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What I'll (mainly) talk about:
Results from large-area surveys

 The AGN radio luminosity function and its evolution
e Searches for high-redshift radio galaxiesatz > 5

Local radio-source populations and demographics
Radio spectra and SEDs

Collaborators in this research include:

James Allison, Joe Callingham, Russell Cannon, John Ching, Rajan Chhetri, Scott Croom,
Stephen Curran, Ron Ekers, Marcin Glowacki, Paul Hancock, Martin Hardcastle, Matt
Jarvis, Helen Johnston, Elizabeth Mahony, Marcella Massardi, Tom Mauch, John
Morgan, Raffaela Morganti, Vanessa Moss, Tara Murphy, Michael Pracy, Stas Shabala,
David Wake

and members of the 6dFGS, 2dFGRS, 2SLAQ, WiggleZ, GAMA, AT20G, SUMSS and MWA
GLEAM survey teams
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Hercules A: NASA, ESA, S. Baum and C. O'Dea (RIT), R. Perley and W. Cotton (NRAO/AUI/NSF), and the Hubble Heritage Team (STScl/AURA)
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Radio jets are currently invoked both:

e to trigger star formation in galaxies
( “jet-induced star formation ”) and

¢ to inhibit star formation in massive
galaxies ( “radio-mode feedback”)

Minkowski’s object: MCS 0735.6+7421
W. van Breugel/NRAO B. McNamara/NASA/ESA/NRAO
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Relative importance of these two
mechanisms is likely to depend on
environment, ISM and redshift
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(Credit: NAOJ)

Redshift range | Lookback time
0.0to0 0.2 < 2.5 Gyr Large-area radio and optical surveys

0.2t0 0.8 2.5-7 Gyr Medium-area radio and optical surveys

0.8to3 7-11.5 Gyr Small area surveys/ large-area data mining

11.5-12.8 Gyr | Large-area data mining
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1) Local radio AGN populations at z< 0.2
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NI ,Lo,c;é-l. radio-sourte populations

* Well-constrained at 1.4 GHz, now starting to be mapped
out at frequencies from 100 MHz to 100 GHz

* Large samples (10,000+ objects) from combination of large-
area optical and radio surveys over the past decade:

Large studies include:

North

e NVSS/FIRST — SDSS (Best et al. 2005, 2012, 2014)

South

* NVSS- 2dFGRS (Sadler et al. 2002)

* NVSS - 6dFGS (Mauch & Sadler 2007)

 AT20G — 6dFGS (Sadler et al. 2014)

Equatorial

* FIRST — GAMA/WiggleZ (Pracy et al. 2016, Ching et al. 2017)
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- - Local radio-source populations -
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4000 5000 8000 7000
Wavelength (&)

Match with large-area optical surveys:
spectra can usually distinguish
starbursts from AGN unambiguously.
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| EAASIH[] - The6drGalaxy Survey "

l
'W“ TRICE

Y g —_—

Redshifts and spectra for a K-band selected sample (K < 12.75 mag)
of 150,000 galaxies (plus additional targets) over the whole

southern sky at dec <0 deg. New 6dF Taipan survey starts late 2017

Median redshift z ~ 0.05, allows us to study local radio-source
populations within the context of their host population

13 Dec 2017 E. Sadler, Science at Low Frequencies IV 9



AHC CEN1RE OF EXCELLENCE o : LB :
FOR ALL- suvnsmowﬂsncs . ol el 1

NVSS 1.4 GHz
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EAASTH[] . Local radio lumiriosity functions

(Tl I T I T I T I
. At 1.4 GHz:
Local (z~0) radio LFs for AGN
— | | and star-forming galaxies
?3 | accurately measured over
= six orders of magnitude.
£ There is a wide overlap in
2, | the radio luminosities of
g x Star—forming galaxies AGN and Star-forming
o AGNs galaxies — need to have
0 L . tools for distinguishing
them.
2IO | 2|2 | 2I4 | 26

