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Galaxy Evolution
Elliptical and lenticular galaxies:

old, poor of cold gas, no new 
stars being formed

(early-type galaxies)

Spiral disk galaxies: 

young, rich of cold gas, forming 
stars actively.

(late-type galaxies)



Prevalence of Supermassive 
Black Holes in Massive Galaxies

MBH ∝σ4.24  (MBH∝Mbulge)

SMBH growth is connected 
with the evolution of its host 
galaxy.

Energy feedback from SMBH 
accretion activity has been 
invoked to solve many 
problems in galaxy evolution.

Gültekin et al. (2009)
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Quenching of Star Formation
Elliptical galaxies: massive, old, stars formed in 

a brief period in the early universe.

How was the 
star formation 

quenched?
Springel, Di Matteo, & Hernquist (2005)

Before merging Right after 
coalescing

Post-merger

Star 
Formation 

Rate

Black Hole 
Accretion 

Rate
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Does SMBH accretion provide the heating? 

Maintenance of low star 
formation in elliptical galaxies

How many elliptical and lenticular galaxies have 
actively-accreting SMBHs? 
How fast are they accreting?

Gas can cool fast!

However, no new stars are being formed!



Signatures of SMBH Accretion

Extremely bright compact 
source in X-ray, ultraviolet, 
optical, infrared, and radio.

Variability on short time scales

Relativistic jets

Emission lines (broad & 
narrow)

Active Galactic Nuclei (AGN)



Optical Census of AGNs
Yields the most complete AGN sample, 
down to low Ṁ. (Yan et al. 2011)
Relatively efficient.

Narrow line provides 
an isotropic luminosity 

indicator.



Hβ

AGN survey in nearby 
galaxies

Low Ionization Nuclear Emission-line Region
                  (LINER) 

Seyferts

Star-forming nuclei

Palomar Survey by Ho, Filippenko, & Sargent

2x4”



Line Ratio Diagnostics
for Nuclear Spectra

(r< 200pc)Palomar Survey Ho (2008)

2x4”



Potential Ionization Mechanisms 
for LINERs

Photoionization by an AGN (Ferland & Netzer 1983, 
Halpern & Steiner 1983)
Photoionization by hot evolved stars, e.g. post-AGBs 
(di Serego Alighieri et al. 1990, Binette et al. 1994)
Photoionization by hot X-ray emitting gas (Voit & 
Donahue 1990, 1991; Kim 1989)
Collisional ionization by fast shocks (Heckman et al. 
1989, Dopita & Sutherland 1995)



LINERs are very common!

LINER is the most 
common spectral type 
found in the nuclei of 
early-type galaxies, 

comprising ~50% of all 
early-types: elliptical 
(E) and lenticular (S0) 

galaxies.

Ho et al. (1997)



Extended LINER-like Emission

Sarzi et al. (2006)

SAURON 
project

75% of early-type galaxies display line emission, often 
spatially extended. The line ratio pattern is LINER-like. 

(Phillips et al. 1986, Kim 1989, Buson et al. 1993, Goudfrooij et al. 1994, Macchetto et al. 
1996, Zeilinger et al. 1996, Eisenstein et al. 2003, Yan et al. 2006)



In SDSS Spectra

Nuclear Spectra
(r< 200pc)

Bulge/Center Spectra
(r~2.5kpc at z~0.1)

Palomar Survey SDSS

Ho (2008) Yan & Blanton (2012)



LINER-like emission in 
post-starburst galaxies 

Yan et al. (2006)
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LINER strength evolution
More LINERs in post-starbursts than old, elliptical 
galaxies. (Yan et al. 2006)

Stars in stronger LINER galaxies have younger age. 
(Graves et al. 2007)

If LINER is AGN, is this indicating the dimming of 
the AGN after star formation got quenched?

Post-
starburst



Emission line as AGN indicator?

Kauffmann & Heckman (2010)

Mostly Seyferts

Mostly LINERs

Star-forming Galaxies Quiescent Galaxies (Early-type)

∝
Lbol/LEdd



LINER’s Nature
--- Evidence for AGN

X-ray cores (70% in LINERs vs. 30% in 
line-less galaxies)

Radio cores (similar detection rate in LINERs 
as in Seyferts)

Broad-line components (25% of LINERs)

UV variability (~25% LINERs)



Energy Budget Deficit

No Correlation with radio
Eracleous et al. (2010)

Best et al. (2005)

LINER’s Nature
--- Problems w/ AGN scenario



Line Flux Profile
--- Evidence against AGN?

