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Cosmic SFD History  

SFRD uncertain due to dust corrections  at z>2
Peak epoch of SFR not well constrained    

Fig. from Madua & Dickenson 
2014



  SFR via the FIRC   

Synchrotro

free-free 

BB 

FIR is generated by dust 
reprocessing of  UV light from 
young stars  

Radio is synchrotron emission 
from SNe remnants

Holds over ~4 orders of magnitude

Irrespective of  galaxy type     
(eg Garrett et al 2002, Beswick et al 2008)  

Holds out to z~1, and possibly 
z~2.  (eg Mao et al 2011, Thomson et al 2014) 



  

The RLF of  Star forming galaxies as probed by 
the SKA1 ultra deep tier.  

Figure from Jarvis et al. 2014

Mapping SFH of universe is a 
major goal of SKA and pathfinders

Radio is sensitive to total star 
formation

• obscured + unobscured 

Radio has improved 
resolution, compared to FIR 

Avoids being confusion 
noise limited. 

Radio : Dust-free SFR  



  The Evolution of  the MS   

Fig. from Johnston et al.  2015

Downsizing, why do the most 
massive systems stop forming stars 
at earlier epochs ? 

How does the MS evolve beyond z>2 
Is there a turnover ? 

Combine SKA+ALMA for gas 
depletion timescales 



  The Evolution of  the MS   

Simulations fail to reproduce MS evolution

16 Johnston R, et al.
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Figure 17. Comparison of the SFR-MS with current simulations. The shaded distribution of points with contours show our SFR-Mass results at z ⇠ 1 (left)
and z ⇠ 2 (right). The fit to our data is shown as the solid blue line, with the dashed line extrapolated below our stellar mass completeness limit. The results
from simulations at these redshifts are Illustris (Sparre et al. 2014, red solid line, hydro), Mitra et al. (2014) (green solid line, equilibrium model), Horizon
(Dubois et al. 2014, black diamonds, hydro), Davé et al. (2013) (green dots, hydro) and Behroozi et al. (2013) (yellow triangles).

7 DISCUSSION

Theoretical predictions from the ⇤CDM modelling of the average
growth rate of dark matter halos through smooth cold accretion was
well characterised to be / (1 + z)2.25 at z ⇠ 2 (Dekel et al.
2009). Developments in this area now favour a stronger evolution
in sSFR to / (1 + z)2.5 (Dekel et al. 2013; Faucher-Giguère et al.
2011) which while lower than our constraints, is beginning to show
convergence toward a higher evolution. In our comparison of the
SFR-M⇤ and sSFR-z trends with the hydrodynamical simulations
of Illustris (Sparre et al. 2014), Horizon (Dubois et al. 2014) and
Davé et al. (2013) we found in all cases an under prediction of the
normalisation by a factor ranging between ⇠ 2 (llustris and Davé
et al. 2013) and 6 (Horizon). Such a disparity between observations
and simulations, both in hydrodynamical and semi analytical mod-
elling (SAMs), has been identified and discussed extensively (e.g.
Daddi et al. 2007; Elbaz et al. 2007; Santini et al. 2009; Damen
et al. 2009b; Davé et al. 2013; Sparre et al. 2014; Genel et al. 2014;
Tasca et al. 2014). The general consensus shows at low redshifts
(z . 0.5) simulations can reproduce the sSFR and again at z & 4.
However in the intermediate regime there remains a disconnect in
the evolution of sSFR. Whilst there are a number of possible issues
that may account for this effect that have been suggested such as:
oversimplified gas accretion modelling, systematic offsets in gas

cooling rates, insufficient sub-grid models that control star forma-
tion and stellar feedback, this remains an unresolved issue. More-
over, hydrodynamical and SAMs typically require ⇠ 20 and ⇠ 30-
50 parameters respectively which can make drawing physical con-
clusions challenging.

Fundamentally, observations seem to be increasingly favour-
ing the downsizing scenario, whereas simulated star formation his-
tories are tied to the dark matter accretion histories and cannot pro-
duce the observed mass-dependence in sSFR (Damen et al. 2009b;
Somerville & Davé 2014; Sparre et al. 2014).

