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Agenda and Outline of this primer

* What is radio astronomy
6 May * Historical background

* Physical processes

25 May * Collecting radio signals

* A brief introduction to interferometry

27 May * Radio astronomy and galaxy evolution

* The present and future of radio astronomy



Online resources

Essential Radio Astronomy (James J. Condon and Scott M. Ransom)
https://www.cv.nrao.edu/~sransom/web/xxx.htmi

Principles of Interferometry, IMPRS School 2014 (Hans-Rainer Klockner)
http://www3.mpifr-bonn.mpg.de/staff/nrk/HRK LECTURE.htmli

16th NRAO Synthesis Imaging Workshop 2018
https://science.nrao.edu/science/meetings/2018/16th-synthesis-imaging-workshop

Radio Astronomy Course (Prof. Dale E. Gary)
https://web.njit.edu/~qgary/728/

10th IRAM Millimeter Interferometry School
https://www.iram-institute.org/EN/content-page-367-7-67-367-0-0.htmi

Sixth European Radio Interferometry School (ERIS2015)
https://www.eso.org/sci/meetings/2015/eris2015.htm|



Why we should know more about radio astronomy...

* Precision cosmology

* The dark side of galaxy evolution

* Black hole activity

* Atomic hydrogen and molecular gas
* General relativity

* Dark matter

and many other good reasons....



Why we should know more about radio astronomy...

Ground based observatories

Steel (antennae) and electronics (fibers and correlators)
Major facilities being built/planned all over the world
Radio astronomy has become more user friendly

ltalian Astronomy community Is involved in a number of major projects

(LOFAR, MeerKAT+ and SKA)



What is radio astronomy

Radio astronomy Is the study of natural radio emission from celestial sources.

* 1 THz(0.3mm) — 10 MHz
(30m)

* A sky always “dark”

Transmission

* A “parallel” and unexpected
Universe
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What is radio astronomy

Radio astronomy Is the study of natural radio emission from celestial sources.

* 1 THz(0.3mm) — 10 MHz
(30m)

* A sky always “dark”

* A “parallel” and unexpected
Universe

Green Bank Telescope (100mdish)
The 5 GHz sky




What is radio astronomy

Radio astronomy Is the study of natural radio emission from celestial sources.

1993 Nov 07:; VLA 4.6 GHz mosaic of the Sun

1000

* 1 THz(0.3mm) — 10 MHz
(30m)
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* A sky always “dark”

* A “parallel” and unexpected
Universe
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What is radio astronomy

Radio astronomy Is the study of natural radio emission from celestial sources.

* 1 THz(0.3mm) — 10 MHz
(30m)

* A sky always “dark”

* A “parallel” and unexpected
Universe

The Moon at 850 micron



What is radio astronomy

Radio astronomy Is the study of natural radio emission from celestial sources.

* 1 THz(0.3mm) — 10 MHz
(30m)

* A sky always “dark”

* A “parallel” and unexpected
Universe

Arecibo+GBT radar image at 70 cm




What is radio astronomy

Radio astronomy Is the study of natural radio emission from celestial sources.

* 1 THz(0.3mm) — 10 MHz

Magnetic (3 O m)
fi!_e_.h:l

* A sky always “dark”

* A “parallel” and unexpected
Universe

Jupiter - NRAO Very Large Array



What is radio astronomy

Radio astronomy Is the study of natural radio emission from celestial sources.

* 1 THz(0.3mm) — 10 MHz
(30m)

* A sky always “dark”

* A “parallel” and unexpected
Universe

Cas A supernova remnant
VLA 1.4/5/8.4 GHz




What is radio astronomy

Radio astronomy Is the study of natural radio emission from celestial sources.

* 1 THz(0.3mm) — 10 MHz
(30m)

* A sky always “dark”

* A “parallel” and unexpected
Universe

All-sky 408 MHz continuum



What is radio astronomy

Radio astronomy Is the study of natural radio emission from celestial sources.

* 1 THz(0.3mm) — 10 MHz
(30m)

* A sky always “dark”

* A “parallel” and unexpected
Universe

M82 - a nearby typical star-forming galaxy
radio continuum




What is radio astronomy

Radio astronomy Is the study of natural radio emission from celestial sources.