Flux profile decline slower than 1/r^2. 
Sarzi et al. (2010)

Fl
ux

Radius



Line/Stellar Flux Correlation
--- Evidence against AGN?

Line flux correlates with stellar continuum.
Sarzi et al. (2010)

Detection Limit



j(r) = F (r)fg(r)
�A⇥
�V ⇥

�(r) = F (r)fg(r)H(r)
�A⇥
�V ⇥

= F (r)fg(r)H(r)n1/3

• AGN can 
generate 
extended 
emission 
regions. 

• It also can 
correlate with 

stellar 
luminosity.

Why was I unconvinced?

Luminosity 
density

Surface brightness
(assuming gas 
clouds in disk)



U ⌘ IonizingFlux

Density

How to distinguish?

AGN e.g. Post-AGB stars
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U ⌘ IonizingFlux

Density

How to distinguish?

Different ionizing flux profile 

=> Different ionization parameter profile             

=> Different line ratio gradient with radius

AGN e.g. Post-AGB stars

Distributed ionizing sourcesA central point source

Gas Clouds

vs.

U ⌘ Ionizing Flux

Density

U ⌘ IonizingFlux

Density

U ⌘ IonizingFlux

Density

U ⌘ Ionizing Flux

Density

U ⌘ Ionizing Flux

Gas Density



Are there data to do this?

Need long-slit or integral field spectroscopy

SAURON and ATLAS3D surveys had too short 
a wavelength coverage.

What can I do?  SDSS + Palomar



Sloan Digital Sky Survey

Five-band imaging 
of 1/3 of the sky

Image Source: www.sdss3.org 

http://www.sdss.org
http://www.sdss.org


Sloan Digital Sky Survey

Spectroscopy for 
~1 million galaxies,
~120K quasars, covering 
3800-9200A with R~2000.

Image Source: www.sdss3.org 

Image Credit: Elias Jordan

3”

http://www.sdss.org
http://www.sdss.org


Idea: the Aperture Effect

The same angular apertures 
correspond to different scales 
at different redshifts. 

Need to identify the same 
population of galaxies at 
different redshifts. 

Select only red galaxies and 
remove star-forming 
contaminants based on Dn(4000).
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Luminosity Profile 

Palomar
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Luminosity Profile 

Palomar

Palomar

LINER emission in early-type galaxies is spatially 
extended. “Nuclear LINERs” are just the central part. 

Σ(r) ∝ r-1.28

Low Ionization Emission-line Region



Line Ratio Distribution vs. Scale

Yan & Blanton (2012)



Line Ratio Distribution vs. Scale

Yan & Blanton (2012)



Median Line Ratio in Aperture (r<R)
Line ratio using cumulative fluxes within apertures

Yan & Blanton (2012)



AGN is ruled out

AGN will produce an 
outward decreasing 
ionization parameter, 
opposite to what we see!

The line ratio trend 
favors distributed ionizing 
sources that follow the 
stellar density profile.

AGNAGN

Distributed 
ionizing sources

Yan & Blanton (2012)

nwarm � �1/2
star

nwarm ⇥ r�

where � 1 < � < �0.5



Luminosity Dependence

γ=1.7

γ=1.5 γ=1.3

ngas∝nstar1/2

The observed 
luminosity dependence 
in line ratio gradient 
matches the general 
trends predicted by 
distributed ionizing 

sources following the 
stellar density profile.

Cumulative flux line ratio

Yan & Blanton (2012)



What about those supporting 
evidence for AGN?

What about LINER’s higher X-ray detection 
rate?

What about the broad line components?

What about UV variability?



Post-AGB stars

A short-lived phase between 
Asymptotic Giant Branch 
(AGB) stage and white 
dwarf stage.

Hot (~105 K) and luminous.

The lower mass post-AGBs 
outlive planetary nebulae 
and form a diffuse ionizing 
field.

Main Sequence

re
d g

ian
thorizontal branch

AGB
Post-AGB

White Dwarf



Shortage of Ionizing Photons?
Total ionizing photons from post-AGBs is roughly 
enough to account for the observed line 
luminosity (if they are all absorbed by the gas).

However, if one assumes the gas clouds are 
randomly distributed relative to the stars, the 
ionizing flux per atom would be too small, by a 
factor of 10.
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Remaining/New Questions
About the AGN

How much of the line emission is due to photoionization by 
the central SMBH?

What is the shape of its ionizing spectrum?

How can we measure its bolometric luminosity if [OIII] is 
not suitable?

About the gas and the ionizing source

Origin of the warm gas: internal or external? 

Ionization parameter budget deficit. 



What more can we learn?



