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Radio Emission von kosmischen Objekten:
vorwiegend Synchrotron Strahlung
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Das Prinzip der Interferometrie:

Die Inversion der Koharenz Funktion




Duasar . VLBI = Very Long Baseline Interferometry

Hoise

Hydrogen maser clock ¥
{accuracy 1 sec in (R THIRI plallen . Correlator

1 million years) % -&%
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Need to measure the cross-correlation
over as many spacings as possible

Direction to source
|

£ & & A

>
>

AAA

>
>

AA

<

>
For n antennas, we get n(n+l)/2 spaci







Relativistischer Uberdichtschnelle
Plasma Jet . Stosswellen

| Galaxie
N : R J
Quasar.
SN 500.000 Lichtjatire 0 100 Lichtjahre 80 Lichtjahre
f f ‘f. Klare etal. 2004, A&+
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M87 (Virgo A) - From half a million light years
to 0.1 light years

X-ray Rosat X-ray Chandra (sim) VLA 20 cm

.

Qptical HST 4'dground

(=" [ ]

VLA 90cm

100kpototal N & 01 pc

distance from Earth: 17 Mpc Virgo Cluster



.Jets have a knotty
problem!*

Chandra X-Ray

HST Optical

VLA Radio




Superluminal motion in AGN
3C120 monitored in a dedicated 3C279 in the 2cm Survey

campaign
-Complex jet kinematics in total -Change in the trajectory of a jet
intensity (contours) and polarization component of the quasar 3C 279;
(color). change in speed and direction
edge -change in trajectory might be
brightening collimation event
, etc. allow to study the jet Homan et al.
physics (MHD) in finest det ai | s. R R R B e
. [ 1253--085 (30279) 199566
VLBA 22 GHz Observations
of .
3C120 Al 0
José—Luis Gomez IAA (Spain) ¢ | ‘\ ]
Alan P. Marscher BU (USA)
Antonio Alberdi IAA (Spain) ¥l
Svetlana Marchenko—Jorstad BU (USA) |
Cristina Garcia—Miro IAA (Spain) o VLBA Zcm Survey
. |




The Current Paradigm

of AGN- Activity

Core of Galaxy NGC 426l

Hubble Space Telescope
Wide Field / Planetary Camera

Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk

" 17 Arc Seconds "
400 LIGHTYEARS

380 Arc Seconds
88000 LIGHTYEARS

NGC 4261, Jaffe et al. (1996)

Type 1:
One-Sided Jats,
Broad and Narrow
Line Region;
No absorption of

sggt X-Rays

Free-Free Absorption; %t::unng 2

Narrow Line Region; ~ *

Strong Absorption of @ ®
soft X-Rays Urry & Padovani >z .




De Verbindung zwischen Jet und

- Schwarzem Loch : 2777
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EGRET All=3ky Gamma Ray Survey Abowve 100 Mew




INTEGRAL.: resolving the gamma-ray background

INTEGRAL




Where does the radiation come from?

AGN Modell: Synichrotron & Inverse Compton

(Bremastrah lung & Annibulation)

: Relativistic Jet
=10

- Doppler Boost!

Fadln kaud
50

-

BLER clouds

IC (SSC)

T, (E)> 1
- ~500R,

EC (disl)

A Supennaseive Black Haole

with accretion disk
Boettcher et al.




Where does the radiation come from?

synchrotron & Inverse Compton

(Bremsstrah lung & Anmbalation)
Relativistic Jet
R

- Doppler Boast!

BLR clouds

“F_[J» Me”

; o ? EC (BLR)

IC (SSC)

T (E)> 1
~ 500 R

EC (dislo)

‘ Supermazsive Black Hole Boettcher et al.

with accretion disk
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Fro. 4 —Comparison of differential light curves in the optical and gamma-
ray regimes, Here the gamma-ray data are shown with a grouping of 10 counts
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W agner et al. 1995, ApJ 454, L 97



Binary Black hole Systems in AGN

How to detect these BBHS?

1. pc- scale radio jets:
curved jet structures,

.
3y |
< helicity
2. Light curves:
periodic flaring
R | => some examples ..

“Chandra makes first

positive I.D. of active .

