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Qutline

® Solar system: Sun, planets

® Galactic: gas, (proto-)stars,
compact objects, exoplanets,
set
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Solar System

Radio emission can be observed from many
bodies in the solar system

Both the active and quiet sun emit radio waves

Planets can be observed as thermal sources (black
body radiation)

Magnetic planets have radio emitting radiation
belts

Comets emit |8 cm OH line radiation
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Sun

Radio emission from sun correlates well with solar
activity
Solar Cycle Variations
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Sun

Radio image of sun showing disk and active regions
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Giant Planets

Radio emission from Jupiter’s radiation belts

Jupiter: radio
(21 cm)

, Jupiter: visible
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Giant Planets
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Giant Planets
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o Radiation belts synchrotron emission (A = cm-dm-m)

* Belts radiating from ~| to ~3 R

* Energetic particles (ions, e- of 100s keV — 10s MeV) trapped near the magnetic equator
» Anisotropic (beamed) and polarized emission (~20-25% linear, <1% circular)
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Giant Planets

First LOFAR detections:
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Moon

Modern lunar image near the north pole, and
elevation in color

180°
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Mercury

Radar image of Mercury - ice near north pole!?
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Mercury

Arecibo delay-Doppler radar image of Mercury’s
north pole, showing ice deposits (size ~ 300x300 sq.
km)
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Mars

Radar image of Mars — again likely polar ice
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Asteroids

Arecibo delay-Doppler radar image of
NEA 1999 [IM8 (D ~ 7 km)
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Asteroids

Arecibo delay-Doppler radar image of
NEA 1999 KW4 (D ~ 1.5 km)

UNIVERSITY OF AMSTERDAM Radio Astronomy - 52 14RAAS6Y ASTRON



Asteroids

Arecibo delay-Doppler radar image of
NEA 1999 KW4 (D ~ 1.5 km)
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Milky VVay

We observe: diffuse continuum emission from the
disk

21 cm HI line emission from clouds
Weak radio emission from all star types

Radio emission from glowing HII clouds ionized by
light from hot, young stars

Some 275 radio supernova remnants

Neutron stars observed as pulsars
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Milky VVay

Sketch shows main structures of MW

Most objects to be discussed are in thin disk

® Associated with star
. Halo
formation... B Fuige
° . NGP Thick disk
...ahd star demise ? Thin disk
° | / Extreme
First, diffuse gas Planeof ] st
rotation : 2
|
|
S ,!; 85 kpc Galactic center
SGP
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Milky VWay

In radio continuum, we see through the whole Milky

Raelio Continterm (408 MHz) Bonn, fodrell Bank,
sl Parbes
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Milky VVay

Dust also has no influence on the 21 cm HI line

Atamic Hydrogen 21 o Dickey-Lockman
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Milky VVay

The CO line at 2.6 mm is a surrogate for H,

Melecilar H _]-':':'IJ OFEN 1S GHz Columbia-GISS

N e e e e e T i« e
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Milky VWay

Most IR emission is unblocked (and comes from hot
dust)

.I":.!'ﬁ'.-w'n:-'.-'.!r 2 6 ILETE fRAS
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Milky Way

Near IR (2 um) bulge unobstructed by dust
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Milky VWay

In the galactic plane, little light gets through the dust

Cherl foad A. Mellinger Photomosaic
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Milky VWay

High energy y-rays, unobstructed and closely linked
to gas

Cranranay Kay « IO00MeV CGROVEGRET
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Milky VWay

These images show both diffuse and discrete
sources:

® The 21 cm HI and 2.6 mm CO mainly come from
diffuse clouds of H and H,

® Much of the 408 MHz radio continuum is from
discrete sources (clouds of ionized gas, shocks

from supernovae)

® X-ray emission from hot, shocked gas, and from
binaries & various stars

® IR from hot dust and cool stars
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Milky VVay

Milky Way is difficult to study as we are in it
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Milky VWay

4 quadrants: 4 quadrants:
| & lll, gas moves away; Il & IV, gas approaches
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Milky VWay

To map motion in Milky Way we must assign peaks
to locations

= A has greatest angular speed and moving fastest away from sun. A has
. liigler density of H. B & C moving at abont sane angular speed > sun’s
= C angular speed. D is outside solar distasce—slower angular speed and
= has less materal (density b Tistemnsily
|
& A
= A
)
Y
o
i
||
Everything rotating D
in same direction, 5‘

L

Eadial velocity (km/sec)
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Milky VVay

