


The Most Luminous Radio
Galaxies

The physics of radio galaxies and
guasars

The origin of thelr strong| cesmolegical
evelution

Wiere they/ fit Inte the: scheme: i galaxy/
fermatien and eveluiien

IHeW dees) it all i tegether




The Radio Sky
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The 3CR Radio Sources

The brightest radio seurces in the northern
sky are contained in the Thirdl Cambridge
Catalegue off Radio Seurce, as revised by
Andrew Bennett in 1962 - the SCR
catalogue. It contains 326 adie SOUICES:,
Viest off these at low galactic latittides are
galactic opjects; virttally all el them: at
[B[>L0anedistaniexiiagal 2iClC G ECtS!




The 3CR Radio Sources

The sample Is flux-density limited at S = 10 Jy
at 1/8 MHz and so contains a mixture of
nearby low radio luminesity ebjects and
lUminoeus distant objects.

e radio structures ofi these Seurnces Were
measured by aperture synthesis radio
lelescepes. There are significant diffierences
PElween the extriagalactic SOUCES as) a
ilnctien ol radieHUmINGSILY, — the Eanaleli- Rlley




Fanaroff-Riley Classes | and Il

. : Radio Galaxy 3€219
- Radio/optical Superposition

FRII

« Low Radlolumlﬁﬁsny High Radio lu sity

Y

Radio Galaxy 3C296
Radio/optical superposition

Copyright (c) NRAO/AUT 1999 Copyright (c¢) NRAO/AUT 1999




Fanaroff-Riley Classes | and |

There Is a very.
marked transition
between FRI and FRII
as a function of radio
lUMInosIty.

We willfbe almost
exclusively concermed
with the ERIIFSeURceS
WRICH are the most

Log (Absolute 1400 MHz Radio Luminosity)



The Nature of the Radio Emission
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Lobe

Hot Spot  Counter Jet  Core
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The Radio Galaxy Cygnus A
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. «- _® Theradio lobes are powered
. ... e
) - by intense beams of relativistic
® 3 material originating in the
3 .- » i
- i active nucleus
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The Radio Galaxy Cygnus A
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Cygnus A — X-ray Image

The image shows the distribution of hot intergalactic gas
surrounding the radio source.

NASA Chandra Observatory

The X-ray emission Is the
bremsstrahlung of very hot
Intergalactic gas whieh
provides the pressure to
confines the lobes of the
radio galaxies.




The Quasar
3C 273

In 1963, 3C 273, the
first quasar, was
discovered. They
can be up to 1000
more Iumineus than
tNe massive Nost

galaxy.

Normal
galaxies at the
same distance
as the quasar
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The Spectra and Redshifts of the
3CR Radio Galaxies

By great good fortune, the optical spectra
off many: of the very faint radio galaxies
containedi strong, narew emission lines.

Spinrad and his celleagues were able o
measure redshifts fer mest of the faint
iadiergalaxies in the SCR sample by the
eanly 1980s;




Spectra of the 3CR Radio Galaxies

Composite spectra
for two large redshiit
3CR radio galaxies.
The lines are strong
and narrew, allewing
the undesnying stellar
continuLm terhe
ORSEeVed.




Spectra of the 3CR Radio Galaxies

By good fortune,
the strengths of
the emission
iInes were
colrelated with
RdIGNUMINGSILY:

109, (Qll luminesity/erg s)




Redshift distributions for 3CR radio galaxies
and quasars — a complete sample

g Quasars and BERGSs Note that the
= 2 é radio galaxies
- Span the same
- lAange: efi redshnift.
O 1c Narrow! Line' Radio
= Galaxies For the FR2
§ 2 sources, the

distipuUions, are
ine same.




The VIV, Test

Max

Ouasars and BLRGS The test shows that

s 4 the radio galaxies
= and quasars are
= 2 piled up towards the
lImIts of thelr
10 ohservable velumes:
Narrow! line radio  galaxies ThIs s direct
E evidence for the
§ 2 Sirenael evoelliien: of

[Hese populatens
Withi cosmic epocht: =

-




The Orientation-based Unification Scheme
for 3SCR Radio Galaxies and Quasars

Active galactic nucleus
Radio galaxy.