0g,6[P; 4 (W Hz™D]
(Mauch & Sadler 2007)
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| EAASIH[] : R‘ad‘iQT‘SGUréé host galaxies (64FGS) -
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C AGNs e . : . Radio-loud AGN (radio galaxies)
S Aa al . . .
2uE ¢ Al 2 have a wide range in radio
£ . luminosity, but are only found in
2 | e 3 - the most luminous/ massive
5 F : : : optical galaxies.
= 20 =
R S Star-forming galaxies span a
a- 26F = S |2 Starforming— much wider range in stellar mass.
—= ” | galaxies
& uk 8 3 * Fraction of galaxies hosting
- n : radio-loud AGN increases with
22¢ )| = galaxy stellar mass (Auriemma et
B o 1::-“.’5 . al. 1977, Sadler et al. 1989, Best et al.
20 |~ : I 7 2005)
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(Mauch & Sadler 2007)
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Two dls’ﬂnct populanons of radlo AGN

High—excitation/”Radiative mode”

Low-excitation/”Jet mode”

HERG Radiative-mode AGN Jet—-mode AGN LERG
High accretion| ° o =W . " ° ° Wrdcie ° | Low
o .
rate, classical oo o accretion
accretion disk o ) rate,
Strong Black hole InefﬁCIent
. . . Broad line .
emission lines, o region9 / | accretion
high- [ s o '\ o oWIISHEE " * Weakor no
excitation optical
optical Amer sceretionfow | €IMIISSION
spectrum T ) S o lines
Central dusty [° ™% ° o o - o ° |+ Nocentral
YOrUS ° o o o o o (Heckman & Best 2014) dusty torus
o “..accretion of the hot phase of the IGM is sufficientto | « Jet can
Unified P
models apply power all low-excitation radio sources, while high- inhibit SE in
excitation sources are powered by accretion of cold host galaxy
13 Dec 2017 s ” (Hardcastle et al. 2007) 13
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-

LERG (weak/no emission lines)
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Objects with broad
emission lines (QSOs)
identified visually. 14
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OMTRD, Lol oo L for (ERGs and HERG:

LERG
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6dFGS spectra
HERG (Best et al. 2012)

Both LERG and HERG systems are found over a wide range in radio
luminosity (Best et al. 2012), but >95% of local radio AGN are LERGs
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TCANSTRD - . Radio-sourcé clustering :

Locally, radio AGN are preferentially found in massive galaxies
in clustered environments

0.100000< z <0.180000

3E R 3

100.0F —T T T T E ]
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(Best et al. 2007) (Ching et al. 2017b)
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K EAASTH[] . The AT20 G Survey (AT206)

2004-2008: Wide-band analogue

Survey description: Murphy et al. correlator on ATCA, 2.4 arcmin FoV,
(2010), Hancock et al. (2011) fast scanning at 15 deg/minute, 54ms
: sampling.

40 detections imaged at 5, 8 and 20
GHz with full ATCA hybrid array

The Australia Telescope Compact Array

13 Dec 2017 E. Sadler, Science at Low Frequencies IV 17
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\TM)G J034630—-342246
e

Right Ascension (J2000)

Nearby radio galaxy PKS 0344-34, z=0.0535
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A djff:er'ent: viiew-. 'Q’f'the radi}p.s'ky....

20 GHz image
pinpoints recent AGN
activity;
lower-frequency
image reflects activity
on much longer
timescales

Red: NVSS 1.4 GHz
Yellow: AT20G 20 GHz
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Flux density (Jy)

Flux density (Jy)
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(Sadler et al. 2006; Murphy et al. 2010)
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Spectral index (8.6 to 20 GHz)

Radio two-colour plot

[T I
Upturn above 5 GHz Inverted (rising)

Power-law -
SEDs ]

Steep (faIIing): Spectralx peak (GPS) i
l 1 | L 1 ]
=2 -1 0 1 2
Spectral index (4.8 to 8.6 GHz) 19
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 Local RLF for AGN at 20 Gz

AT20G-6dFGS local radio AGN

I

|

Local RLF at 20 GHz

Local radio LF for AGN at
20 GHz is well-fitted by
the 1.4 GHz RLF shifted in
radio power with a
constant 1.4-20 GHz

o) ¢ ¢

(o B I~

L T 3 spectral index of -0.74.