The HI in the Milky Way disk, as position vs. velocity

Sun

Everything rotating
in same direction

LN
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Milky Way

The line emission (especially HI and CO) gives speed
of gas

gz%% mmm S ~: . I. I'.'a I..
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CO in the MW plane, motion relative to Sun
Positive velocity = away from us
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Milky VWay

Orbital speed in MWV is almost constant outside of

center

Hotation Velocity (km/sec)
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Stellar Lifecycles

Large complexes of dust, H Il regions, molecules:
cradle of stars
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Stellar Lifecycles

Proto-stars are usually shrouded in dust

Plus molecules like CO
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Stellar Lifecycles

Millimeter band is particularly rich in molecular
emission

UNIVERSITY OF AMSTERDAM Radio Astronomy - 5214RAAS6Y ASTRON

s A Iuﬁil‘ll " *: |l



Stellar Lifecycles

Millimeter band is particularly rich in molecular
emission: ALMA now allows for mm imaging
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Stellar Lifecycles

Massive stars then explode in supernovae

CORE-COLLAPSE SUPERNOVA

The other class of supernova involves the implosion of a star at least eight times as massive as the sun. This classis
designated type b, Ic or I, depending on its observed characteristics.

As the massive star

nearsitsend, ittakes
2million on anonion-layerstructure
kilometers of chemical elements

Iron does not undergo nuclear fusion, so the core
becomes unableto generate heat. The gas pressure
drops, and overlying material suddenly rushesin

Withinasecond,
Hydrogen the core collapses
to form a neutron star.
/ Materialrebounds off the
A Silicon neutron star, settingup a —— Shock
shockwave

___Neutron
star

Neutrinos pouring out of the
nascent neutron star propel the
shockwave outward, unevenly

—Neutrino-heated
gasbubble

The shock sweeps
through the entire
star, blowingitapart

Downdraft
of cool gas

Recent simulations have made huge progress in tracking the —_—
chaotic motions during the explosion. In this frame, showing the 10millionkm
interior five and a half hours into the explosion, large rising

bubbles have helped drive the shock wave a distance of 300 million

kilometers. Neutrinos, usuallyan antisocial breed of particle,

streamout of the initial implosionin such quantities and with such

high energies that they play a decisive role. The turbulence mixes

carbon, oxygen, silicon and iron from deep down [blue, turquoise)

into the overlying helium [green) and hydrogen (red)

DON DIXON (illustrat
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Stellar Lifecycles

Explosion produces a shell-like shock (cf. SN872):

ralian Observatory.

O Anglo-Aust
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Stellar Lifecycles

Then a supernova remnant. The SNR from the
“nova” seen by Tycho in 1572 show (x-ray, radio)
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Stellar Lifecycles
Supernova remnant of the SN 1006 AD

X-rays thermal, 10°K gas
(red) heated in shock

Shock boosts electrons to
~c :synchrotron (blue)

Synchrotron causes radio
(next lecture)
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Stellar Lifecycles

Some supernova remants continue to be powered ..
but by what?
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Pulsars

Discovered serendipitously in 1967 during a low-
frequency survey of extragalactic radio sources that
scintillate in the mterplanetary plasma
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Pulsars

Radio emission generated near polar cap
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Pulsars

Radio emission generated near polar cap

Most energy goes in Q
“Poynting flux”. For Crab J——

10° Solar luminosities /

magnetic axis

‘radio beam

!

gap

4~ _—outer
; acceleration

Neutron
star " inner

. acceleration
. gap
open , |
field lines E
: Closed @
field lines :light
.cylinder

UNIVERSITY OF AMSTERDAM Radio Astronomy - 5214RAAS6Y ASTRON



Pulsars & the ISM

With their sharp and short-duration pulse profiles
and very high brightness temperatures, pulsars are
unique probes of the interstellar medium

(ISM). Variable group speed introduces
dispersion delay:

~

o2 1/2 ” 1/2
upz( E‘) ms.g?kﬂzx( - )
TN cm—>

~

12
Vo R c(l — Pﬁ)
21-
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Pulsars & the ISM
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Pulsars & the ISM

Inhomogeneities in the ISM cause small-angle
deviations in the paths of the radio waves.

randomly

distorted
spatially wavefronts

coherent |
diffraction
e 0, . pattern
N

radiation

______________________ Uq T ‘ '
VPSR / turbulent
urbulen N
plasma N Ve o
(ISM) Vbulk
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Pulsars & the ISM

These cause
scattering tails on

pulse profiles J\

Lovell, 1408 MHz

GMRT, 610 MHz

Lovell, 408 MHz

GMRT, 325 MHz

GMRT, 243 MHz

! Iy, ‘."' l',u'- 'l A l'l‘ /) A
AYVPR, SR Rltdne \fr“***“”‘“v*lf'\fwhfvh“‘v‘hfm

0 90 180 270 360
Pulse phase (degrees)
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Pulsar Timing

Clock-like stability of pulsars means that precise
monitoring of pulsar rotations allows for study of
rich variety of physics phenomena

Rotation axis
Mean pulse profile
iy Sl Reference clock \

R ey, TOA |)
o= l, /N .