Quasar Quasar

Blazar Blazalr

RaEIO-galexy/

Relativistic Jet ©Bscuring

"'_ _____—::T- " ___-"__ :- : . -_ — z . . __ - - 2 , i -:- -" = 'h"---- . ..r' — - -




The Orientation-based Unification Scheme
for 3CR Radio Galaxies and Quasars

Active galactic nucleus

Blazar Blazar

Obscuring
Radio galaxy torus

For the 3CR sample and others, orientation-based unification
schemes are remarkably successful.

Cosmological evolution, statistics of numbers and sizes, asymmetries,
presence of one/two sided jets. -

i

- The host galaxies of radio quasars are the radio galaxies. o



The Radio Source Counts

The counts of radio sources had shown that there Is a
large excess of faint radio galaxies and guasars.

Euclidean
prediction

BOLOGNA % ROBERTSON

Predictions of standard
world models - no evolution




log——

counts at a wide
range of
frequencies
(Wall 1977)
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The Evolution of the Radio
Source Populations

These data suggested that there had been
an enormous Increase in the numbers of
iadio seurces at large redshifts.

i tliFAS UL that the radie guasars and the
ladie galaxies exhibit precisely the same
eIMIe Vel UeRWINNICOSIMIC EPBEH (0F

iedshiib).
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Determining the Evolution Function

Logw(p/Mpc'lALong_l)
-8

huw u Wi
™ W NN - O

Pure luminosity.
evolution

Deep radio
sunveys confirm
the decrease in
the comoeving
AUMBER densIty:
Of radier SEUCES
at large: redshifts



Radio-Quiet Quasar Statistics

AAO 2dF
guasar survey
(2000)

Evolving
lUMINoSIty:
RSN filnction
2 0.rscaco o1 7000 quasars.
AR N The observed
CHANGES are
consIstent With
IUMINGSILY.
evoeluien;
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Quasar Statistics

Continuing
decrease of guasar
populations at faint

magnitudes.
Contrast this wih
the numbers of
Lyiman Break
Galaxies
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Infrared Observations of Galaxies

Spectrum; of giant elliptical galaxy.

Galaxies are
relatively brighter in
the near infrared K
wavebpand (2.2 wm)
as compareawith
the optical
Wavehand. s IS
especially e of
galaxies atlarge
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The K-z Relation for 3SCR Radio
Galaxies

Expectations of standard
18 world models

Expectation of standard
12 | world models plus passive
evolution of their stellar

s Wols3e I Populations.

K (2.2 mm) apparent magnitude
H
(@))




Good News and Bad News

We planned a number of surveys to pin down
the evolution of the optical, infrared and radio
properties ofi the radio source population. The
K-z relation held out te z ~ 2.

But

In 1987, Chambers et al. and MecCarthy et al.
discoverned that the epticallimages o the: radie
galaxiesiwere alignedwitihr thelfradioraxes, e
ladierspunrce activity wasinfilencing the eoptcal)

aind pessIvIY, Inifaed Images.




The Hubble Space Telescope

Observations of the 28 brightest SCR radio
galaxies in the northern sky in the redshift
interval 0.6 <z < 1.8. These should contain
clues to the orgin of the strong
cosmological evelutionary: effects.

Optical HSIIF Images;: 6= 0.1 ancsec
UKIRIF Iimages : 6= 1 ancsec
VIEATImages; : 6/= 0,18 arcsec




3C 266 z=1.272

Blue lines are the contours of radio emission

iElee Image
UKIRT HSHF optical
2.2 MICKONS mage
0.8 MICreNSs

Old St




3C 368 z=1.132

Blue lines are the contours of radio emission
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3C 324 z=1.207

Blue lines are the contours of radio emission

2.2 micrens

SSHFopticeal
Mage
D efmicrons




3C 280 z = 0.996

Blue lines are the contours of radio emission

Aiarerd Image
UKIRT
2.2 MICrons

SSHF optical
mage
0.6 MICIENS




3C 267 z=1.144

Blue lines are the contours of radio emission
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3C 265 z =0.811

Blue lines are the contours of radio emission
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The radio galaxies in the redshift
Interval 1 <z < 1.3

There are 8 radio galaxies in the sample in
the redshift interval 1 to 1.3, when the
Universe was albout a third Its present age.