Binary Black hole”
NASA/CXC/ MPE/ S. Komossa et all.




¢ Periodicity



Binary Black Hole Systems (3C 345)

4 Toral flux w 90GHz

4 Core flux a1 22GHz
A BLO78 data
= Flare model at 22GHz

W Total flux at 22GHz |

| (I M i T
1083 1986 1989 1995 1998 2001

1992

Epoch

2004

!
o

(=]
[§%)

Relatiye Dec. [mas]

o
I

@ Observed positions of C7
— Fit by the BBH model

Relative R.A. [mas]

Flux density [Jy]

w

A L A o A B LA A o
%\ i@ Core separation of C7
[ 4 }-:\ — + Fit by the BBH model
|- "/ [} —
7 \
’ v
L / \ u
)
/ By
& \
L : 1 i
’ \
/ m
L / \ N
t \
' Y
. ~o o
ol e m B
s o ""ﬁ-_ﬂi}i_
PR S T B I R A W I A VAT
1991 1992 1993 1994 1995 1996 1997 1998

Observation epoch

14—

1

B magnitude

BT

Yoo

6

0.1+

0.1

Ll
1991

N IR | ]
1993 1994 1995 1996

Year

1992

L obanov & Roland 2002



Optical Flux-density flaring unravels Binary Black holes

PKS420-014 Optical Light Curve PKS 0420-014:
=3 Britzen, et al., 2001,
V,=0.05c
e=0 A&A 374,748
15 WAN=10
wBI=%
M1=7x10"7
£ M2=2.1x108 0J287: The Rosetta
E Stone of Blazars
; e.g., Takalo 1994,
” Abraham 2000, A&A 355, 9
b+ 3 C 345
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Maval Research Laboralory

Wide-Field Radio Image of the
Galactic Center
A=90cm

SerDHIl g j
{Kassim, LaRosa, Lazio, & Hyman 1999)
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ZUr

Phanomenologie Aktiver Galaxienkerne

Welche Art von Objekten gehort zu

dieser Klasse?

Was bedeutet “aktiv”?

Aktivitat sollte melRbar sein!

Was bedeutet “kern”?

“nicht-thermische
Strahlung"

o +F_ (eress™ em™)

1

1cm 100pum 1um 0.12 keV 12 keV 12 MeV

Beyfert 1
M 1TER

" g




B Verschiedene Typen Aktiver Galaxienkerne:

Radi laxi

mission-Line Regions (LINERS)

Nuclear H Il Regions

Star Burst Galaxies
Strong IRAS Galaxies

18.11.04

Hochauflosende Radiobeobachtungen aktiver Galaxienkerne

36



B 1932: K.G.Jansky examines for Bell Laboratories (New Jersey) why
transatlantic radiotelephone circuits suffer from a variety of hissing and
crackling sounds (interference) wavelength of ~14.6 m); identifies 3
origins:

Nearby thunder storms
Distant, tropical thunder storms

Steady hiss-type static of unknown origin, seemed to reach earth from the direction of the
Milky way

B Astronomers did not take notice of this discovery!! (late recognition, unit named
after him)




Grote Reber (lllinois)reads about Jansky's work and
realizes importance -> builds the world’s first dish-
shaped radio telescope (1937) of 9.6m (~14°) diameter
in his own backyard!! assumes thermal origin of
radiation -> receiver for wavelength of 9.1 cm,
afterwards for 33cm and finally for 1.87 m, detects
celestial radio emission (~2 m), and radio emission fro
the Galactic plane

1939: Reber confirms Jansky and disproves his own
ideas about the emission origin

Publication in ApJ: not noticed by astronomical
community!!

4 years later: first radio sky maps of the milky
way and radio measurements of the sun: start of
the radioastronomical research!!