T—

TEIESCGPE 1\ | / / ——— ,/‘ | III"M.fv

b,

< + ,f x.
. I.-" Y
Radio beam ﬁ N De-dispersion &
™ -
Y. |
' s

on-line folding

Recerver \
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Pulsar Timing

The attainable precision is extreme:

UNIVERSITY OF AMSTERDAM
X

Table 1 PSR J0437-4715 physical parameters

Right ascension, o (J2000) ...
Declination, 4 (J2000) ....... -
piv-frmasyrT L) sasssiiserass :

iy Criesyr= ) iy ais
Annual parallax, m (mas) .....

Pulse period, P (ms) .........
Reference epoch (MJD) ......
Period derivative, P (10~*") ..
Orbital period, £, (days) .....

) T T

Orbital eccentricity. € ... ..
Epoch of periastron, 7}, (MJD)

Longitude of periastron, w (%) .
Longitude of ascension, 2 (°) .

Orbital inclination, 7 (°) ......
Companion mass, ms (M) ...

2L i
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-47°15'08”461584(
(

(

h.757451831072007(8

121.438
-71.438

7
B
6
7
7.19(14

)
)
)
)
)
)

(
51194.0
5.72906(
5.741046(

3.36669157(1
0.000019186(
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Pulsar Timing

The attainable precision is extreme:

I |
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Pulsar Timing

The attainable precision is extreme:

i - \\I -
The double pulsar is 3 >
one of the best tests |
of general relativity ol
i

u;"r- L1

1 I 1 1

1.32 | 1.34 .
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X

Radio Astronomy - 5214RAAS6Y

1
Mass A (Mg, )

1.5

ASTRON



Pulsar Timing

One of the few ways to “weigh” a star, and
determine its composition:

2.5 > p MPA1 S
| > ENGAP3 PAL1
| Ca\)g&"d AP4 MS
2.0 —
mass limit g3
MS - —
5 a
§ 1.5| SGM PAL6 GM
@2 GS
)
s
1.0
0.5|
0.077"8 o 10 11 12 13 14 15

Radius (km)
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Black Holes

Supernova remnant VW50 (~20 kyr) with the central
microquasar SS433
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Black Holes

Eclipsing X-ray binary system, compact-object mass
indicates black hole
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Black Holes
Eclipsing X-ray binary system
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Exoplanets

The first extra-solar planets were detected around a

pulsar
i | | I{Q}J
10 b .
: I:|;= i
| _ L S T B —
alL . - ¢ i % ]
_ &= . | = P
_ } ¢ls e
[ L
ENN { _
A .
3
% F 1 1 | 1
3
Pl 1 I ':., -
E 10 F kbi—_
. |
+ 7T = o i
ittt gl
¢ TP @z = ? i @‘E B
ol :
[ ] . \ .|
16459.35 1494545 .4 Ta49E. 45

UNIVERSITY OF AMSTERDAM
X

Radio Astronomy - 5214RAAS6Y

ASTRON



Exoplanets

Giant exoplanets around magnetic stars may be
detectable with LOFAR
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SETI

Intelligent life probably easiest to detect in radio

Naturally occurring radiation defines least “noisy”
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SET]

This led Frank Drake to his equation for the number
of planets we could communicate with
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SETI

Example:

Suppose there are =10'! stars in Milky Way, but only
10% in “habitable zone”: leaves 10'°

Suppose 10% have planets: leaves 10

If 1% are like Earth, then 107 are left
Suppose |% develop life: leaves 10°

But if only 1% of life is intelligent: leaves 103
Suppose |10% develop communication: 100

If communication lasts | % of lifetime: | left
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SETI

Searches with Ohio, Arecibo, Nangay, LOFAR

Much overlap with pulsar searching

Some analysis done with SETI@home software
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SET]

Dedicated search telescope: The Allen Telescope Array

UNIVERSITY OF AMSTERDAM Radio Astronomy - 52 14RAAS6Y ASTRON



Questions!
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