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‣ History (1975–2005) and Motivation  

‣ Integral Field Spectroscopy of Extended 
Emission-Line Regions (EELRs) 

‣ EELR–Quasar Metallicity Relation 

‣ Star Formation in the Host Galaxies 

‣ Answers to Previous Questions



The Discovery of 3C 273: The 
First Quasar

Edge et al (1959) - 1’ Hazard et al (1963) - Occultation, 1”

Schmidt (1963)

z = 0.158

13-mag “star”



Quasar’s Rapid Variation 
Discovered by Smith & Hoffleit (1963)

3C 273 Light Curves from Radio to ɣ-ray, Soldi et al (2008)

c × 1 week = 0.006 pc = 1212 AU



What Powers a Quasar?

10,000 pc

Hoyle et al (1964), Lynden-Bell (1969)

Accreting black hole inside a giant galaxy

0.1 pc

Type 2

Type 1



The Discovery of  
Extended Emission-Line Region (EELR)

3C 48
Sandage & Miller (1966) Wampler et al (1975)

[O II] 3727 [O III] 4959
[O III] 5007Hß

20 
kpc



Which Quasars Have  
Extended Emission-Line Regions?

Boroson & Oke (1984) - A Spectroscopic Survey



Which Quasars Have  
Extended Emission-Line Regions?

Stockton & MacKenty (1983,1987) - SM87 Sample 

An [O III] Imaging Survey of 47 Quasars at z < 0.5

vs

11 EELR Quasar 36 non-EELR Quasar



Which Quasars Have  
Extended Emission-Line Regions?

Stockton & MacKenty (1987)
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 Morphology of EELRs

Stockton et al. (2002)

4C37.43 z=0.37



 Morphology of EELRs

20 kpc

HST [O III]



Summary & Questions

‣ EELR ~ L[O III],nuclear & Radio Morphology 

‣ Independent Morphologies of EELRs 

‣ Photoionization by the central source 

? Are EELRs shock-ionized? 

? What makes EELR quasars special? 

? Where did the gas come from? 

? How were the EELRs formed?



Integral Field 
Spectroscopy of EELRs

Sketch of Gemini GMOS/IFU (Alligton-Smith et al. 1998,2002)

slit 1

slit 2

Science 
Field

Sky 
Field

0.2” lenslets
5”x 7” FOV



Integral Field Spectroscopy of 
Quasar EELRs

Large Radio Sources (0.25≤z≤0.37)

3C 79
Radio Galaxy



EELR Spectrum
ionization mechanism

gas kinematics

density

mass

Temperature





Gas Kinematics



Quasar Subtraction



Velocity Structure
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NGC 2974 NGC 3414

Sarzi et al.  
(2005)

Velocity[O III] Flux Velocity Dispersion

Fu & Stockton (2007a)

[O III] Flux Velocity Velocity[O III] Flux



Ionization Mechanism



Ionization Mechanisms

Photoionizaton

★ by massive stars 
(Kewley 2001)

★ by quasars (Groves 
et al. 2004)



Classification of Extragalactic 
Emission-Line Objects

Baldwin, Phillips and Terlevich (1981)

[N II]/Ha

[O
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Classification of Extragalactic 
Emission-Line Objects
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Photoionzed by Massive 
Stars? - No.

[O III]/Hß vs. [O II]/Hß

H II

Fu & Stockton (2008b)



Ionization Mechanisms

Photoionizaton

★ by massive stars 
(Kewley 2001)

★ by quasars 
(Groves et al. 2004)

Post-shock

Pre-shock

      Shock

★ emission lines 
from cooling 
post-shock gas 
(Dopita & Sutherland  
1996)

Post-shock

Ionized Precursor

Shock+Precursor

★ emission lines 
from both  
post-shock and 
pre-shock gas



Shock Ionization? - No.

[O III]/Hß vs. [O II]/Hß

Shock+Precursor

Shock
Power-law

Photoionization

Fu & Stockton (2008b)



Photoionzed by Quasars
[O III]/Hß vs. [O II]/[O III] & [O II]/[Ne III]

[O III]/Hß vs. [O I]/Hα & [S II]/Hα



‣ Globally disordered kinematics
‣ Low velocity dispersions ~ 100 km/s
‣ Photoionized by quasar continuum 

‣ Gas pressure ~ 104 – 106 K cm-3

‣ Ionized mass ~ 109 M⊙ 

Integral Field Spectroscopy of Quasar EELRs 
Summary



Metallicity



Secondary Production of 
Nitrogen

N/O ∝ O/H => 
N/H ∝ (O/H)2 ∝ Z2

 Groves et al. (2004a)



EELR Metallicity
 Fu & Stockton (2006,2007a,2008b)

To Lower Metallicity



Quasar Metallicity from 
Broad-Line Region
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EELR Quasars are  
Metal-Poor Quasars

Figure: 
Fu & Stockton (2007b) 
HST data: 
Kuraszkiewicz et al. (2002)
[O III] imaging data:
Stockton & MacKenty (1987)