Reber’ s publication appeared during World War Il and a
copy reached the observatory at Leiden-> Oort is
interested

1918 Messier 87 reveals surprising jet of luminous
matter shootin out of ist interior -> not studied
further, 1950s: radio signals detected frorn M87

1943 Carl Seyfert identifies galaxies whose nuclei
show unusual spectra -> Seyfert galaxies




C. Seyfert zeigte 1943, dall kleiner

Bruchteil von Galaxien seh hellen,
'‘punktformigen' Kern besitzen, der
auch sehr breite Emissionslinien von
Atomen mehrerer Ionisationsgrade
emittiert;solche Galaxien heilen heute







;f 2 Kpe



Sevferts

. Besonderheiten:

. grofSe Linienbreiten: typisch einige 1000 km/s (Seyfert Typ
1) oder ca. 500 km/s (Seyfert Typ2) [wenn interpretiert als
Doppler-Vebreiterung mit D/ =v/c!! ] (zum Vergleich:
Rotationsv. von normalen S's: 200 km/s); heute Bezeichnung
nach Verhaltnis von relativer Starke der schmalen und
breiten Komponenten; Beide Komponenten vermutlich aus
Akkretionsscheibe; Typ 2 Seyferts: breite Komponente
abgeschirmt durch Staub und/oder Winkel zur Sichtlinie. In
einigen Typ 2 Seyfert Galaxien kann die breite Komponente

in polarisiertem Licht beobachtet werden.

. Emission im Radio, Infrarot, UV, Rontgen

42



E 1950: sufficient observations obtained to pose the question

concerning the physical nature of the non-thermal component of the
cosmic radio radiation:

B Alfvén and Herlofson (1950): Synchrotron radiation, radiation of
relativistic electrons, moving on helical trajectories in a magnetic
field; stars could be surrounded by extended regions of intense
magnetic fields where highly energetic electrons would be
continuously injected.

Hannes Alfveée



ZUur Geschichte

B 3C und 3CR Kataloge (1961): Durchmusterung des nérdlichen ( > -22 °)
Himmels bei 158 MHz und 178 MHgz, FluBlimitS_ = 9 )y

B Matthews & Sandage (1963): 3C48 ist punktférmige Quelle mit m=16 mag;
komplexes Spektrum, bestehend aus blauem Kontinuum und starken, breiten
Emissionslinien, die aber keinem atomaren Ubergang zuzuordnen waren ->
nicht identifizierbar!!!

o Quasi-stellar ....

The bright object on the
left is a quasar; the one on
the right is a star. There is
no discernible difference
from this image

Image credit: C. Steidel
and NASA
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Die Geschichte von 3C 273 ... und die Erfindung der

Mondbedeckunas-Beobachtunaen

.5 e ,," B . Cyril Hazard

. 1962 August C. Hazard (University of Sydney) uses new
observational technique (lunar occultation) to observe and pinpoint
the location of the radio source 3C 273

- Parkes radio telescope




ZUur Geschichte

E Schmidt (1963): Identifikation von 3C273 mit punktférmiger
optischer Quelle; Identifikation der Emissionslinien mit der Balmer-

Serie des Wasserstoffs, aber mit extrem hoher
Rotverschlebung z=0.158

Gultigkeit des Hubble-Gesetzes vorausgesetzt, die bis dahin mit
Abstand weitest entfernte Quelle (D~500 h* Mpc)

absolute Magnitude dann M =-25.3+5 log h: 100 Mal heller als
normale (Spiral)galaxien

E nach besserer Bestimmung der Positionen der Radioquellen sind in

kurzer Folge dann viele solcher Quasare (quasi-stellar radio
sources = quasars) identifiziert worden,



B 1963 February 5 (breakthrough!) M. Schmidt (Caltech) using the 5-meter
Hale Telescope on Palomar Mountain, observes the spectrum of 3C 273->
like 3C48, emission lines are at uncommon wavelengths: Schmidt
concludes that he is observing a hydrogen spectrum greatly shifted by the
Doppler effect; because of starlike appearance: cjuzsi-stellar object,
afterwards shortened to cjuzisar

Optical spectrum of 3C273

Opftical spectrum of
3C 273 clearly showing
the redshifted Balmer
lines and the "blue
bump” thought to be
associated with the
accrefion disk in
3C273

3C273 has a redshift
z = 0.15839

INTENSITY

5800 8400
WAVELENGTH ( Angstroms)