<T)] S

©

E -6 . . . .

o Y i.e. Radio AGN population

gf it shows a diversity of SEDs,

\ but population as a whole
-8 |- | behaves in a predictable
1 way, consistent with a simple
[ : 1 ! | power-law SED
20 22 24 26
log,, P (W Hz™")
(Sadler et al. 2014)
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[T . LO.W-f'req'uénc.v;:’MwA GLEAM

166 MHz

Murchison Widefield Array (MWA) GLEAM

154 MHz

GLEAM survey: > 28,000 deg? of
sky at 72-231 MHz (dec < +30,

|b|<10), complete to ~170 mly. NVSS +
GLEAM

contours

(Hurley-Walker et al. 2017)
(image from Lister Staveley-Smith)

13 Dec 2017 E. Sadler, Science at Low Frequencies IV 21




[CAASTR).  MWA GLEAM peaked-spectrum sources

AHC CENIRE UF EXCELLENCE o
FOR ALL-SKY ASTROPHYSICS »

Flux Density (Jy)

GLEAM J210603-712217

GLEAM J181935-634546

4
— 1
>
09
30 2 os
% 0.7
[
X 06
=
05
PKS 1819-63 PKS 2102-715
x| z=0.065 HERG o z=0.075 LERG
7080 100 20 300 400 500 600 80 1000 7080 100 200 300 400 500 600 800 1000
Frequency (MHz) Frequency (MHz)

3.0,

GLEAM two-colour plot

possible at low redshift

Joe Callingham PhD thesis (Callingham et al. 2017)
e ~1500 GLEAM sources with spectral peaks between 72 MHz and 1.4 GHz

* Allows uniform identification of GPS radio galaxies — detailed studies

13 Dec 2017 E. Sadler, Science at Low Frequencies IV
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0 T T T T
LRLF at 200 MHz for AGN —=— .
LRLF at 200 MHz for SFgals —e— As at 20 GHz, radio

o | AGN population shows
‘9 a diversity of SEDs, but
,I_E 4L | RLF for population as
g a whole is again

< 5l | consistent with a

& .

o simple power-law SED
(@)} o

2 gl | shifted by alpha =-0.7

. . . . . MWA GLEAM
21 22 23 24 25 26 27

(T.Franzen 2017, in prep)
0G40 Pogo / (W HZ")

1.4 GHz LRLF for AGN from Mauch & Sadler Similar results found
(2007) shifted in radio power assuming o = -0.7 at 325 MHz by

Prescott et al. (2016)

- = = - Same as above but for SFgals
13 Dec 2017 E. Sadler, Science at Low Frequencies IV 23
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2) Radio AGN populations at 0.2 <z<0.8

13 Dec 2017 E. Sadler, Science at Low Frequencies IV




. AHC l NIRE UF EXCELLEN
FOR ALL-SKY ASTROPHYS) CS

@ LMSTRD,  Radiosources n GAVAiggle?

to z ~0.8, environments of radio galaxies and QSOs

Goal: Measure evolution of radio-source populations Ching et al. (2017a)

1 O I | | | { | I |
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HERENEN
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o
C_J;
S
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Spectroscopic observations (SDSS, 2SLAQ, WiggleZ, GAMA):

* |nput catalogue of 19,000 SDSS radio-source IDs (i < 20.5 mag)

* No colour selection, includes QSOs as well as galaxies

* ‘Piggyback’ additional spectroscopy targets (faint galaxies, QSOs)
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1.4 GHz: 10,000+ radio AGN with optical spectra > Redshift
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MR WiSE migRcolours

The WISE two-colour plot (Wright et al. 2010)

