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Overview of Lecture

@ Early radio astronomy
— what makes radio astronomy “special”!

@ Radio Interferometry
— early days and motivation

@ Interferometer arrays
— metre, cm, mm and sub-mm wavelengths

@ Types of object we can study - science

@ The Future is VERY, VERY, VERY bright!
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Early days of radio astronomy

@ 1932 Discovery of cosmic radio waves (Karl Jansky)
v=25MHz; dv=26kH
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@ The first radio astronomer (Grote Reber)

A "Good" angular resolution

m Good visibility of the sky

LATITUDE »42*

A Detected Milky Way, Sun,
Cas-A, Cyg-A, Cyg-X @ 160 &
480 MHz (ca. 1939-1947).

nnnnnnn

& Published his results in ApJ

® Multi-frequency observations
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The things that make radio astronomy “special”

@ Reber's multi-frequency observations revealed the
non-thermal nature of radio emission (UNEXPECTED!)

Spectrum of Radio Brightness

Thermal
(black—body)
emission
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The things that make radio astronomy “SPECIAL

@ Rebers multi-frequency observations revealed the
non-thermal nature of radio emission (UNEXPECTED!)

Spectrum of Radio Brightness

Thermal
(black—body)
emission

- Dawn of High-energy ™
on {acomal s T hysics!
Synchrotron B T s
emission. v g i

Relative radio brightness

Cecreasing wavelength --—-»
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A new transparent window on the Universe

@ Radio window covers 5 decades of freq/wavelength:
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@ SPECIAL: Radio waves largely unaffected by dust...
> Can observe Day and Nighf!
> Studies of the Early Universe possible.



Radio Spectral-lines

@ 1944: van der Hulst predicts discrete 1420 MHz (21 cm)
emission from neutral Hydrogen (HI).




SPECIAL - HI - most abundant element in the Universe!

Gas DYNAMICS:

@ Scale/Structure of the Milky
Way |

458

358
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@ Tracing Dark Matter in other
galaxies

What is the Reionization Era?

A Schematic Outline of the Cosmic History

Time since the .
Big Bang (years) <The Big Bang
The Universe flled
'S ¥ - S with ionized gas

~ 300 thousand <The Universe becomes
neutral and opaque

The Dark Ages start

20
° gagl?:\es anrg Quasars Radius [ F.DC_J
~ 500 million The Reionization starts
.
¢ .
. -
- B
il . »
The Cosmic Renaissance
The Dark Ages end

~ 1 billion “ ‘ . . < Reionization complete, S —
the Universe becomes
transparent again [ N N )

Galaxies evolve

~ 9 billion
» The Solar System forms

b . {
i 5 oy \ @
~ 13 billion i v e Today: Astronomers
* & figure it all out!

S.G. Djorgovski et al. & Digital Media Center, Caltech




1950-60's: Construction of Large Telescopes

@ cm wavelengths:
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The need for better ANGULAR RESOLUTION

@ Human eye: 17 arcsecs

@ Effelsberg 100-m @ 21cm:
440 arcsecs (8 arcmins)

&

~ “Just checking.”




The answer RADIO INTERFEROMETRY

Ang. resolution: B = Baseline i.e. telescope separation

For 2 telescopes separated by 30 km
==> Ang. resolution: ~ 1 arcsecond - MUCH BETTER!
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RADIO INTERFEROMETRY & Correlation

Antenna Antenna

Correlator
Quiput




RADIO INTERFEROMETRY & Correlation

Antenna Antenna
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Interferometry tries to sythesise a GIANT telescope
from lots of small ones:







Earth rotation helps too (Ryle):

axis ol
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Earth's
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The first radio interferometers

@ Early interferometer arrays pioneered by UK and
Australian astronomers:

1-mile telescope (1963) —

MILLS CROSS (CSIRO)

— Motivation was to identify radio sources with plausible
optical counterparts...

At L L] - =
— —— J4. €39 | 5y =
e _}'::_‘ . 4 4 @,F\A;?l NET lv EF




3c273 - first AGN (Hazard, Schmidt et al) 1963

. . COMPARISON i i1 o
4000 A u—J 5000 A 6000 A
H/ Hi

Hy

SPECTRUM AS EMITTED
2000 A 3000 A 4000 A 5000 A 6000 A 7000 A 8000 A

el

. ! 3000 A 4000 A 5000 A 6000 A
SPECTRUM AS RECEIVED

SPECTRUM AS EMITTED
4000 A 5000 A 6000 A 7000 A 8000 A

[ -

> Stellar objects 22?7

e 3C273 MERLIN 408MHz
4000 5000 6000 A
SPECTRUM AS RECEIVED

> Redshifted lines z=0.2 =
cosmological distance objects

> 1000 x more luminous that
Milky-Way
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The SPECIAL nafure oF fhe radlo sky

D Nearly all the brlgh’r radio sources are extra- galachc -'
and EXOTIC AGN (Quasars radio galaxnes e’rc) '

@ Nearly all -are located at cosmologlcal dlsfances (z e

ek 0pf|cal sky (z-O for naked eye ObJecfsl)

—-@ Huge excess of Faln’r sources: ==> ﬁrs’r evndence of rapid- |
- Tcosmic evolu’rlon P

@ Non: 'fh_er-mal ‘emission - synchrotron mechanism ==>
violent Universe powered by gravitation rather than
fusion.
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@ Radio sources also discovered to be highly variable on
time scales of hours or less:

> ==> very compact objects - scales
~ solar system.