3C273:z2=0.158: 90% of the radio ene

emitted by jet-like feature; length: 10%,



3C273 spectral energy distribution

Use fluence: E, = vF, = W m < per log frequency

The SPECTPG' ener‘gy 100MHz Bz 1rhm [RAS LKJ‘EC " ke ¥
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Taonomy of Active Galactic Nuclei

B Quasars:

Quasi- Stellare Radio Quellen, optisches Bild isd
dominiert durch blaue Farbe (U- B<0) unaufgeldst
(<17), leuchtkraftiger (- 22, oder - 23) Kern mit starken
breiten Emissionslinien im optischen Spektrum

Variabilitat des optischen Kerns, lineare Polarisation
Starke kosmologische Evolution

Radio: sehr kompakte Komponenten (10-3 arcsec),
Jets, ...

51



.,
. - ® Quasars

(luasar 3C204 YLA Gem imade (o) NRAD 1996

B

'— Cluasar 30263

F 4
(uasar 3CT7S \ - Quasar 3C334
VLA Gem image (c) NRAD 19296 YLA Gom image (o) NEAD 1996



Radio Galaxies

Centaurus A, Radio (left, Burns & Price 1987);
Radio+optical




Centaurus A (NGC 5128)

X-ray, radio, and optical images suggest that the
galaxy is in tremendous turmoil with energetic
arcs and jets after mergmg W|th the barred splral
some 100 million years ago -t

1. Juni 2004, Infrarot-Beobachtungen

*

The warped and twisted disk of
a spiral galaxy devoured by
Centaurus A has dust shaped

like a parallelogram around
1 000 Ivy wide 'f[nitvar [RNnara

X-ray (CXC NASA Karovska

radio 21-cm (N RAO/VLA/Schlmlnowch et al)
and continuum (NRAO/VLA/Condon et al); and
optical (Digitized Sky Survey/UK Schmidt/ST S



Taxonomy of Active Galactic Nuclej

e Radio Galaxien:
Leuchtkraftige elliptische Galaxien, starke Emissionslinien

Starke kosmologische Evolution (wesentlich groflser bei z=2
als lokal)

Steiles Spektrum (optisch dinn und ausgedehnt) und flache
Spektren (kompact and variabel) (Unterscheidung bei 1 GHz

bei =-0.4)

Fanaroff und Riley (1974) fanden zwei unterschiedliche
Klassen von Radiogalaxien bei 178 MHz: Verhaltnis der
Entfernungen zw. Den zwei hellsten Spots auf jeder Seite
des Kerns zur GesamtgrofSe ->

in FR Il ist das Verhaltnis >0.5: in FR | < 0.5
Power in FR Il > 2 x 1026 WHz!; FR | <2 x 1026 WHz!

Substantielle lineare Polarisation in ausgedehnten Quellen
(10-30%) => uniform ausgerichtete Magnetfelder

55



Radio Galaxien: Fanaroff-Riley Klassifikation
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Owen & Ledlow (1994)

Fanaroff, B. L., & Riley, J. M.
1974. The morphology of extragalactic radio sources of high and low luminosity.
Mon. Not. R. astr. Soc.. 167. 31P-35P.
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@EW Fanaroff & Riley Klassifikation

Fanaroff-Riley Typ I:

starke, zweiseitige Jets, welche in grof3en
Keulenstrukturen enden

Keulen: steilste (=strahlungsalt) Radiospektren in den von

der Muttergalaxie entferntesten Regionen, "edge-

darkened"

die meisten geraden Jets sind einseitig in der Nédhe des
Kerns (10% der Lange des Jets), aber werden beidseitig
nach einigen kpc

10 % der Gesamtleuchtkraft stammt von den Jets
groRe Offnungswinkel (variieren) der Jets

Ubergang vom Jet zur Keule haufig verbunden mit
unstetiger Offnung der Struktur

“Loch” zwischen Kern und Start des Jets



Fadio Galasy 3051
NGC 383

Y0LA 3.6cm radio image
on HST WFPCZ optical
copyright (c) NEAQ 1998

3C 31, Beispiel einer FR |- Radio Galaxie.

Links: 21cm Radio-Emission (VLA) mit einer Auflé6sung von 5.5

Bogensekunden, stark gestorter Jet, Digitized Palomar Sky

Survey in blau.