* 1 THz(0.3mm) — 10 MHz
(30m)

* A sky always “dark”

* A “parallel” and unexpected
Universe

Hercules A (3C 348) VLA+HST imaging



What is radio astronomy

Radio astronomy Is the study of natural radio emission from celestial sources.

* 1 THz(0.3mm) — 10 MHz
(30m)

* A sky always “dark”

* A “parallel” and unexpected
Universe

CMB fluctuations — WMAP 23-94 GHz mapping



What is radio astronomy

Radio astronomy Is the study of natural radio emission from celestial sources.
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* 1 THz(0.3mm) — 10 MHz
(30m)

* A sky always “dark”

* A “parallel” and unexpected
Universe

Power spectrum of CMB fluctuations — Plank satellite



What is radio astronomy

Radio astronomy Is the study of natural radio emission from celestial sources.

Zoom in on an SPT map _
50 de92 from Pri'mnrdial :f'md secondary
2500 d392 survey anisotropy in the CMB

Point Sources - High-redshift - High signal to noise

dusty star forming galaxies and SZ galaxy cluster detections as
Active Galactic Nuclei i “shadows” against the CMB!

‘Cluster of Galaxies

SPT 0538-50

z=2.782 ALMA
From B. Benson 4 HST-WFC3 1

South Pole Telescope (90/150/220 GHz)

* 1 THz(0.3mm) — 10 MHz
(30m)

* A sky always “dark”

* A “parallel” and unexpected
Universe



Historical background

Marconi invented the ground antenna and
experimented with antenna arrays. He realised that
the directivity (gain) of his array was as important as
the total power radiated. Images: Marconi’s array at
Poldhu Corwall where the first transatlantic signals
were transmitted and received (Newfoundland).

Guglielmo Marconi

Below: Receiving antenna borne — 1909 Nobel Prize in Physics —
by a kite in St. Johns,
| | Newfoundland, Canada “wireless telegraphy”

L ]
g -
i - 3
nalk =
AT - ———
] - ' -k |
’ ‘_.

Poldht




Historical background

Marconi invented the ground antenna and
experimented with antenna arrays. He realised that
the directivity (gain) of his array was as important as
the total power radiated. Images: Marconi’s array at
Poldhu Corwall where the first transatlantic signals
were transmitted and received (Newfoundland).

Guglielmo Marconi

Below: Receiving antenna borne — 1909 Nobel Prize in Physics —
by a kite in St. Johns,
Newfoundland, Canada “wireless telegraphy”

= k’* - == Marconi’'s success led to the i
Poldhu ‘ ‘ discovery of the ionosphere IoucsE g -
- (right) & its reflective and
refractive properties w.r.t. (low-
frequency) radio wave

propogation: e =

e Hy TE3T
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Historical background

Alexander Graham Bell invents the telephone -
Bell telephone Company created in 1877 - it will

play a significant role in radio astronomy over the
next 100 years:

1930’s Karl Jansky - communication engineer at
Bell Laboratory begins to investigate sources of
radio noise that adversely affected

communications - cross-country, transatlantic etc.

Identified thunderstorms (near and far) and
something else....

. | Kard Gunhve Faasky ., abam |91



Historical background

1932 Discovery of cosmic radio waves (Karl Jansky):

v=25MHz; dv= 26kHz
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Historical background

New York Times:

Jansky detected
emission from
the centre of .
the galaxy:

"There is no indication of any
kind, that these results are the
form of some intelligence striving
for intra-galactic communication.”

NEW RADIO WAVES |

TRAGED TO CENTRE
OF THE MILKY WAY

Mysterious Static, Reported |
by K. G. Jansky, Held to |
Differ From Cosmic Ray. i

—

|
DIRECTION IS UNCHANGING

Recorded and Tested for More
Than Year to Identify It as
From Earth's Galaxy.

ITS INTENSITY IS LOW

@nly Oelicats Meceiver Is Akle to
Reglster—Ne Evidence of
Interstellar Signaiing.

