�,corr = m�,obs � A� (7)
Magnitude correction due to dust extinction:

Dust maps and extinction in the Milky Way:

NASA/IPAC Extragalactic Database (NED):
http://ned.ipac.caltech.edu/forms/calculator.html

NASA/IPAC Infrared Science Archive: 
http://irsa.ipac.caltech.edu/applications/DUST/

Correcting for extinction in distant galaxies due to dust in Milky Way

http://ned.ipac.caltech.edu/forms/calculator.html
http://irsa.ipac.caltech.edu/applications/DUST/