Fanaroff & Riley Klassifikation

Bl Luimn iy (8 ey

® Fanaroff-Riley Typ I:

die groRen Keulenstrukturen sind "edge-

brightened", sehr leuchtkréftige
"hotspots”

die steilsten Radiospektren werden in den
inneren ausgedehnten Regionen gefunden
(nahe der optischen Identifikation)

Jet und Kern weniger deutlich sichtbar
(Kern + Jet <10%, Jets in <10% gefunden,
80% bei FR 1)

einseitige Jets (jet/counter-jet >4:1, Bridle
& Perley 1984)

helle Knoten dominieren die Jets

Offnungswinkel der Jets kleiner



Pegasus
- Identification of the radio source

VRO 42.22.01="variable star" BL Lac
(Hoffmeister 1929)
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BL Lac Objects

E "totally uninteresting astronomical sources [to the

spectroscopist] because they may exhibit neither
absorption nor emission lines" (Wayne Stein)

Sevfert 1 —
NGC 4151

BL Lac object
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Phenomenology of Active Galactic Nuclei

E BL Lac Objects:
Ahneln Flach- Spektrum Radio Quasaren
Keine breiten optischen Emissionslinien

Hoch- variabel im Radio, Optischen, Rontgen und
Gamma- Bereich

Starke und stakr variable optische Polarisation
Schwache kosmologische Evolution

® Optically Violent Variables:

Unterklasse von (hauptsachlich radio) Quasaren mit
optischen Charakteristiken wie BL Lac’s, aber mit
breiten Emissionslinien (schwacher)

BL Lac's + OVV's=Blazars
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MKN 421 at various wavelengths

Images and spec-
trum of the BlL-Lac
object MKN 421

Ol TV Xorars = Th«.z:rﬂzz'j are no DPTICG|
Infrared O i . emission lines in the
wfRadio o+ NIl spectrum and the
object is similar to
a point source in all
images

MKN 421 is one of a
few AGN that emits
prodigiously at TeV
energies
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http://www.astr.ua.edu/keel/agn/mkn421.html
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Die Suche nach Quasaren
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Radio AGN Surveys

Radio surveys: only 5-10% of AGN are radio-loud

. PKS (Parkes): >0.5)y@2.7GHz, 15000 deg”™2, 5000 sources

. 1 Jy: 5GHz, nearly complete IDs, good source of BL Lacs,518 s

. USS (ultra-steep-spectrum): good for z>2 radio galaxics
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The VLA FIRST Survey
FAINT IMAGES OF THE RADIO SKY AT TWENTY-CENTIMETL

FIRST -- Faint Images of the Radio Sky at Twenty-cm -- is a project designed

to produce the radio equivalent of the Palomar Observatory Sky Survey over 10,000 square
degrees of the North and South Galactic Caps. Using the NRAO Very Large Array (VLA)
and an automated mapping pipeline, we produce images with 1.8" pixels, a typical rms of 0.15 mj}y,

and a resolution of 5". At the 1 mJy source detection threshold, there are ~90 sources per square
degree,

~35% of which have resolved structure on scales from 2-30".
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FIRST Survey Northern Sky Coverage, 2003 April 11
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I'H&) The NRAO VLA Sky Survey

« The NRAO VLA Sky Survey (NVSS)is a 1.4 GHz continuum survey covering the

entire sky north of -40 deg declination. A detailed description appears in the 1998 May issue of The
Astronomical Journal (Condon, J. J., Cotton, W. D., Greisen, E. W., Yin, Q. F., Perley, R. A., Taylor, G. B.,
& Broderick, J. J. 1998, AJ, 115, 1693). The principal NVSS data products are:

« A set of 2326 continuum image “cubes,"” each covering 4 deg X 4 deg with three planes containing the
Stokes I, Q, and U images. These images were made with a relatively large restoring beam (45 arcsec
FWHM) to yield the high surface-brightness sensitivity needed for completeness and photometric
accuracy. Their rms brightness fluctuations are about 0.45 mJy/beam = 0.14 K (Stokes I) and 0.29
mJy/beam = 0.09 K (Stokes Q and U). The rms uncertainties in right ascension and declination vary from <
1 arcsec for relatively strong (S > 15 mJy) point sources to 7 arcsec for the faintest (S = 2.3 mJy)
detectable sources. The completeness limit is about 2.5 mJy.