Discovery of mysisrious ndiai
wavea which appear o coma from |
ihe centre of the Mlky Way galaxy
was announced yesterday by the
Bell Telephons Laboratories. The
discovery was mads during e
pearch studies on statle by Karl G
Jansky of the radic research de
pariment at Holmdel, N. J., and
was described by him Imn & paper
daliversd before the Imternsilomal
Selentifie Radle Unloa n Wash-
ington
Ths galaciie radle waves, Mr.
Jansky sald, differ from the cosmie
rays and also from the phenomencn
of coamie radiaticn, described lamt
weak before the American Philo-
sophical Soclety at Philadeliphis by
Dr. Vesto M. Slipher, director of
the Lowsll Observatory at Flag-
staff, Ariz, {
Unlike the cosmle ray. which
somes from all directions in space,
doess mot vary with sither Lhe time |
of day or the time of the year, and
may be eithar & photon or an elec-
tron, the galactic waves, Mr. Janaky |
polpted owt, geem to coms from a
dsfinite sourees In spaze, wvary In
intensity with the Ume of day and
time of the year, and are distinely
alectro-magnetie wmaves that can be
pleked up by = radio sel.

ves Have ’.

The cosmls radistion discovered
by Dr. Slipher (s & mysterious form
of light apparently radi.ted Inde-
pendently of starlight, or.ginating,

Dr. Slipher concluded, al some dis
tance above the earth's surface,
snd possibly produced by e
sarth’'y atmoaphere

The galactic radic waves, the an-
ROUNCEmENt SaYE, are ahort waves,
.6 meters. at a frequency of abgut
20,000 000 cycles & second The In-
tenaity of these waves ls very low,
o Lhat & delicale apparatus is re-
quired for their detection

Unlike most forma of radio dis-
turbamees, the report saye, hess
newily found waves do not appear
te be due to any terrestrial phe-
namena, dut rather to come {rom
some point far off In space—prob-
ably far beyond our sclar aystem

If these waves came {rom a ter-
rdinal orygin, i was reasoned.
then they should have the same
Intensity all the year around. Bt
their intansity varies regularly with
the time of day and with the sea-
sons, and they gel much weaker
when the earth, meviag In its orbil,
Interposes itself Between the radic
receiver and Lhe source.

A preliminary report. published
In the Proceedings of the Instigute
of Radio Enginesrs last December.
described studies which showed the
prestnes of three separate groups
of sintic: Biatic from local thundes-
wtorms. static from distant thunder-
vlorms. and a “‘steady hiss Lype
slatic of unknown origin.' Fur-
ther studies this year determine
the unknown origin of this third
iype 1o b from the dirsction of
the centre of the Milky Way, the
earth's own Bome Ealaxy.

Mrection of Arrival Flaed

The direction from which thess
Wives arrive, the ansouncement
asseris, Bas been determined by
Invesligalions carried of over a
conslderable period, Messuremaents
of the horizontal component of the
Waves wers takem on several days
of each month for an enlire vear.
and by an mnalysis of Lthess read.
ings al the and of the year their
direction of arrival was disclosed.

“"The posilion Indicaled.” It was
sxplained, “la wery opear to the
point where the plans tn which the
earth revolves around the sun
trosses the cenlire of the Milky
Way. and also to that peint toward
which the solar sysiem Is moving
with reapect to the other stars

“Further werification of this 4}
rection s regquired, but the discovr-
ary. lks that of the ccemic rays
and of cosmic redlation, raless |
many cosmological questions of ex- |
—Lems ioiarestl

There ls =0 Indication of amy
kind, Mr. Jansky replied to & ques-
fhon. that these malactie radio
waves constituls soooe kind of im-
tarstellar sigualling, or that they
are the resull of scsse foren of im-
teiligence striving for iatra-galactic
communicalion.

e ————————————————————
Bt Embostaboe lim (% Birwn WRE ¢ it
Arluy Mass s May Berisser s —Adv




Historical background (and back to the future)
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The Nobel Prize in Physics 2020 was divided, one half awarded to
Roger Penrose "for the discovery that black hole formation is
a robust prediction of the general theory of relativity"”,

the other half jointly to Reinhard Genzel and Andrea Ghez "for
the discovery of a supermassive compact object at the centre
of our galaxy."