N A e o o g
e on b |AGNlight | 1 | WISE two-colour plot:
rate - R | dominates | * Uses three of the four mid-IR
R s R bands from the all-sky WISE
AN g S .......... .......... .......... survey (3.4, 4.6 and 12
= 5 o W UURGsINERs.. microns).
s F i . [ObscuredAGN @ e Can reveal obscured AGN,
" o N distinguish HERG and LERG
T and give some information
= on the host galaxy. Diagram
was originally empirical, but
o S ... an increasing range of model
| (§a|axv|lght domlnatesﬁ N tracks now being developed.
0 2 4 6
[4.6] - [12] in mag Star—i)rmation rate
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Volume density (mag™' Mpc™)

(ll NIRE UF EXCELLENCE o
f("( L-SKY ASTROPHYS| CS

W AMSTAD. ~ Redshift evolution to z=0.75;

L] L L
0.005 < z < 0.30 3
03<z<05 ]
05<2<075
3
3
3
J
HERG |3
]
3
3
E
3

10_4 10—4 LMARAASA LS RAS LSS LSS
0,005 < z < 0.30 3 .
03<z2<05 ] = o
1075 05 <z<0.75 . _','\ 10°5 L
] 3 D
1078 T 10
LERG| § g
1 E
1077 = -~ 1077
.‘5_‘
S
1 -8 ) pe) -8
0 I - - o 10
I 3
107° - S 107
1070 . . L, ! L 107"
22 23 24 25 26 27 28 29 22 23 24

log,o(1.4GHz Radio power) [W/Hz]

25

Radio LF in three redshift bins to z=0.75

LERGs - little or no evolution over past 6.5 Gyr

HERGs — rapid evolution (up to ~ (1+z)’ for PLE, (1+2)3

for PDE), similar to that seen for bright QSOs in this
redshift range
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26 27 28 29

l0g,o(1.4GHz Radio power) [W/Hz]

(Pracy et al. 2016)
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-g CAASTRD _.; Radio AGN arid their evolution

.} o
} | 1 billi bill 3.81
F -------- l -
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N 1 1 » s
: | ~
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i I -
; T - . .
’..

(Credit: NAOJ)

3) Radio AGN populations at 0.8 <z< 3
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EAASIH[] R-ad.i o AGN atz>1 from CQSMQS' T

AHC CENIRE UF EXCELLENCE o
FOR ALL- SRYASIROPHYSICS

Deep optical/radio imaging 27- . = | -

« 2 deg? COSMOS field

* Deep radio imaging at 3 GHz

* Photometric redshift estimates

 AGN/SF separation via ratio of _
radio and NIR flux densities 2f | J . o

* No HERG/LERG separation 0 1 2 3 a 5 6

e 1814 radio AGNat0<z<5.5, ‘

B e

l0g(L, 4 gy (W HZ" ))

mostat 0.5<z< 2.5 13
* Total sample volume ~ 0.05 Gpc>
(vs 0.3 t0 0.5 Gpc> for z < 1 samples) = 3 11 :
means the most powerful radio 2 10 :
galaxies are not well sampled g 9 — :
(Smolcic et al. 2017) 7E ,
0 1 2 3 B 5 6
z
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7 AHU CENIRE Uk EXCELLENCE o
FOR ALL SAVASTRDPNVBICS

Raqia LF at 2 > 1 (COSMOS fiéld)

log(® [Mpc’3 dex'1]

13<z<17

Zyeo = =150

17<z<21
= 1.88

MEC

I 21<2z<25
=2.28

MLD

25<z<35
= 2.89

Number density [Mpc'a]

0.0001 [

0.001

T T
&= PLE 2-parameter model
&= PDE 2-parameter model
® PLE
O PDE

3.5< z <5.5
= 4.00

MED

22 24 26
log(L, , gn, (W Hz' )
13 Dec 2017

22 24 26

D and L evolution 1o
PLE 2-parameter model
PDE 2-parameter model
= = 5o sensitivity atz__
""" Local LF
Smolcic+09
A McAlpine+13

Moderate evolution in the
number density of radio
AGN at0.5<z< 3,
turnover atz~ 1.5?