They all have reughly: the same IntinsIc radio
IUMINGSIL-

Thelr relatveluminesities and sizes are
independent efithie cosmological Medel




C e 3C266 (- Sy

50 kpc



3C356

50 kpc



Evolution of Powerful Radio
Galaxies - the optical movie




Understanding the Alignment
Effect

Jet-iInduced star formation

Scattering| ofi the light off an ehscured
AUCIeus - unification schemes for active
galaxies

nepular emissioni/Shecks Induced by,
e passage: of the radior et




Understanding the Alignment
Effect

Philip Best, Huub Rottgering and | began a
long| campaign of 2-d Imaging optical
SpEectroscopy. to understand the excitation
mechanisms of the alignead emission.




The lonisation Diagnostic Diagram

The large sources have emission line spectra
consistent with photoionisation. The smaller
sources are consistent with
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Shock Excitation of Ambient Cool
Gas Clouds

Ingredients of the: moedel:

Kaiser and Alexander modell off the: evolution: of the

SHECK fent
Doepita and Sutherand moedel el sSheck eExcIiation; o

00 gas clouds




Shock Excitation of Ambient Cool
Gas Clouds

A self-consistent set of parameters can be found to
account for the structures in terms ofi the shock wave
associated with the radio cocoon exciting and heating
compact cool clouds.

Iypical parameters:

Particle density/ in IGM 0.08 cm®
Particle density in clouds 107 cm®
Eilling facior 107

Velecity ol sheck i GV 0.02'C




The 6C sample

The next step was to apply the same
technigues to fainter samples of radio
sources — the 6C sample selected by
Rawlings and Eales.

IThe sample IS about a factor of six fainter
than the SCR sample.

e analysisiwas caied eut with Kathernne
Iinskiprand PhiliprBest and therewere: iwe
lolvaUOnS )




Separating radio luminosity from

redshift changes
The 6C sample is about 6 times fainter than the 3CR sample
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The K-z Relation for 6C Radio
Galaxies - Eales and Rawlings
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6C1217+36

- 6C1017+37
X 6C0943+39
- Y 6C1129+37
I 6C1256+36

50 kpc




Comparison of the 3C and 6C Galaxies

The 6C galaxies are less luminous and smaller than the
3C galaxies




Spectroscopic Surveys of the Aligned
Structures

We have completed deep two-dimensional optical
Spectroscopic observations of all'the z ~ 1 radio
galaxies in the 3CR and 6C samples.

TThese enable the physics of these phenomena to
e understood! in some detail and related to the
dynamics ofi the radio SouUrces.

Wernk efi Katnernne: lnskip; PhiliprBest, Huu

Roei@enrnngl, Steve Rawlings;, Garret Cotierand
MISIE




Flux density (arbitrary units)
g 0.2 04 06 0.8

Composite spectra for large and small

1

radio sources (short wavelength)
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The lonisation Diagnostic Diagram
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Kinematics and Radio Size

1500

3CR large z — crosses
6C matched sample — triangles
3CR low z sample — filled stars
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Kinematics versus Redshift
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Kinematics versus Radio Power
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Evolution of the host galaxy
and/or environment

Significant evolution of the host galaxy properties with
redshift Is required to explain the kinematics of the extended
emission line regions.

Other observational evidence for evelution

» High-z radio sources often belong to richer cluster
envirenments.
o The alignment effect IS less extreme at Iow-z.

Iihese suggest that:

s e distrkution and density olrgas clouds Vares Wit z
s nteractionsihetween the GV and the radioets are |ess



Influence of the radio source
on the IGM

Gas kinematics are clearly influenced by the power of
the radio source.

Expanding radio seurce may: alter the distriution of
cool gas clouds inthe GV, andithe extent of the
ehsenvead aligned emission.

Shecks asseciated Withl the: riadior Seunce may. igger
Stariormatien.




The K-z Relation for Radio Galaxies

A new analysis for a wide range of world models
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Features of the New Analysis
(Katherine Inskip,Philip Best + MSL)

Analyses repeated using wider range of
cosmological models.

Use of the latest galaxy evolution codes of
Bruzual and Charlet (GISSEL).