The stars’ orbits are the most convincing evidence yet that a
supermassive black hole is hiding in Sagittarius A*. This black hole
IS estimated to weigh about 4 million solar masses, squeezed
into a region no bigger than our solar system



Historical background

The first radio astronomer (Grote Reber)

Built the first parabolic radio
telescope:

- "Good" angular resolution

- Good visibility of the sky

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

- Published his results in Ap]

- Multi-frequency observations




Historical background

10-15 |—
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* Planckian “thermal” emission

* Wien displacement law



Historical background

10-15 |—

108 1010 1012 1014
Frequency [Hz]

1g'e

1018

* Planckian “thermal” emission
* Wien displacement law

* R] approximation at low freqg



Historical background
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Historical background
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Historical background
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Historical background

Felative radio hrightness

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)

-0.7 emission

==> Special:
Dawn of high-energy
astrophysics

Decreasing wavelength ---=

’I[ID. 1000 10000 100,000
Frequency in MHz




Historical background

Radio galaxies fﬁ‘

“Positions of Three Discrete Sources of

Galactic Radio-Frequency Radiation”
_antnn;_ Stanley, unc_f Slee, 1949, Natqre 1_54, 101

" 1 .
n . iril _|

| L

L] 1 2

. & " .
E e
I . i L. B
I ‘1.

. NGC 5128.

'NGC 5128 and NGC 4486 (M8B7) have not been
resolved into stars, so there is little direct

evidence that they are true galaxies. .. would
indicate that they are [within our own Galaxy]”




Historical background

The first Quasar: «

e
3C 48 5

* November 1960: Bolton and Matthews
identify 3C 48 with star-like object

— Bolton claims z=0.37

— Greenstein and Bowen dismiss redshift
— 3C 48 declared “first true radio star”

* Bolton returns to Australia
— Concentrates on constructing Parkes 210-ft

— Forgets about 3C 48



Historical background

Discovery of Quasars -1963

In the 19505/60s the great challenge wes to identify
radio sources with optical counterparts.

In 1963 one of the brightest radio sources then
known, 3C273, was identified with a faint blue 13th
meg star-like source (Hazard et al. N ature)...

Maaten Schmidt (1963,
Nature, 197, 1040) examined a
visible spectrum of this "star™
and identified the
characteristic spectrum of
emisson lines inthe Balmer
series of hydrogen Doppler-
shifted to longer wavelendths
by 16 percent!

z=0.16



Historical background

SC273 MERLIN 408MHz

3C 273 had to be not only the most distant
known object in the universe but also
iInrinsically more luminous than the brightest
celaxies known &t the time.

Almost immediately Greenstein & Matthews ( 1963,

N ature, 197, 1041) identified asmilar starlike object at
the position of the radio source 3C 48, but with an
aven higher redshift, z=0.3/. These objedts became
known a5 QUASARSs (Quas-Stellar Radio Sources).
The of study of objects we now refer to as active
celactic nudel (AGN ) had begun.




Historical background

4 Radio Source Counts and

St Cosmic Evolution
N(S)=KS 15

Sydney
Mills Cross
Bernie Mills

Cambridge ‘
2C and 3C
Martin Ryle

0 02 e G4 o8 e [}
L% 1



Historical background

A non-expanding Euclidean (i.e. zero curvature) universe
filled with luminosity L sources with number density n

contains N = 4rtnd®/3 sources out to distance d.
Since the flux density S = L / 4nd?

the source counts N(S) « S-32 and dN/dS « S-5/2,




Historical background

Differential source counts in a non-expanding Euclidean universe
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Historical background

Differential source counts in a non-expanding Euclidean universe Observed Euclidean-normalised differential source counts
10°) 10°
i} W $ o0
- - o |
& 10° & 10° ‘ ,ﬁ:'
_& ':& @ t‘-il.’
R T PP 9 )
‘___% ;-_-% _'.f"*.
10 10 \ :+
E" E.,‘ :%:': * \ Pl .
:‘J’gﬁt f
Sy Ty
10° 10°|
1015 -5 -4 -3 =2 = | 0 1 2 1025 -5 —4 =3 =2 =1 0 1 2
log[S(Jy)]




Historical background

Years before the discovery of the
CMB, radio “stars’’ provided
evidences that the Universe was:

Highly Isotropic
Homogeneous
Expanding

1% anisotropy due to Earth motion)

