
Quasars, Mergers, and the 
Formation of Elliptical Galaxies

Philip Hopkins 11/02/06

(D
i M

at
te

o,
 S

pr
in

ge
l, 

&
 H

er
nq

ui
st 

20
05

)

Lars Hernquist, TJ Cox, Volker Springel, Brant Robertson
Gordon Richards (JHU), Kevin Bundy (Caltech), Rachel Somerville (MPIA), 
Alison Coil (Arizona), Adam Lidz (CfA), Adam Myers (Illinois), Yuexing Li (CfA), 
Sukanya Chakrabarti (CfA), Paul Martini (OSU), Ramesh Narayan (CfA), 
Richard Ellis (Caltech), Elisabeth Krause (Bonn)

Tuesday, December 25, 12



Motivation
 

QUASARS AND SPHEROID FORMATION

Merloni+ 04

Tremaine+ 02; Onken+ 04; Nelson+ 04; 
Peterson+ 04, 05; Barth+ 04, 05; 
Greene & Ho 05
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Bell+ 04

Motivation
 

QUASARS AND SPHEROID FORMATION

Croton+ 06

Yang+ 03

Tuesday, December 25, 12



Ø Move mass from Blue to Red

Ø Rapid

Ø Small scales

Ø “Quasar” mode (high mdot)

Ø Morphological Transformation

Ø Gas-rich/Dissipational Mergers

Ø Keep it Red

Ø Long-lived (~Hubble time)

Ø Large (~halo) scales

Ø “Radio” mode (low mdot)

Ø Subtle morphological change 

Ø “Dry”/Dissipationless Mergers

“Transition” “Maintenance”vs.

NO reason these should be the same mechanisms
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Disk: 
 - small BH (no feedback)

Elliptical: 
  - large BH at low Mdot: 
        ideal for “radio mode”
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Motivation
 

QUASARS AS PROBES OF GALAXY 
   FORMATION?
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Fig. 6.— The best-fit bolometric QLF at each of several redshifts (left panels; shown as
nmdl/nobs), and the corresponding observed QLF in B-band (center-left; green), soft X-rays

(0.5−2 keV) (center; blue), hard X-rays (2−10 keV) (center-right; red), and mid-IR (15 µm)
(right; cyan). Rather than add a series of panels for a single data set, the emission-line

luminosity functions of Hao et al. (2005) are shown (orange) in the z = 0.1 hard X-ray
panel (rescaled by nobs/nmdl, but equivalently directly converted to hard X-ray luminosities
following Heckman et al. 2005). Lines show the best-fit evolving double power-law model to

all redshifts (solid), the best-fit model at the given redshift (dashed), and the best-fit PLE
model (dotted). Points shown are the compiled observations from Table 1, with the plotting

symbols for each observed sample listed therein.
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Fig. 6.— The best-fit bolometric QLF at each of several redshifts (left panels; shown as
nmdl/nobs), and the corresponding observed QLF in B-band (center-left; green), soft X-rays

(0.5−2 keV) (center; blue), hard X-rays (2−10 keV) (center-right; red), and mid-IR (15 µm)
(right; cyan). Rather than add a series of panels for a single data set, the emission-line

luminosity functions of Hao et al. (2005) are shown (orange) in the z = 0.1 hard X-ray
panel (rescaled by nobs/nmdl, but equivalently directly converted to hard X-ray luminosities
following Heckman et al. 2005). Lines show the best-fit evolving double power-law model to

all redshifts (solid), the best-fit model at the given redshift (dashed), and the best-fit PLE
model (dotted). Points shown are the compiled observations from Table 1, with the plotting

symbols for each observed sample listed therein.

5. THE RED GALAXY LUMINOSITY
FUNCTION

We measured the red galaxy luminosity func-
tion in four redshift slices between z = 0.2 and
z = 1.0. We used both the non-parametric 1/Vmax

technique (Schmidt 1968) and maximum likeli-
hood fits (e.g., Marshall et al. 1983) of Schechter
(1976) functions;

φ(M)dM = 0.4ln10×φ∗

(

L

L∗

)α+1

exp

(

−L

L∗

)

dM,

(4)
where L is the galaxy luminosity while φ∗, L∗, and
α are constants. Like most luminosity function
papers, we use M∗ rather than L∗, where M −
M∗ = −2.5log(L/L∗).

The uncertainties of the luminosity function
are dominated by large-scale structure rather than
Poisson counting statistics. As galaxies with dif-
ferent luminosities can occur within the same
large-scale structures, the data-points in binned
luminosity functions are not independent of each
other. We have evaluated the uncertainties of the
luminosity function using both subsamples of the
Boötes field and the galaxy angular correlation
function.