« A catalog of discrete sources on these images (over 1.8 million sources in the entire survey).

- Processed (u,v) data sets. Every large image was constructed from more than 100 smaller "snapshot"
images. All of the edited and calibrated single-source (u,v) data sets used to make the snapshot images
contributing to each large image have been combined into a single multisource (u,v) file for users who
want to investigate the data underlying the images

=> postage stamp server.



« I Ne 6C survey covers most or the nortnern nemispnere apove a declination

of 30°, but generally away from the Galactic plane,

at 151 MHz, with a resolution of 4.2x4.2 cosec(declination) arcmin2 (EWxNS).

« |: declination > 80°, Oh < right ascension < 24h

« |11: 30° < declination < 51°, 08h30m < right ascension < 17h30m

« 111 48° < declination < 68°, 05h25m < right ascension < 18h17m

« IV:67° < declination < 82°, Oh < right ascension < 24h

« V:48° < declination < 68°,

01h34m < right ascension < 6h14m and 17h16m < right ascension < 20h24m

« VI1:30° < declination < 51°,
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Cambridge Surveys

A group of the 6C antennas.
(© Mullard Radio Astronomy Observatory, 1995.)

A group of the 8C antennas, with the smaller CLFST antennas to the right.
(© Mullard Radio Astronomy Observatory, 1995.)



The Westerbork Northern Sky Survey

« The Westerbork Northern Sky Survey (WENSS) is a low-freq

that covers the whole sky

north of delta=30 degree at a wavelength of 92 or 85 cm to a limiting flux density

of approximately 18 mJy (5 sigma).

This survey has a resolution of 54" x 54'" cosec (delta) and a positional accuracy

for strong sources of 1.5".

- The WENSS project is a collaboration between the
(NFRA/ASTRON) and the
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SUMSS.

SUMSS Is a deep radio survey of the entire sky

south of declination -30 degrees, made using the
Availlabla SUMSS Mozaicas at 2004 —Jul—-14

— rr 1 r r T r T T " 1
A Ll i eudusLduland
3 - H H: ik 3 E —
I -+ -+ -+
| i + H i
PR EH EHE R EHEEHE | | | HE e HEHM B B EHEEHEEHE
Gy | HEERREREEHEEREERE | | | i FEHHEH A R EHE EHE EHE
v op | -
= REREEHER BRI | | B U
o+ | Fof 4k ke o4
o |k | o o o | o e o o |t o o
EaEdEdE S R AR R SR AR R SRR IR e SRR R IEAEdE S h 2
% ook (e e e oo [ | ke e [ e o o o || e e | e [ | | o hn()kjr]g"() C)t)suar\ﬁaux)r),
| [# | % |k [k [ %[ || & | k| [&|%|*|&]|£][4
[ % | # | # | « | * [ * | % | =#
1

471 'Ektalra'a'géléc'titlf‘ mosaicg and Synthesis Telescope
15 Galactic mdsaics have now been released,
covering an area of about 5450 square

degrees, Completion: 90%, expected: 300 000 radio
sources



Radio surveys

MCR/11ye
BI/VLA®
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“Baldwin et al 1985, Eales 1985a,b; " Bennet 1962, Spinrad et al 1985a; * Laing et al 1983; “ Tielens et al
1979, Chambers & Miley 1990; * Douglas et al 1980, Rottgering 1993; " Allington-Smith 1982; # Large et al
1981, McCarthy et al 1990a; " Ficarra et al 1985, Vigott et al 1989; ' Windhorst et al 1984a,b; ' Downes et

al 1986, Dunlop et al 1989a; * Bennett et al 1986, Lawrence et al 1986,
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Figure 1. Limiting Hux density of all major radio surveys. Lines are
of constant spectral mndices of —1.3. Note that WENSS and SUMSS
arc ideally matched to NVSS to construct samples of U55 sourees.
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