0> —40°
S > 100 mdy

h

0> +75°
S > 2.0 mdy

h



Historical background

Cosmic Microwave Background:
an lgnored or Forgotten

Prediction

* Discovered by Penzias and Wilson
— Working at same Bell Labs as Jansky

* Predicted by George Gamov in 1946

* Bob Dicke re-predicted CMB

* Beaten by Penzias and Wilson in 1965
— Prediction not known to Penzias and Wilson

— Penzias and Wilson did not set out to discover the CMB
— Did not understand the implications of their discovery

4 Nobel prize winners (Penzias, Wilson, Mather & Smoot)
* CMB actually detected 1941 from CN excitation of 2.3K




Historical background

Discovery of Pulsars -1967

Pulsars discovered by Jocelyn Belll-Burnell (PhD student)
and Anthony Hewish, as a by-product of Interplanetary
Scintilation Studies (1SS) in Cambridge.

The signd was recorded on chart paper -
telescope produced about 30 metres per day!

Jocelyn carefully waded through the paper (and
Interference), and started to notice an unusud

source that appear to be periodic (T ~2 secs)
she cdled this “scruff”.

By 1968, four periodic sources had been
discovered.

After instrumenta causes were ruled out, other

physica explanations were considered - including
that the signd were being beamed to us by other
intelligent life-forms in the calaxy.

See youtube “2000: Pulsars (Bel Burndl)”




Historical background

Line of zero orbital decay ] Pulsar

&
lllll!

Binary pulsar

L General Relativity prediction

- I I L J i1 1 1 I 1 1

I Ll J L4 1 I 1

1985 1980 1985 2000 2005
Year

1975 1880

distance gets smaller by 3m / year



Historical background
) Radio Spectrd Lines - neutra hydrogen

1944 van der Hulst predicts discrete 1420 MHz (21 cm) emission from neutrd Hydrogen (HI).
4

INTERSTELLAR HYDROGEN B —

HY FERFINE STRUCTURE OF THE GROUNDSTATE

- A — = 'I-'-"Ln'r.l:lul'EF!.'r-:Hrl:l:-nnu. 7.5m diam-:lc
1951: HI detected by Ewen & Purcell and Oort & Muller.,

Speaal: Radio astronomny traces the FIRST and most ABUNDANT element in the Universe.



Historical background

Molecular | :‘3
spectroscopy ¥

g

— Townes & Shklovsky
— Detected by Weinreb et al.

Berkley

— Mysterium (OH) (1965)
— HN, = 1.3 cm (1968)
— H,0—-1.4 cm (1968)
H,CO -6 cm (1969)
CO-2.8 mm (1970)

Molecular Spectroscopy

> 4000 lines known from >170 molecules

.-L‘!"} i L ']

ol




Historical background

1930s Horn fed parabolic reflector

1940s Cliff Interferometer

1940s Dicke Receiver

1950s Two element interferometer

1960s Aperture Synthesis

1960s Autocorrelation spectrometer

1960s Computer assisted data analysis

1960s Independent-oscillator-tape-recording-interferometry
1960s Cryogenically cooled radiometers

1970’s CLEAN and Self Calibration

1980s Space VLBI



Radio emission and its physical processes

Continuum emission Line emission
* Thermal — HI 21cm
— Bremsstrahlung radiation — Molecular lines
* Nonthermal — Recombination lines

— Synchrotron



Radio emission and its physical processes

Bremsstrahlung (a.k.a. free-free) emission

optically thin, thermal emission
from ionized gas : HIl regions etc.
P
good for estimating density &
4 temperature of ionized gas
e counting ionizing photons
* inferring star formation rate

8 (271') 1/2 e Nneny —~hv/kpgT

g =33 323 (;_:BT)I/zgﬁ’(’“”T)E

emission coefficient (e.g. erg s cm=3 Hz1 ster-1)




Radio emission and its physical processes

, 8 /on\ /2 6 NeTi —hy C
i) = 3 (;) m:m = 2% D™ 4 radiative transfer

14| |
O =« Black _
oz roughly flat in 7 "\body -
middle where e ’ :

S 10 . .
> 10 optically thin ~ | -
'I. —
% 103 . | 11 _
_é INCreasing , -
x 107 sity| ! —
= “ _
| B
| _