Subsamples are conceptually simple but under-
estimate the uncertainties, as an individual large-
scale structure may span 2 subsamples of the data.
For this reason, we only use thirteen 0.5 deg2

subsamples rather than many smaller subsamples.
For our Schechter function fits we evaluate the
luminosity function for each subsample using the
method of Marshall et al. (1983) and use the stan-
dard deviation of the fitted parameters (e.g., M∗)
divided by

√
13 to estimate uncertainties. Lumi-

nosity functions for the whole Boötes field and the
thirteen subsamples are shown in Figure 9. The
subample luminosity functions can differ from the
luminosity function for the entire field by as much
as 50%. While individual galaxy clusters are ev-
ident in Figure 10, these contain but a fraction
of all red galaxies and the variations between dif-
ferent subsamples are almost certainly caused by
galaxies residing within larger structures.

As the angular correlation function of galaxies
does not equal zero on scales of ∼ 1◦, we expect
subsamples to underestimate the uncertainties for
φ∗ and the luminosity density, jB. We do not cal-

Fig. 9.— Red galaxy luminosity functions for the
entire Boötes field and our thirteen subsamples.
The solid lines are maximum likelihood Schechter
function fits to the data while the symbols are
1/Vmax estimates of the luminosity function. The
luminosity functions for each 0.5 deg2 subsample
are shown in a different greyscale while the lu-
minosity functions for the entire Boötes field are
shown in color. While individual galaxy clusters
are evident in Figure 10, these contain only a frac-
tion of all red galaxies and the variations between
different subsamples are almost certainly caused
by galaxies residing within larger structures.

culate uncertainties for M∗ and α using galaxy
clustering, as this requires additional information
including details of how the shape of the lumi-
nosity function varies with galaxy density. The
expected variance of the number counts in a field
is given by

〈

ni− < ni >

ni

〉2

=
1

< ni >
+

1

Ω2

∫ ∫

ω(θ)dΩ1dΩ2

(5)
(Groth & Peebles 1977; Efstathiou et al. 1991)
where ω(θ) is the angular correlation function, θ
is the angle separating solid angle elements dΩ1

and dΩ2, and Ω is the area of the field. We as-
sume ω(θ) is a power-law with index 1 − γ, and
use power-law fits to the angular correlation func-
tions from M. J. I. Brown et al. (in preparation).
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Ø What can we learn from 
  quasar populations?

l Are they indeed
 tracing the 
 “transition”?
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LF vs. Redshift
 

UV THROUGH IR
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LF vs. Redshift
 

UV THROUGH IR
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What Do We Learn?
 

“FIRST ORDER”
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What Do We Learn?
 

“FIRST ORDER”

Ø Little ambiguity in  
  L-M mapping
l Model-independent

l Simulations
l Observed mdot

Kollmeier+ 05 
Vestergaard+ 04 

Hopkins+ 06 
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What Do We Learn?
 

“FIRST ORDER”

Ø Little ambiguity in 
  interpretation at z < 2
l High-z can’t get bigger

l Observed mdot
l Observed clustering
l Local BHMF

Porciani+ 04; 
Croom+ 05; Myers+ 06;  
Adelberger+ 06

Marconi+ 04; Shankar+ 04
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What Do We Learn?
 

WHAT DOES THIS TELL US ABOUT MASSIVE GALAXY FORMATION?

* Observed 
Eddington Ratios

* Simulation Quasar 
Lightcurves

* Merloni et al. (BH 
“fundamental plane”)

* Yu & Tremaine, 
Marconi et al., 
Shankar et al. (simple 
~constant Eddington 
ratios)

l > Downsizing

Hopkins, Coil, 
Myers, Lidz, et al.
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Bundy+ 05

Peng+ 06

What Do We Learn?
 

WHAT DOES THIS TELL US ABOUT MASSIVE GALAXY FORMATION?
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What Do We Learn?
 

WHAT DOES THIS TELL US ABOUT MASSIVE 
GALAXY FORMATION?

Hopkins, Coil, 
Myers, Lidz, et al.

l > Know quasar clustering(z) & z=0 
hosts of these BHs:

Early-type 
clustering

Evolved (to z=0) 
quasar “remnant” 
clustering

l > Quasars really *are* 
  the progenitors of local 
  early-type galaxies
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Quasar Luminosity Function Defines a Characteristic “Forming” Mass(z)

Ø Compare that M_BH(z) with the z=0 hosts’ formation times

BH Formation Times: Spheroid Formation 
Times:
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Quasar Luminosity Function Defines a Characteristic “Forming” Mass(z)

Ø Compare that M_BH(z) with the z=0 hosts’ formation times

Nelan+05; 
Thomas+05; 
Gallazzi+06

BH Formation Times: Spheroid Formation 
Times:
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Is the “Quasar” Epoch Really Coincident with the End of Star Formation?

