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Two-way communication 

• How are supermassive black holes fed? 
• How is their growth regulated?   “local feedback” 
• How do supermassive black holes affect their 

surroundings on galactic scales?   “global feedback” 
 



Two kinds of global feedback? 

 

• Low mass DM halos – need blow away most of  
the baryons. Supernova-driven winds? 

• High mass DM halos – the baryons are there, but 
are not being converted into stars. AGN heating??  
 



Global AGN Feedback 

How do galaxies move from “blue” to “red”? Is 
quenching due to AGN?  

What keeps massive/dense galaxies “dead”? Are 
AGN responsible for “maintenance mode”? 



The “Standard Paradigm” 

• Rapid black hole growth and starburst triggered 
by a merger of disk galaxies (Hopkins et al) 

• Feedback from AGN Wind blows away the gas 
• The end state is “red & dead” elliptical galaxy 



IS THIS CORRECT? 

• The most stringent tests are possible at low-z 
• Qualitative differences between low-z and high-z? 



OUTLINE 

• Methodology: Galaxy Properties 
• Methodology: AGN Properties 
• The Landscape of Local Galaxies 
• The Host Galaxies of Emission-Line AGN 
• The Host Galaxies of Radio-Loud AGN 
• Black Hole Demography 
• Co-Evolution of Bulges and Black Holes 
 



Methodology: Galaxy Properties 



SDSS SPECTRA: The Bulge 



THE STELLAR POPULATION 



GALEX/SDSS Images: The Disk 

• Use the NUV-r and g-i colors to characterize the 
stellar population in the disk 



Methodology: AGN 

• View  “central engine” directly in Type 1 AGN 
• Central engine occulted in Type 2 AGN 
• Large-scale jets in radio galaxies 



BLACK HOLE MASS 

Use stellar velocity dispersion and empirical 
relation in Tremaine et al. 



 Sample 1: Emission-Line AGN 

Classification AGN vs. SF: emission-line ratios 
[OIII]5007 as AGN tracer 
Strongest AGN line and minimal contribution from SF 

 



The [OIII] line as a proxy for L_bol 
LaMassa+2010; TH+2005 



SAMPLE #2: RADIO GALAXIES 

• Match SDSS galaxies with FIRST+NVSS  
• Separation into radio galaxies vs. SF based on 

SDSS spectroscopy 
• Several thousand low-power radio galaxies 



Radio Jets: Energetics based on 
cavities inflated in the hot ICM 



The Host Galaxies of Emission-
Line AGN  



GALEX: Global properties of AGN hosts 

• The fraction of galaxies with an AGN peaks in the 
“Green Valley” (transition from blue to red sequence) 

• The brightest star-forming galaxies have the highest 
mean AGN luminosity (Martin et al.) 



A similar story at z ~ 1 

• X-ray and IR selected AGN are in relatively massive galaxies 
• Blue/intermediate colors (Hickox et al. – Silverman et al.) 



Properties of the bulge 

• The production of [OIII] 
emission by AGN is 
dominated by transition/ 
hybrid galaxies 

• Near the boundaries 
between the bimodal 
population 

• Structures/masses of 
early-type galaxies 

• BULGES with young 
stellar population 

 



Disk vs. Bulge vs. Black Hole 

• The strong link is between the amount of star formation 
in the bulge and the growth rate of the black hole. 

• A young disk is necessary…but not sufficient for the 
growth of the bulge and black hole 

• Disk gas: the long-term reservoir for bulge & black hole 
 



Circum-nuclear vs. Disk  
Star-Formation 

• Create matched samples w/ SDSS at a range of 
redshift (range of physical fiber size) 

• As AGN luminosity (or L/L_Edd) increases, the star-
formation becomes more compact (radius < 1.5 kpc) 



AGN vs. Bulge Properties at z ~ 0 

• As the AGN luminosity increases the stellar population in 
the bulge becomes younger 

• And the amount of dust/cold-gas increases 
• Common fuel source: cold gas 



Are most AGN at z ~ 0 “Starbursts”? 

• Most BH growth 
occurs in the high-
mass end of the 
blue sequence 
(~60%) 

• Post-starbursts 
account for ~15% 

• But the post-
starburst AGN have 
the highest mean 
Eddington ratios 

• Wild et al. 2007 
 



The Evolving Connection with 
Star-Formation 

• Rosario et al. 
• Decreasing dependence w/ increasing z  



The Evolving SFR/AGN Connection 

• AGN hosts have higher SFR than average 
out to z ~ 2.5 (Santini et al.) 

• But, similar SFR to “main sequence” 



What are the fueling mechanisms? 



Mergers or Interactions? 