\ ‘

10° 10" 10" 10" 10" 10"
frequency (Hz)



Radio emission and its physical processes

2T eb NeTi
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Radio emission and its physical processes

| ] 1/2 | o o
W) =3 (7) 3573 (kpT) 2% T "/t 4 radiative transfer

14|
0 =« Black

\
12| ;o bod _
10 v2 at low v where / \ y

= 10l optically thick - _
2 s
> ” )
= )
é | L"lnm.:-: —= 2?;‘-{}
>
3
L_I_ _
A | | . !
10° 10'° 10'? 10" 10'° 10'8

frequency (Hz)



Radio emission and its physical processes

T Increases

( | O
1Y3Sis jo aulg

HII region

In the region/frequency range where 1 << 1:

I

(ﬁ) ~ 6.3 1[]5’3(
s 1

Production rate of ionizing photons
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_ Free-free spectral luminosity

-

»  Galaxy star formation rate




Radio emission and its physical processes

Synchrotron emission

nonthermal (usu: relativistic) electrons in a B field

polarized emission!

can get particle energies, n and B

3 2 €B
4777
An electron of energy y

v Ve = sm v

:9 Q (E = ymc?) radiates at
z this frequency:.
f(E) — foE_S

power law distribution of
electron energies



Radio emission and its physical processes

joy(v) ox P, BETY/2 g3, ~(=1)/2 4 radiative transfer
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Radio emission and its physical processes

joy(v) ox P, BETD/2 73, ~(s=1)/2 4 radiative transfer
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Radio emission and its physical processes
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Inverse Compton emission

upscattering of radiation photons by relativistic electrons

P [ U rad The percentage of power loss is directly proportional to
F [ ' energy density of the radiation field
SV 11

I IIIII-III I IIIIIIII R

I IIIIIII|

I IIIIIIII

Y L/ 4 ; PN 1t '_1 : - : - T
3 U W) _4 5 () = 10" Hz = (10%)" ~ 1.3 x 10'7 Hz
Q. E ] g 3 5
0.01 —
: Y A Drain energy from cosmic-ray electrons that produce radio radiation

: ) e
001 0.1 : 10 and use it to produce X-ray radiation!

v/ (73v,)
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Inverse Compton emission

Cygnus A (one of the brightest radio sources in the sky...)
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Formation of extragalactic jets Radio Jets
from black hole accretion disk

Extragalactic

et AN - Accretion of gas onto a massive
Z Il | central black hole releases
tremendous amounts of energy

- Magnetic field collimates outflow
and accelerates particles to close
to the speed of light

Magnetic
field lines

Accretion
disk
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Juasar 30175
YA Sam image (o) NEAQD 1998

Fadio Galaxy 3C351
MNGL 585

YLA S.60cm radio image
on RST WFFLZ optical
copyright (c) NEAQ 12828




Radio emission and its physical processes

Although the interstellar medium (ISM) of our Galaxy is dynamic, it tends toward a rough pressure equilibrium because mass motions

with speeds up to the speed of sound try to reduce pressure gradients. Temperatures equilibrate more slowly, so there are wide ranges of
temperature T and particle number density n consistent with a given pressure p and the ideal gas law

p=nkT. (7.1)

Typical ISM pressures lie in the range p/k =nT ~ 10°-10* em—3 K [58]. Radiative cooling by spectral-line emission depends strongly on
temperature, so most of the ISM exists 1n several distinct phases having comparable pressures but quite different temperatures:

. cold (10s of K) dense molecular clouds
. cool ( ~ 10° K) neutral Hi gas

.warm ( ~ 5 x 10* K) neutral Hi gas
. warm ( ~ 10* K) ionized HiI gas

. hot ( ~ 10° K) low-density ionized gas (in bubbles formed by expanding supernova remnants, for example)

O = 0 B =

All but the hottest phase are sources of radio spectral lines.