\/ariation| ofi parameters

' Epoech|of star formatien.

o Vietallicity.

s Stanpursts; associated with the radior SOUrCe eEVENLS,




Bruzual and Charlot GISSEL Galaxy
Evolution Models
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The Oldest Galaxies

Evolved stars

dominate the

red objects to
Z ~ 2

Little evolution
I Spectial
SHAPES OVer ~
7 Gyrinloek
Back=lime

1 1 1 1 | 1 1 1 1 | 1 1 1
=200 =000 3000
Rest Wavelengih




The Oldest Galaxies

Modest

OLD RED GALAXIES evolution In
| 8DSS <z>=0.3 | the SPEectra of
e il the massive
- red galaxies
4 b fromz = 1.8
e the present

8m @100 hrs

30% have z:> 5
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Other world models, including passive
evolution
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3CR Radio Galaxy Stellar Masses

1
Redshift z




Galaxies in General versus Redshift
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The Orientation-based Unification Scheme
for 3CR Radio Galaxies and Quasars

Active galactic nucleus

Blazar Blazar

Obscuring
Radio galaxy torus

For the 3CR sample and others, orientation-based unification
schemes are remarkably successful.

Cosmological evolution, statistics of numbers and sizes, asymmetries,
presence of one/two sided jets. -

i

- The host galaxies of radio quasars are the radio galaxies. o



The Bulge-Black Hole Connection

For nearby galaxies,
there Is a close
linear relation
petween the masses
of the central black
heles and the mass
of the bulge (or
Spherelid) efi the
galaxy. IypIcally itis

o | : founaltiat
1017 1011 1017 10! VIEIVINRER K0
Mpuge [ Mo |




The Bulge-Black Hole Connection for
3CR Radio Galaxies and Quasars

Because of the
success of the
orientation-based
unification
scheme, It Is
possible te derive:

SPHEreId MaSSES

for the radioe
galaxies

black hole masses
eI tne guasalrs:

ViclBEreial _21005) :

- - = - - = = : : - - '--
e ¥: P =




Probability of a Galaxy Becoming a
Radio Galaxy from SDSS

e Philip Best and his

< log(M*) < 11.50

ke Colleagues
Zlogh < 1050 showed that the
fraction of radio-
loud! active
galaxiesiis a veny
strong function| of
the mass ofi the
galaxies and
Consequently of
107 10 thelr central black

Lyves (1.4GHz; W/Hz)
nole: masses.
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Fraction of gals with radio-loud AGN withL > L,y



Probability of a Galaxy Becoming a
Radio Galaxy from SDSS

Philip Best and his
colleagues
analysed the
probability that a
galaxy Is a
poweriul radio
galaxy as a
filnctien of galaxy.
Mass Using a Venry.
large sample o
galaxies from the
SDSS.

Lyyss / M* = 10" W/Hz/solar mass
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Global Evolution of Stellar Mass Density
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The Evolution of the Press-Schechter
Mass Function with: Cosmic Epoch
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The Evolution of the Mass Function of Bound
Systems according to the Press-Schechter
Formalism

The massive galaxies
which host super-
massive black holes
can barely have
formed at the langest
iedshiiits at whichithe
poeweriul radie
galaxies and guasars
alie elhseved.
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Conclusions

2.2 um Is a very good archaeological waveband for
understanding the global evolution of stellar populations
outto z = 3.

The choice of cosmological model Is more important
than the stellar evolutien corrections for passively:
evolving giant ellipticall galaxies.

Al moedelsiwithisignificant lenger ages, for example, §,
— 013, @, = 0.7, resultin the more distant galaxies; being
more IUMINGeUS than theSe neariy.

Unlikely/ e e duertiera combinaton off lewerr metallicity
andlstar iermatien Epech GeCUIHng at relauvely snall

Epshiit




The Dust Problem

Wherever stars
3 are forming,

guantities of
ntersteliar aust.

Triz Oflog J\Je llrl
OI9SEIVEURZING,
ziriel ]n'frare,l
Welvelengins




The Role of Dust

Optical and UV emission absorbed by dust and
re-radiated in the far infrared waveband
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Submillimetre Flux Density-Redshift
Relation for a Starburst Galaxy

Dust Spectrum




The Number Counts of Submiillimetre
Galaxies

Solid: MN 302 632
Dashed: MN 308 715

TThe number
counts of faint
Infrared seurces
Indicate a large
EXCESS Of falnt
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The Cosmic Rate of Star Formation

Observed redshift
distribution -

Submm—

PUtting tegtherall the date, We canldetermine the' cosmic
ormation ratefrom UV, eptical and submillimet

e e rr_:-_--
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How Does It All Hang Together?

Extinctien Corrected
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