The scaling relation based approaches of Behroozi et al.
(2013) and Mitra et al. (2014) proved they could recover well the
sSFR evolution across all mass ranges. This is perhaps not too sur-
prising since their models are being constrained by current obser-
vational data. Nevertheless, they do present the opportunity to ex-
plore key physical aspects of galaxy formation within a relatively
simple analytical framework compared to the full blown architec-
ture of hydro and SAMs. In particular, the equilibrium model of
Mitra et al. (2014) does not explicitly model halos, cooling, merg-
ers or a disk star formation law, but instead parameterises the mo-
tion of gas into and out of galaxies, assuming that the gas reservoir
in a galaxy is slowly evolving with an equilibrium between accre-
tion, feedback, and star formation (Finlator & Davé 2008; Bouché
et al. 2010). Their results suggest that mergers are sub-dominant

MNRAS 000, 1–19 (2011)

Fig. from Johnston et al.  2015
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Difference between 
Radio flux  for galaxies 
which lie on the galaxy 
main sequence 

Fig. from Jarvis et al.  2014 Dashed: Whittaker et al 2012
Solid : Johnston et al 2014



The  SF/AGN link

BH      SFR across z
Fig. from Kormendy & Ho 2013

/

Fig. from Woo et al. 2013

Mbh / (�⇤,M⇤)

in bulges in local universe 



Theory suggests AGN ‘feedback’

Exponential cut-off at bright 
end of LF 

Most Massive Galaxies are 
‘red and dead’ ellipticals 

Fig. from Schawinski et al. 2014Fig. from Croton et al. 2006



Two Modes  of  AGN accretion
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* FR1 or FR2 radio morphology 
* Moderate radio luminosity 

* Very massive early−type galaxy
* Very massive black hole

* Massive early−type galaxy
* Massive black hole
* Old stellar population with some

on−going star formation
* High radio luminosity
* Mostly FR2 morphology
* Strong high−ionisation narrow lines

excitation radio source, but with
addition of: 

* Direct AGN light
* Broad permitted emission lines

Host galaxy properties like Type−2

* Direct AGN light
* Broad permitted emission lines
* Bias towards  face−on orientation

* Sometimes, beamed radio emission

AGN LINER

* Old stellar population; little SF
* Weak, small−scale radio jets

* Massive early−type galaxy
* Massive black hole

* Moderate strength, low−ionisation
narrow emission lines

* Moderate mass black hole

* Weak or no radio jets
* Strong high−ionisation narrow lines

galaxy with pseudo−bulge

ionisation emission lines

Host galaxy properties like high−

* Significant central star−formation

L/L      < 0.01~ ~

 Radio−loud QSO

  Radio Quiet QSO / Seyfert 1 Type 2 QSO / Seyfert 2

* QSOs more luminous than Seyferts 

QSO and Seyfert 2, respectively, but
with addition of: 

* Moderately massive early−type disk 

Fig. 4.— The categorisation of the local AGN population adopted throughout this review. The blue text
describes typical properties of each AGN class. These, together with the spread of properties for each class,
will be justified throughout the review.

2.2. Finding AGN

This review is focused on insights into the co-evolution of SMBHs and galaxies that have been derived
from large surveys of the local universe. For such investigations of the radiative-mode AGN it is the obscured
(Type 2) AGN that are far and away the more valuable. In these objects the blinding glare of the UV and
optical continuum emission from the central accretion disk has been blocked by the natural coronagraph
created by the dusty obscuring structure. The remaining UV and optical continuum is generally dominated
by the galaxy’s stellar component (Kauffmann et al. 2003a) which can then be readily characterized. In
the sections to follow we will therefore restrict our discussion of radiative-mode AGN to techniques that
can recognize Type 2 AGN. For the jet-mode AGN the intrinsic UV and optical emission from the AGN
is generally weak or absent unless the observer is looking directly down the jet axis (e.g. Urry & Padovani
1995). Thus, the host galaxy properties can be easily studied without contamination.
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Black hole

Dust?

Black hole

Fig. 3.— Schematic drawings of the central engines of radiative-mode and jet-mode AGN (not to scale).
Radiative-mode AGN (left panel) possess a geometrically-thin, optically-thick accretion disk, reaching in to
the radius of the innermost stable orbit around the central supermassive black hole. Luminous ultraviolet
radiation from this accretion disk illuminates the broad-line and narrow-line emission regions. An obscuring
structure of dusty molecular gas prohibits direct view of the accretion disk and broad-line regions from certain
lines of sight (Type 2 AGN), whereas they are visible from others (Type 1 AGN). In a small proportion
of sources (predominantly towards the high end of the range of black hole masses) powerful radio jets
can also be produced. In jet-mode AGN (right panel) the thin accretion disk is replaced in the inner
regions by a geometrically-thick advection-dominated accretion flow. At larger radii (beyond a few tens of
Schwarzschild radii, the precise value depending upon properties of the accretion flow, such as the Eddington-
scaled accretion rate), there may be a transition to an outer (truncated) thin disk. The majority of the
energetic output of these sources is released in bulk kinetic form through radio jets. Radiative emission is
less powerful, but can ionize weak, low-ionization narrow-line regions, especially where the truncation radius
of the thin disk is relatively low.

and this absorbed energy emerges as thermal infrared emission. The total column density of the obscuring
structure spans a range in inferred column densities from roughly 1023 to 1025cm−2. The highest column
densities are sufficient to absorb even hard X-rays (these cases are Compton-thick). As ionizing radiation
escapes along the polar axis of the obscuring structure it photo-ionizes gas on circum-nuclear scales (few
hundred to few thousand pc). This more quiescent and lower density population of clouds produces UV,
optical, and infrared forbidden and permitted emission-lines, Doppler-broadened by several hundred km s−1,
and is hence called the Narrow Line Region.