> At z=1, 1 arcsecond corresponds to
~ 10 kpc (30,000 It years).

> Need for much HIGHER
RESOLUTION (baselines ~ Earth
diameter, 12000 km)
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=~ - Pioneering long-baseline interferometry-stow mdhy. -

] "L'L' i . -

T Radlo seurces unresolved on sub arcsecoqd scqles




1967: Very Long Baseline Interferometry

1000x beHer
resolution than
Optical telescopes
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Hydrogen maser clock . .
(accuracy 1 sec in (R "FTOYI e

&
1 million years) i Carrelator




40 Years of Very Long Baseline Interferometry (VLBI)
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“FATHERS OF VLBI
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Bermard Burke

Dave Jauncey Ken Fellermann Barry Clark
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Superluminal motion discovered - Whitney et al. 1973.

Radio keud
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VLBA 22 GHz Observations
of
3C120

José—Luis Gomez
Alan P. Marscher

Antonio Alberdi
Svetlana Marchenko—Jorstad

Cristina Garcia—Miro




A Decade of Expansion
of SN1993dJ

J.M. Marcaide, A. Alberdi,
I. Marti—Vidal, E. Ros, et al.

© J .M. Marcaide, Universitat de Valencia, 2004
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http://www.nrao.edu
http://www.nrao.edu

Other Interferometer Arrays

Jodrell Bank Lovell

MERLIN <=2 VLBA, EVN & Global and mm-VLBI ¥T*]
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: European Radio Telescope Resources (incl. single dishes)

Pickmere (UK) Darnhall (UK)  Metsahovi (FI) Westerbork (NL)

JCMT (US) Knockin (UK)

<—.|1

Mk2 (UK)

Torun (PL) Urumgi (CN)

Defford (UK) |

Lovell (UK)

7 Onsala 20m (SE)  Onsala 25m (SE)

Arecibo (PR)

KEY

EVN antennas

EVN and/or MERLIN antennas
MERLIN antennas

EVN and/or stand alone

Yebes (ES) IRAM 30m (ES) IRAM PdB (FR) Noto (IT) - stand alone antennas or arrays



Radio Sources in fhe Solar sysfem

Thermal ) A T
emission RSO N BI static
, ~ from the o ¥ radar :

. quiet sun - image o
| £ - Mercuty

s VLA-Goldstone:

Synchrotron emission
from Jupiter (before
and after comet SL9
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Circumnuclear
Dk and Min
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{ MEFTHERLAMDS FOUNDATION FOR RESSARCH IR ASTROMNOMY —

Galactic Centre

Wide-Field VLA Radio Image
of the Galactic Center

(A=90cm)

Sgr D HII
¢ SNR0.9+0.1

SarDSNR &% f:y

Sar B2 _; SNR 0.3+0.0

Threads
«— The Cane

,& \Sgr ¢ Thi Pelican

Snake &3
L 3 ' ‘T"‘“ Coherent

Mouse ) 8 structure?

SNR 359.0-0.9 % SgrE
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SNR 359.1-0.5

Galactic centre
Lair.completely obscured in

Tornado (SNR)
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19898+08% 1464 . 909 HHZ

WIS TOM=D T Ome

192 14 12

[}
RIGHT ASCEHSIOH (E1958%>
FEAE = B 993ZE+28 JY-EEAM
IMHANE=" WSQ-LEAND.EL12%0.1

1
MILLIJY - EEAM

BOTH: SGR1806- IPOL 1416.474 MHZ SGR1806-20.LGEOM.1
a 2 4 &

04 . 0.2

ARG SEC
Center at RA 1808 39.3468933 DEC -20 24 39.967450
Grey scale fiLx range= 0.000 8.000 MINlIJY/BEAM
Cont peak flux = 8.8283E-03 JY/BEAM
Love 4 2.0008-00 ¢ 1.8 10,15, 3, 80, 120,
]




Other Galactic sources (stars, exo-solar systems, masers X-ray binaries)

rmim Radio Image o
Betelgeuse's Atnlo-PheIe

Jupiter's erbit

Saturn's orbit

[ TR R PR T N RN N1 [T SR
—100 —50 0 50 100
Milliarcsecond

Courtesy of J Lnn C Carilli, 5. M. White,
5 Beasle‘i. -3 R’_ s, Marson

MERLIN

GRS1915+105

Diameter of

Solar Systenm To Earth
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Nearby Galaxies (cont & HI) - WSRT - Braun et al.