                             Reichard et al. (2009) 
• Measure “lopsidedness” of galaxy 
• Signpost of interactions & minor mergers 
 



Mergers as a Trigger? 

• Strong link between lopsidedness & young bulge 
• Higher black hole growth = mildly lopsided galaxies 



Physical vs. Induced Correlations 

> The primary correlations are between:  
   1) lopsidedness and star-formation 
   2) star formation and black hole growth 
> The apparent correlation between lopsidedness and 

black hole growth is induced (not physical) 



A similar story at z ~ 0.7 

• Neither X-ray nor IR-selected AGN are typically 
hosted by major mergers 

• Pierce et al.;Cisternas et al. 
 



Similar situation at z ~ 2 

• Kocevski et al.            CANDELS 



Luminosity Dependence? 

• Treister et al. 



Fueling by Stellar Mass Loss? 



Test: Response to a Starburst 

• Black hole growth is suppressed until the supernova rate drops 
• Accretion rate then tracks mass loss from intermediate mass stars 
• Roughly 0.5% accreted by black hole 
• 1000:1 ratio of new stars to black hole mass growth over the event 
 



Similar results at later stages 

• The age-dependence 
of the black hole 
growth rate for older 
systems is also 
consistent with the 
capture of about 0.5% 
of the mass lost by 
evolved stars in the 
bulge 



The BH Growth Rate Distribution 

• The average rate of black hole growth first increases strongly 
as the star-formation rate rises (“famine mode”) 

• It then saturates and shows no further dependence on star-
formation (“feast mode”) 



Old Bulges - Famine mode 

• Feeding is limited by 
the rate at which food 
is supplied 

• One grape at a time! 
• The food is the mass 

lost by evolved stars 



Young Bulges - Feast Mode 

• The rate of feeding is 
limited by the intake 
capacity  of the glutton 

• There is self-limited 
growth of black holes 
once a threshold in the 
supply of food is reached 
(feast mode).  

• Competition between 
food supply and feedback 

• Stars are the source of 
both the food and the 
local feedback? 
 



• Galaxy-scale winds are generic in starbursts  
• The AGN/SF connection means this feedback is 

present even without the AGN’s contribution 
• Additional AGN feedback may also kick in 

What about global feedback? 



Outflows in Powerful AGN 

• At very high (QSO-level) luminosities the outflow 
rates can be substantial (1-10% of the 
bolometric luminosity). Arav et al. 



• High-velocity molecular outflows seen in 
ULIRGs with AGN (Sturm et al. 2011) 

• Galaxy-scale disturbed ionized gas in 
Type 2 QSOs (Greene et al. 2011) 

Global Feedback in Quasar 2’s 



The Hosts of Radio-Loud AGN 



HOW ABOUT RADIO GALAXIES? 

• They are the most massive galaxies 



Radio Galaxies 

• Structural properties: giant elliptical galaxies 
• Old stellar populations (normal) 
• Very different from emission-line AGN 

 



Similar situation at z ~ 1 

            Structurally normal giant ellipticals 
                      Gabor et al. - COSMOS 



Fueling by Cooling of Hot Gas 

• Enhanced probability 
of radio sources for 
galaxies at the bottom 
of cluster potential 
well (Best et al.) 

• Radio jet energy flux 
proportional to 
accretion rate within 
the Bondi radius 
(Allen et al.) 



Feedback from Radio Sources 

• Powerful radio source (left) affects global cluster 
properties 

• Less powerful source (right) affects galaxy halo 



Feedback from Radio Sources  

• Can convert radio luminosity into jet KE 
• Integrate over radio luminosity function 
                 Best et al. (2005;2006) 



Radio Feedback: Global Values 

• Heating by radio sources sufficient to balance 
cooling in typical massive elliptical galaxies 



Radio source feedback at z ~ 0.6 

• Strong evolution in radio galaxy population 
• The net heating rate ~doubles by z ~ 0.6 - 0.7  
• Donoso et al. – Sadler et al. 



High-z: Blowing away the ISM? 

• A powerful radio source blasting away the ISM 
of a galaxy at z ~ 2 (Nesvadba et al) 

• Typical outflow velocities  ~ 1000 km/s 
• The problem: such AGN are VERY rare 



 BLACK  HOLE DEMOGRAPHY 
• Estimate black hole masses using the 

stellar velocity dispersion (AGN hosts are 
bulge-dominated) 

• Estimate the accretion rate using the 
bolometric luminosity derived from [OIII]  

• Growth rate associated with radio galaxies 
is negligible overall in present universe 

• Perform volume averages over SDSS 



WHICH BLACK HOLES ARE 
GROWING? 