Local Early-Type Clustering, Extrapolated to 
  the Star-Formation Time for each M_gal

Norberg, Zehavi, Li, et al.
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Is the “Quasar” Epoch Really Coincident with the End of Star Formation?

Local Early-Type Clustering, Extrapolated to 
  the Star-Formation Time for each M_gal

Norberg, Zehavi, Li, et al.

Observed Quasar Clustering at each z

Croom, Porciani, 
Myers, Adelberger
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Where Is This Happening?
 EMPIRICAL TESTS OF QUASAR FUELING MECHANISMS

Doesn’t 
*generically* 
trace star 
formation

or halo 
formation
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Where Is This Happening?
 EMPIRICAL TESTS OF QUASAR FUELING MECHANISMS

r_0(z)

b(z)

Random/Uniform 
BH Triggering?

Disk 
Instabilities?
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A “Generic” Sequence?
 EMPIRICAL TESTS OF QUASAR FUELING MECHANISMS

z z
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Sanchez+ ‘05
  GEMS
  0.5 < z < 1.1
  Optical QSOs

Nandra+ ‘06
  DEEP2
  0.7 < z < 1.4
  X-ray QSOs

Ø Testing *how* color & 
  accretion rate co-evolve 
  breaks model degeneracies

(also, Kauffmann+ 03; 
   local SDSS hosts)

A “Generic” Sequence?
 EMPIRICAL TESTS OF QUASAR FUELING MECHANISMS
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More Detailed Comparison
USING SIMULATIONS TO MAP QUASARS <> SPHEROIDS

+

Observed “Merger” MF ~500 Merger Simulations

Hopkins, Somerville, Hernquist+ 06

Wolf+ 05
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More Detailed Comparison
TEST STATISTICS OF QUASAR, RED GALAXY, & MERGER POPULATIONS 

Merger LF Quasar LF Quasar LF Merger LF

Full Model

Simplified (no 
  feedback) lifetimes

Xu+;Wolf+;
     Ueda+

(see also Fontanot et al. 2006, Malbon et al. 2006, Volonteri et al. 2006)

Tuesday, December 25, 12



More Detailed Comparison
TEST STATISTICS OF QUASAR, RED GALAXY, & MERGER POPULATIONS 

- =

Hopkins, Bundy, Hernquist+ 06

Borch+06; 
Bundy+06; 
Fontana+04,06;
Pannella+06;
Franceschini+06
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More Detailed Comparison
TEST STATISTICS OF QUASAR, RED GALAXY, & MERGER POPULATIONS 

Ø Observed RS Buildup to z>~1 = Expectation if *all* new mass to the RS 
“transitions” in a quasar-producing merger 

Hopkins, Bundy, Hernquist+ 06
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More Detailed Comparison
TEST STATISTICS OF QUASAR, RED GALAXY, & MERGER POPULATIONS 

Hopkins, Bundy+ 06

Hopkins, Somerville+ 06

Xu+;Wolf+;Brinchmann & Ellis; 
Conselice+; Hamilton+; Bundy+

Bell+06; Lotz+06; Lin+04;
Patton+02; Conselice+03
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The Role of “Quasar” Feedback
CORRELATION VS. CAUSALITY?

With AGN
Feedback

No AGN 
Feedback

Springel+ 05

without feedback

with feedback

(see also Fontanot+ 06; 
Volonteri+ 06)

“Quasar” feedback must exist...
...and it does exist
(but on what level?)
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The Role of “Quasar” Feedback
CORRELATION VS. CAUSALITY?

Cox+ 06
Hopkins+ 06 (in prep)

Bowen+ 06
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Summary
Ø There really does appear to be a strong association 

between quasars, mergers, and the buildup of the red 
sequence
l Non-merger driven models (while almost certainly dominant 

at low L & low z) just don’t work

Ø It is possible to “map” between populations
l Quasars have a lot to tell us about spheroid formation: 

• Where stars formed? When?
• Downsizing?
• When is formation gas rich / gas poor? 

Ø Open questions:
l “Maintenance” : smooth mapping from quasar to “radio” 

modes?
l How much work does the *quasar* do? 
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