R Braun et al.: The Westerbork SINGS Survey R Braun etal: The Westerbork SINGS Survey
R.Braun et al.: The Westerbork SINGS Survey R Braun et The Westerbork SINGS Survey i

R Braun t al.: The Westerbork SINGS Survey . e et SINGS 5. R. Braun et al: The Westerbork SINGS Survey R Braun ctal: The Westerbork SINGS Survey




HI in Galaxies - emission & Absorption

against bright
AGN reveals

outflow and

inflow of gas
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The magnetic Universe...

Polarised Radio
emission:

SPECIAL: Just
about the only
way to study

magnetic fields
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AGN - Imaging on all scales - M87 an example

Kitt Peak 2-m optical J"

~ 80kpc

VLBI
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CYGNUS A

VLA 6cm

L

VLBl 18cm

VLBI 1.3cm

VLBl 7mm

Radio Galaxy 3C31 = NGC 363
Copyright NRAO/AUT 2006
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Resolution still important for these faint sources...

Star forming galaxies - radio emission on galactic/sub-galactic
scale e.g. M82

M&2 Starburst Galaxy — observed with increasing RESOLUTION

VLA 20cm Resolution = <45 arcsecs (0.01 degrees)

TIDAL INTERACTIONS IN M81 GROUP
Stellar Light Distribution 21 cm HI Distribution

> 3 \
¥

s >

Extended emission on Kpc scale

SNe and SNR on tens of pc.
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@ Radio-FIR Spectral Energy Distribution of “Normal"
Galaxies (e.g. Milky Way, M82):
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0.0 0.1 1 10 100
v (GHz)

log [hﬂLm G (W H'-'FL)]

@ Both Radio and FIR (sub-mm at high reshift) are
sensitive measures sures of MASSIVE Star formation in

the local and disfant galaxies.

@ Radio and sub-mm BB AL
observations closely allied in - - -" " &/
the study of the DUSTY -

High-z Universe. e . v

OOOOOOOOOOOOOOOOOOOOO



Going even deeper... microJy source population

A few areas of sky studied at uJy levels (e.g. HDF-N, Muxlow et al. 2005)

MERLIN +VLA (1.4 GHz)

1236 524 52.3 522 52.1

RA (J2000)

MicroJy sensitivity Universe begins to move away from us - high-z

The fainstest radio sources dust obscured - no optical id - Sub-mm
associations - Good ASTROMETRY - SPECIAL
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Radio Interferometry & Cosmology

CMB experiments - interferometry offers many advantages...

SPECIAL: Noise is
independant for each
antenna - disappears

during correlation e.g.
RFI -

Gravitational lensing - Ho

High resolution of radio
interferometers makes them
idea for detecting and
imaging resolved
gravitational lens phenomena

CLASS lens 0128+437
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B0218+357

B1152+199

sources

L]
B0414+054

B1665+375

B2114+022

Background galaxies
Not Lensed
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Background Galaxies
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Lenses as giant cosmic magnifying glasses:

Magnification permits us to detect comologically distant
star Forming gCllClXieS e.g. Garrett et al. 2005; Berciano Alba et al. (2007); Garrett et
al. (in prep).

O) wigkT@0cm - | 5 ) PETINNISHIRER Spitzer 24u v

Fajnt, multiplyimaged
~ star forming galaxies

Total magnification of cluster is x45

Source is a intrinsically faint, z=2.5 SMG & uJy radio
source - undetectable without the lens..




More [lensed] distant star-forming galaxies

Berciano alba et al. (2007)




PLot file version ¥ created 06-APR-2007 17:03:12
CONT: SDSS LEN IPOL 4902.699 MHZ SDSS LENS.ICL0OO01.36

00 22 42.0 ; 41.0 40.5
RIGHT ASCENSION (J2000)
Cont peak flux = 1.3192E-03 JY/BEAM
Levs = 1.000E-04 * (-3, 3, 5, 10, 20, 40, 80)

Garrett et al. in prep (2007)
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The Future...

Activity is intense!

Many telescope upgrades in progress: EVLA, e-MERLIN,
e-VLBI (2009)

Many NEW telescope arrays under construction (pathfinders for
the Square Km Array): ATA, LOFAR, MWA, ASKAP, MeerKAT.
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LOFAR (ASTRON)

E-LOFAR

Expansion of LOFAR
into Europe...

TR = Current status:
Germany ~12 stations
UK ~2-3 stations
| Italy ~2 stations
e -t France ~1 station?

Other EVN sites...
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Amazing Field of view
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Age of the uniirer_sé (billions of years) =

Amazing Field of view - superb survey instrument
- if we can calibrate it!



distance |[pc]

Maybe possible to detect leakage radiation from
neaby Extra-terrestrial Civilisations...




Stacking 32000 G-type stars (NVSS)

3uJy noise level
==> leakage from

~ planet >> G-type
& . stars

TS 2.6 2.8
MICROJY ~EEAM




There has never been a better time to do...

RADIO ASTRONOMY!