• Mass resides in the more massive black holes 
• Growth dominated by less massive ones 



MASS-DOUBLING TIMES 

• Only ~ Hubble Time for lower mass black holes 
• Orders-of-magnitude longer for the most 

massive black holes (“dead quasars”) 



BLACK HOLE DOWNSIZING 

• Consistent with observations of the cosmic evolution of 
the AGN X-ray luminosity function 

        (e.g. Hasinger et al.; Barger et al.; Ueda et al.) 



BLACK HOLES & BULGES 

> Ratio of SF/black-hole-growth: volume average 
over early-type galaxy population is ~1000 

> Much larger ratio for disk-dominated galaxies 



FOSSIL RECORD 

• Same ratio (Marconi & Hunt; Haring & Rix) 



MORE DOWNSIZING 

• The mass-doubling timescales of the 
populations of black holes and bulges both 
increase in parallel with increasing mass 
 



Summary: The Living… 
• Powerful AGN need a  

black hole & cold fuel 
• Also fuels star formation 
• This combination now 

exists only in less massive 
bulges (“downsizing”) 

• Just above transition in 
galaxy population 

• Fueling by stellar mass-
loss 

• Feedback from supernovae 
regulates black hole growth 
and affects host galaxy 

• Not clear that AGN drive a 
one-way “transformation” 
from blue to red sequence 



...and the Dead 
• The most massive black 

holes (and their host 
galaxies) formed at  
redshifts ~ 2 to 3 

• “Dead quasars” simmer as  
radio galaxies & low 
luminosity AGN 

• Fueled by slow cooling of 
hot gas (evolved stars plus 
accretion flows) 

• Radio source heating 
suppresses star formation 

• Keeps galaxies red & dead, 
but not “transformative” 

 
 



Situation seems similar (but 
“amped up”) at high-z 



Is the “standard  paradigm” relevant? 

• A reasonable model for understanding the most luminous 
AGN at low-z (high BH mass and high Eddington ratio). 
Dramatic event needed to revive these high-mass BHs? 

• Probably not the dominant channel for BH and galaxy 
growth 


	THE CO-EVOLUTION OF GALAXIES & BLACK HOLES
	THE CO-EVOLUTION OF GALAXIES & BLACK HOLES
	BLACK HOLE MASS STRONGLY LINKED TO BULGE PROPERTIES
	Two-way communication
	Two kinds of global feedback?
	Global AGN Feedback
	The “Standard Paradigm”
	IS THIS CORRECT?
	OUTLINE
	Methodology: Galaxy Properties
	SDSS SPECTRA: The Bulge
	THE STELLAR POPULATION
	GALEX/SDSS Images: The Disk
	Methodology: AGN
	BLACK HOLE MASS
	 Sample 1: Emission-Line AGN
	The [OIII] line as a proxy for L_bol�LaMassa+2010; TH+2005
	SAMPLE #2: RADIO GALAXIES
	Radio Jets: Energetics based on cavities inflated in the hot ICM
	The Host Galaxies of Emission-Line AGN 
	GALEX: Global properties of AGN hosts
	A similar story at z ~ 1
	Properties of the bulge
	Disk vs. Bulge vs. Black Hole
	Circum-nuclear vs. Disk �Star-Formation
	AGN vs. Bulge Properties at z ~ 0
	Are most AGN at z ~ 0 “Starbursts”?
	The Evolving Connection with Star-Formation
	The Evolving SFR/AGN Connection
	What are the fueling mechanisms?
	Mergers or Interactions?
	Mergers as a Trigger?
	Physical vs. Induced Correlations
	A similar story at z ~ 0.7
	Similar situation at z ~ 2
	Luminosity Dependence?
	Fueling by Stellar Mass Loss?
	Test: Response to a Starburst
	Similar results at later stages
	The BH Growth Rate Distribution
	Old Bulges - Famine mode
	Young Bulges - Feast Mode
	What about global feedback?
	Outflows in Powerful AGN
	Global Feedback in Quasar 2’s
	The Hosts of Radio-Loud AGN
	HOW ABOUT RADIO GALAXIES?
	Radio Galaxies
	Similar situation at z ~ 1
	Fueling by Cooling of Hot Gas
	Feedback from Radio Sources
	Feedback from Radio Sources 
	Radio Feedback: Global Values
	Radio source feedback at z ~ 0.6
	High-z: Blowing away the ISM?
	 BLACK  HOLE DEMOGRAPHY
	WHICH BLACK HOLES ARE GROWING?
	MASS-DOUBLING TIMES
	BLACK HOLE DOWNSIZING
	BLACK HOLES & BULGES
	FOSSIL RECORD
	MORE DOWNSIZING
	Summary: The Living…
	...and the Dead
	Situation seems similar (but “amped up”) at high-z
	Is the “standard  paradigm” relevant?