Padovani+15
Donoso+09
LFs obtained using Vmax

* O

E. Sadler, Science at Low Frequencies IV

(Smolcic et al. 2017)
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| EAASIHU : Rted‘shiﬁ.evc.ll_ﬂ-ti.on at z >1 .-.:' .

Dunlop & Peacock (1990): “Redshift cutoff” for powerful radio
AGN, with comoving density dropping by a factor of five from
redshift 2to 4

5; _ ggrivlc,'clifrgdmlbe'set‘;—_ﬁtfgrid S o . g Recent progress:
iy Imple mocel preqgiction = . .
aF 3 Combination of models
;:oljmcc§ Contribution from both populations Cold-meode dominated g and deep Optical/radio
<O F observations
Nk ]
2f :
1E ] 3 Rigby et al. (2015):
COSMOS AGN ‘Cosmic downsizing’, with
0 P | S S S S T | SR S S T P RS T PR 3 .
o4 = 6 2 o lower-power radio AGN
Log Py 4 i, WHZ peaking at lower redshift
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o galaxiesatz>2

.. -;PQ'\/\:/e ffu’li r.z.adi

-
.

Surface density of very powerful radio galaxies is low — need
large-area surveys to find them (at all redshifts)

At z > 2, many powerful radio
galaxies are gas-rich, vigorously
star-forming and trace the
location of early gaseous
‘proto-clusters’

Peak of activity for luminous
radio AGN corresponds to the
emergence of the ‘red
sequence’ of massive galaxies
in proto-clustersat 2<z<3
ACA41.17 at 7 = 3.8 (Kodama et al. 2007)

(Miley & De Breuck 2008)
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7 AHU CENIRE Uk EXCELLENCE o
FOR ALL-SKY ASTROPHYSICS »

Predlcted evolutlon of LERGs at z > 1

Space density of
LERGSs expected to
decreaseatz>1
based on decline in
‘red’ host galaxies

Complex evolution
of radio AGN
populationsat z > 1,
details still to be
worked out
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EAASIH[] o ~',R,a'd:io"AGjNian.d‘_jt‘heir evol_uﬁ'o;r;i. 3
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(Credit: NAOJ)

4) Radio AGN populationsatz > 3
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| EAASIH[] | Radlo galaxy TN 0924 2201 at 7 _.5 2
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TN J0924-2201, z=5.18, run K9

F, (udy)

C>

WMMWMWWW it

T e—
lllLll ll A

1
SEESE ST TS

1

ALLLLL

4000 5000 6000

(De Breuck et al. 2001)

(van Breugel et al. 1999)

* Selected as an Ultra-Steep Spectrum
(USS) radio source, o. =-1.6 at 325-1400
MHz (van Breugel et al. 1999)

e MWA spectrum shows a peak near 120
MHz, flux density 0.8 Jy

Flux Density (Jy)
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7000 8000

Wavelength (Angstrom)

GLEAM J092419-220140

0.9

08 %

0.7

0.6

0.5

0.4

0.3

0.2

>t (Callingham et al. 2017)

7x 1072

Frequency (MHz)

70 80 1[IJO 200 300 400 500 600 800 IUIOU
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é EAASIH[] ‘,HQ\}v.r'na'r;iyi raql.i‘__'d'AG‘N at z >6?