“Essential Radio Astronomy”
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Neutral hydrogen (HI) atoms are " moment . lectron magnetie P10 omen
abundant and ubiquitous in
low-density regions of the ISM

They are detectable in the =21 cm (1420.40575 MHz) hyperfine line

-
pur iy {9
="

An extremely useful tool for studying gas in the ISM of external galaxies
and tracing the large-scale distribution of galaxies in the Universe.
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B/W=optical image of NGC 6946 from
Digital Sky Survey

Blue=Westerbork Synthesis Radio
Telescope 21 cm image of Neutral
Hydrogen

Hydrogen usually much more
extended than stars
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Optical image of M81 group

- | _ Neutral Hydrogen is the raw fuel
' | for all star formation

Hydrogen usually much more
extended than stars

Hydrogen usually much more
extended than galaxies...

...and can be used to trace past
galaxy interactions

VLA 12-pointing mosaic Yun et al. 1994
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Molecular rotational and vibrational modes

Commonly observed molecules In space:
Carbon Monoxide (CO)
Water (H,O), OH, HCN, HCO+, CS
Ammonia (NH;), Formaldehyde (H,CO)

Less common molecules:
Sugar, Alcohol, Antifreeze (Ethylene Glycol)

Large, heavy molecules in cold clouds may be
seen at centimeter wavelengths, but smaller

and lighter molecules emit only at millimeter
and sub-mm wavelengths.
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A

H21s the most abundant molecule in the >
Universe ...makes up most of the

molecular ISM In galaxies but Is basically W
invisible in emission! S I

Atom Atom

Polar molecules, I.e. molecules with a
permanent dipole moment, like the
carbon monoxide molecule radiate at
their rotation frequencies:

h
D= 2J 2
41 mr,
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: . A
H> Is the most abundant molecule In the b

Universe ...makes up most of the
molecular ISM in galaxies but Is basically
invisible in emission!

- 1.128 A
Carbon

Oxygen
Atom Atom

12C160

Polar molecules, i.e. molecules with a o 900 GHz
permanent dipole moment, like the = 00 Gtz
carbon monoxide molecule radiate at 1=6-5 700 Gtz
their rotation frequencies: I8 600 GH

500 GHz
J=4-3

400 GHz

V= did J=1,2,... o

Am2mrs I=2~1
J=1-0

300 GHz

200 GHz

100 GHz

0 GHz
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H2 Is the most abundant molecule in the
Universe ...makes up most of the

molecular ISM In galaxies but is basically

Invisible in emission!

— ) — J=1.2.....
Am2mr? N
hJ +1
.I;n'm ~= . “: i }
2k
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200
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o0
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g 1125.&@

Carbon
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AE/k [K]

1800

Nonlinear molecules such as the
symmetric-top ammonia (NHs) with
two distinct rotational axes have more
complex spectra consisting of many
parallel ladders.

Transitions between the two spin states of the
nitrogen atom cause the line splitting shown

1600

1200

1000

and yield emission at frequencies near 24 '
GHz.
NHs IS a ver?/ useful thermometer for
molecular clouds

|||||||||||||||
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14=K
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M51 - The Whirlpool galaxy

First multi-transitions studies

- GMCs

- arms physical conditions
- dust properties

- star formation
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Recombination lines produced by high-n
transitions are observed in the radio
window.

These lines can be used to effectively
stuady the physical properties of Hil
regions:

- the electron temperatures of Hll regions

- the metal content of the galaxy

- the spatial distribution and kinematics
of HIl regions

Antenna Temperature (mK)

C92a He92a
|

£ 1«100 mK—>t

G35.194 -1.75
AEBT

91

|

|
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Channels
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\ A Y ‘ LI i L [ 4 ;_ LA
240° 180° 120 | | |

6955 10 — 7 i

00

DECLINATION (B1950)
S
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52 (= : —
09 51 46 45 a4 43 42 41 a0
RIGHT ASCENSION (B1950)

M82 imaged in H92a (contours) and 8.3 GHz
continuum (gray scale).

Radio recombination line strengths are much
less affected by dust extinction than optical
lines (e.g., the Ha and Hf lines)

P ™\ Radio recombination lines are useful
S T el s indicators of the ionization rates and hence
noze> 7 o | ‘ star-formation rates in dusty galaxies.

The spiral pattern of our Galaxy in plan
view, as traced by Ha (circles) and radio
recombination lines (squares)
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Maser (microwave amplification by stimulated emission of radiation
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