Observing an AGN from a sight-line nearer the polar axis of the obscuring structure yields a clear direct
view of the SMBH, the disk/corona, and Broad Line Region. These are called Type 1 (or unobscured) AGN.
When observing an AGN from a sight-line nearer the equatorial plane of the obscuring structure, this central
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Hot mode Cold mode



Radiative vs Jet Feedback
AGN driven winds Jets inflate bubbles in IGM/

ICM
• thermal heating of gas
• radiation pressure on dust

Observed Outflows
M�year

�1• > 1000 km/s , >100   
• prevalence, longevity ? 

Fig. Rupke & Veilleux 2011 (MRK 231)

Fabian et al., 2006

> 1045 erg/s



The significance of  mergers ?
Mergers   
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Fig. 14.— Relationship between L[O III]/MBH , D4000, and structure. The color-coding of
these two-dimensional histograms indicates the median L[O III]/MBH . The primary corre-

lation is between stellar age and L[O III]/MBH . There is no noticeable correlation between
L[O III]/MBH and lopsidedness in this data.

!
• Enhanced SF
• no-enhancement for typical AGN

Figure from  Li et al., 2008 Figure from  Reichard et al., 2009

AGN growth via secular processes
Mergers NB only at highest Lum



AGN -SF co-evolution
Lower power AGN exists in Disks 
AGN and SF fed by secular processes  

Elliptical Galaxies 
formed in major mergers  

mass threshold ? 

• SF quenched post merger ?
• Jet mode feedback 
•                   relation pre-built ?Mbh �M⇤

Image credit: NASA, ESA, the Hubble Heritage Team (STScI/
AURA)-ESA/Hubble Collaboration K. Noll (STScI)

Image credit:NASA, ESA, K. Kuntz (JHU), F. Bresolin 
(University of Hawaii), J. Trauger (Jet Propulsion Lab), J. 
Mould (NOAO), Y.-H. Chu (University of Illinois, 
Urbana), and STScI, Canada-France-Hawaii Telescope/ J.-
C. Cuillandre/Coelum, G. Jacoby, B. Bohannan, M. Hanna/ 
NOAO/AURA/NSF



Radio surveys and the SKA
•Star-formation (FIRC)  (60%)
•Hot and Cold mode Radio-Loud AGN (15%)  
•Radio-Quiet AGN  (25%)

•High resolution <  
•Obscuration free, 

100

Advantages of radio � FIRC (Yun et al, 2001)

Figure Best and Heckman 2012



Radio emission in RQ AGN
Radio emission AGN/SF ?
• AGN cores, mini-jets at low-z
• RQ AGN and SF similar 

evolution and LF
• Radio higher than expected from 

SF alone (White et al, in prep)

Padovani et al, 2014

White et al, in prep Dhoi et al, 2013



SKA Resolution 
• AGN cores & inner jets 

• Nuclear/Disk SF

• Large scale jets in RL AGN 

• SF regions << 200 pc/0.03

⌧ 1 kpc/0.1200

� 1 kpc/0.1200

� 10 kpc/1.200

SKA decompose AGN/SF 
in individual galaxies, 

VLA MERLIN EVN

Core+Jet ?
Merger ?

Biggs, Younger and Ivison, 2010
100 0.200 0.0500

SKA1 SKA2

(200 km) (1000 km)
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Wide Survey 5 microJy

AGN

SF



Sample Variance & Wide Area Surveys

Wide areas to find rarer high mass systems,  > 100 sq degrees driven by z<1

z>1 : ~ 10’s of sq degrees, also limited by ancillary data
    Higher resolution (<0.03 arcsec) more valuable than area

Study individual SF regions (200 pc) scales at high redshifts
JWST resolution over cosmologically significant volumes 

}



Ancillary Data
Deep fields

• JWST
• LSST deep drilling
• XMM-Newton, Chandra

• Euclid
• LSST  
• e-Rosita

Wide fields
}
!

SED fitting,
Photo-z’s

Detect AGN, shallower than SKA 

• 4MOST (VISTA) 
• MOONs (VLT)
• redshifts, emission lines

Spectroscopy



Summary
SKA has potential to solve many challenging questions in galaxy evolution

 However larger areas (>100 ~ square degrees) not as essential 
as resolution and image fidelity at high redshift. Also NB ancillary 
datasets and multifrequency observations and gas dynamics (HI +CO) 

At z<1.0 larger areas required to sample all environments      



Survey  1 microJy

AGN

SF



Survey 100 nJy

AGN

SF