Predicted RLF at z=6

10°5 o t+—— F—— =" z=2 best fit (Rigby+15)
~~~~~ - z=6 exp. evolution
ol T ® z=6 prediction
O
1077
10°°
1077
10—10.

250 255 26.0 265 27.0 27.5 28.0 28.5 29.0
Log Pyso [W Hz™1]

(Saxena et al. 2017)

Saxena et al. (2017):
Predictions for the number

of z~ 6 radio sources in
GLEAM and LOFAR surveys:

31 in GLEAM

92 in TGSS

Several thousand (0.6/deg?)
in LOFAR LoTSS!

Surface density:
0.6/deg? at 0.01 mly
0.001/deg?at 5 mly
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| EAASIHU : Flndmg z>5 radlo sour_(;_'e."s

USS selection (Miley & De Breuck 2008): :

1. Radio: Filter out suitable candidates (‘Ultra- 4
steep’ radio spectrum, small angular size) )

2. Optical/IR: Remove objects with bright
(nearby) counterparts

2
=
o6

3. Radio: Refine radio positions for remaining

candidates, use deep optical/IR as first- Nk

order redshift estimate T e 7T
4. Optical: Spectroscopy with 8m-class (TGSS-NVSS spectral indices:

telescopes to measure redshifts de Gasperin et al. 2017)

Are there some shortcuts we could take with large-enough samples?
e Redshift information from 21cm HI absorption
* Peaked spectrum sources as (compact) high-z candidates
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[CAASTRD.  AsKaP: Redshiftsfrofh 21cm absorption
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o - S - 2 Commissioning data 2015-16 £
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2 o1s
) —51°44'15.0"

, ad Detection of
neutral hydrogen
within a young

. radio galaxy at

o z=0.44

30.0”

45.0"

.
Dec (J2000)

n 45'00.0”

15.0"

10 28.00° 26.00° 24.00° 17744722.00°

: " - RA (1200 ** See James Allison’s
e (Allison et al. 2015) talk for MWA Hl pilot
studyatz>5
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]  w— 1
|+ » NSI limits

|x  Measured NS | | Work by Morgan et al. (2017)

E. @ Peaked Sources

oo reessesions|| | @and Chhetri et al.(2017), ** see

{l @ Fermi Sources

poremswcesioes |1 gfso Friday’s talk by J-P Macquart

 Peaked-spectrum sources

Source size appear to be the

<0.5 arcsec ~ dominant population of
compact sources at low
radio frequencies

| 1 | * Atleastouttoz™~1, many

o also show HI absorption

 Could be good candidates
for high-z radio AGN?

* Future HI absorption
studies with SKA1-Low

Normalised scintillation index

Normalised S/N

(Chhetri et al. 2017)
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§ IS, Vil stroctureof peaked sources

Coppejans et al. (2016): = J143213+350940
EVN VLBI observations of
eleven sources with MHz-
peaked spectra, flux densities
of a few mly

mJy / beam

Relative Declination (mas)

Results: 60

High VLBI detection rate (82%), o 40 2 0 -2 -0 -0
Relative Right Ascension (mas)

all detected sources are compact

(<1.1 kpc in size) Phot. redshift z ~

“Low frequency colour-colour diagrams are an easy and efficient
way of selecting small AGN”
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é NS, Theway forwardatz>5?

Radio SEDs atz > 4.5

10.0}

Coppejans et al. (2017) :

Radio spectra of 30 radio AGN at €
z > 4.5 that were also observed g |
51
H x < WWT2014 MCM2008(V)
with VLBI & & WWR2016 © FGP2008(V)
v CCW2015 FGP2008(V) o
0O FIRST o MCM2008
Result: 0.1} © CMM1999
Roughly equal numbers of steep, o - &
peaked and flat radio spectra J11427+3312:2=6.12, 0. = -0.6

“More effective methods are necessary to reliably identify
complete samples of high-redshift sources based on radio data”
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CAATHE & o ahext stee .

* At0<z<1, AGN populations and demographics well mapped out
from large-area surveys (at 1.4 GHz, and soon at 150 MHz)

e Atl<z<5, new deep radio and optical surveys are starting to
provide samples of 1000+ objects, map out evolution

« Atz>5, new data mining challenges to identify and study the full
range of high-z radio AGN

* @Great opportunities in the near future,
with new wide-band, large-area radio
surveys from ASKAP, MWA, VLA, LOFAR

 Enormous potential for next-generation
low-frequency surveys to provide a new
perspective on many aspects of radio
AGN and their cosmic evolution
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