Steep SpectrumFlat Spec.RQ

Nuclear L[O III] vs. Radio αν 

    EELR quasars  =  Metal-poor quasars 
                                 + lobe-dominated radio source  
                                 + strong nuclear narrow-line emission

metal-rich
metal-poor

EELR quasar
non-EELR 

quasar



Mass—Metallicity 
Relation from SDSS
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✓ metal-poor gas in 
extended nebulae 

✓ metal-poor gas in 
nuclear region

Cooling Flow

(Fabian et al. 1987)

Cold Accretion

✓ metal-poor gas in 
extended nebulae 

✤ metal-poor gas in 
nuclear region

(Keres et al. 2005)

Merging Companion

(Stockton et al. 1983)
✓ metal-poor gas in 

extended nebulae 

✓ metal-poor gas in 
nuclear region

Origins of Metal-Poor Gas



X-ray Gas Cooling Rate

Chandra

data PSF residual

Upper Limits on X-ray Luminosity
=> Cooling Rate < 0.7 M   /yr (r < 20kpc)

4C 37.43

(Stockton, Fu et al. 2006)
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✓ metal-poor gas in 
extended nebulae 

✓ metal-poor gas in 
nuclear region 

✤ Low pressure in 
X-ray halo

Cooling Flow

(Fabian et al. 1987)

Merging Companion

(Stockton et al. 1983)
✓ metal-poor gas in 

extended nebulae 

✓ metal-poor gas in 
nuclear region 

✓ Low pressure in 
X-ray halo

Cold Accretion

✓ metal-poor gas in 
extended nebulae 

✤ metal-poor gas in 
nuclear region

(Keres et al. 2005)

The Origin of the Gas



The Formation of EELRs
Tidal Interactions Starburst Superwind Quasar Superwind

Stockton & MacKenty (1983) Stockton et al. (2002) Di Matteo et al. (2005)
✓ disordered kinematics ✓ disordered kinematics ✓ disordered kinematics



H I Gas in  
Interacting Galaxies

Hibbard et al. (1996-2001)



The Formation of EELRs
Tidal Interactions Starburst Superwind Quasar Superwind

Stockton & MacKenty (1983) Stockton et al. (2002) Di Matteo et al. (2005)
✓ disordered kinematics 

✤ no underlying 
continuum 

✤ high velocity clouds 
(v>500 km/s)

✓ disordered kinematics 

✓ no underlying 
continuum 

✓ high velocity clouds 
(v>500 km/s)

✓ disordered kinematics 

✓ no underlying 
continuum 

✓ high velocity clouds 
(v>500 km/s)



Unification of  
Quasars & Radio Galaxies

1 pc

Barthel (1989)

Radio Galaxy

Quasar



3C79: An EELR Radio Galaxy

      
Right Ascension (2000)
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3C79 [O III] HST WFPC2

Fu & Stockton (2008)

redshift = 0.256



3C79: Radio Morphology



3C79: Low Metallicity

Fu & Stockton 2008,2009a

To Lower Metallicity

3C79



3C79: Broad Mg II Line

Rest-Frame Wavelength 

Fl
ux

Fu & Stockton (2008)



3C79: Stellar Population

Rest-Frame Wavelength 
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ux

Fu & Stockton (2008)
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3C79: Stellar Population

Host Galaxy of 3C79
——————————

1. Age:            10 Gyr & 1.3 Gyr
2. Metallicity:                   2.5 Z⊙

3. Stellar Mass:      2.6×1011 M⊙

4. Dynamical Mass: 4×1011 M⊙

5. Morphology:          Elliptical
                     + close companion



Spitzer MIR-to-FIR SEDs 
of EELR Quasars

Spitzer IRS/MIPS
 Fu et al. (2009b)



The Formation of EELRs
Tidal Interactions Starburst Superwind Quasar Superwind

Stockton & MacKenty (1983) Stockton et al. (2002) Di Matteo et al. (2005)
✓ disordered kinematics 

✤ no underlying 
continuum 

✤ high velocity clouds 
(v>500 km/s)

✓ disordered kinematics 

✓ no underlying 
continuum 

✓ high velocity clouds 
(v>500 km/s) 

✤ no significant young 
stellar pop. 

✤ metal-poor gas in the 
nuclear BLR

✓ disordered kinematics 

✓ no underlying 
continuum 

✓ high velocity clouds 
(v>500 km/s) 

✓ no significant young 
stellar pop. 

✓ metal-poor gas in the 
nuclear BLR



Summary

• GMOS Integral-Field Spectroscopy of 6 EELRs

• Disordered gas kinematics

• Quasar photoionization

• Gas (both nuclear & extended) in EELR 
quasars is metal-poor

• Stars in the host galaxy are old and metal-rich



Answers

? Are EELRs shock-ionized? 

• No. Quasar photoionization more likely. 

? What makes EELR quasars special? 

• Gas metallicity. 

? Where does the gas come from? 

• A merging gas-rich galaxy. 

? How are the EELRs formed? 

• Remnants of quasar superwinds.