Metallicity Measurements in 
Galaxies

Stellar metallicity from stellar spectrum

Hot gas metallicity from X-ray spectra

Ionized gas metallicity from absorption 
systems along quasar sight lines

Warm gas metallicity from star-forming 
regions (not applicable in these old galaxies!)



Metallicity Measurements in 
Galaxies

Stellar metallicity from stellar spectrum

Hot gas metallicity from X-ray spectra

Ionized gas metallicity from absorption 
systems along quasar sight lines

Warm gas metallicity from star-forming 
regions (not applicable in these old galaxies!)
Warm gas metallicity from emission line ratios 
in elliptical galaxies!



CLOUDY Simulation

Input spectra: BC03 13Gyr-old SSP, solar 
metallicity, Charbrier IMF. 

Ionizing spectra shape vary little with 
stellar age and metallicity. 

Density ~200/cm3 (based on [SII] ratio). 

Solar abundance pattern, except N/O scale 
with O/H according to Vila Costa & Edmund 
(1993). 



Dust-free galaxies only

Elemental abundance reveals 
the origin of the gas

[OIII]/[OII] --- Ionization parameter
[NII]/[OII] --- Oxygen abundance

Based on CLOUDY simulations



Temperature Measurement

High [NII]/[OII] stack

Low [NII]/[OII] stack
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Temperature Measurement

High [NII]/[OII] stack

Low [NII]/[OII] stack

[NII] 5755



Consistency with photo-ionization



Metallicity of the Gas

+ Star-forming Galaxies
+ Passive Red Galaxies

Dust-free galaxies only

The red galaxies have lower gas phase metallicities than star-
forming galaxies with similar masses.



Gas Abundance vs. Stellar 
Abundance

Is the origin of the gas external?

Spectral indices tracing similar elements in stars.



SDSS-IV
Dedicated survey with SDSS 2.5m Telescope from 
2014-2020.

Three components:

Mapping Nearby Galaxies at APO (MaNGA) 
(PI: Kevin Bundy)

extending BOSS (eBOSS) (PI: Jean-Paul Kneib)

APOGEE-2 and APOGEE-S (PI: Steven 
Majewski)

$10 million has been awarded by Sloan 
Foundation



Spatially-resolved 
Spectroscopy Survey
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Mapping Nearby Galaxies at APO 
(MaNGA)

Multi-object integral field spectroscopy.

~15 fiber bundles of various sizes, from 19-127 fibers 
per bundle.

7500 nearby galaxies, mass-selected above 109Msun, 
z=0.0-0.1

Spatial resolution = 1-2kpc (2”); 
spectral resolution = 50-70 km/s (sigma); 
spectral coverage: 3500-10,500A.

3 hour exposure time per galaxy, split among three 
dither positions. 



MaNGA Simulation

Courtesy of David Law & Anne-Marie Weijmans



MaNGA Science
MaNGA will measure

Stellar kinematics, age, metallicity gradient. 

ISM kinematics, metallicity, ionization structure

detect and discover rare populations.

all above properties as a function of mass, color, and 
environment

MaNGA will answer questions about

How galaxy grow via accretion and merger?

How star formation is terminated in galaxies?

Formation history of galaxy sub-components: bulge, disk, bar, 
and dark matter halo.



MaNGA Status

Proto-type bundles built and delivered.

Test-run observation scheduled this 
December. We will test the instrument, the 
observing strategy, options for flux 
calibration and sky subtraction. 

Work on the software pipeline has started.



Summary 
 AGN is not the dominant ionizing source for the LINER-
like line emission commonly found in early-type galaxies, 
neither are shocks. 

The dominant ionizing sources are probably distributed 
like the stars. 

Line strength in LINERs found with large aperture 
(>100pc) spectra cannot be used to trace AGN luminosity, 
but can be used to trace the warm/cold gas.

Gas elemental abundance measurement in early-type 
galaxies opens a new window to study their interstellar 
medium and its co-evolution with the stars. 

SDSS-IV/MaNGA will revolutionize the future of galaxy 
and AGN evolution studies. 



Thank you!



Nuclear vs. Extended Emission

The emission in SDSS red galaxies 
at z~0.1 has to be spatially 
extended. 

The Palomar nuclear LINERs have to 
be just the central part of these 
extended low-ionization emission-
line region (LIER).

SDSS
z~0.1

Palomar



Gas Density Profile
Mathews &Brighenti (2003)

Phot = Pwarm

nhotThot = nwarmTwarm

nhot � �1/2
star

Thot � Const

Twarm � Const

nwarm � �1/2
star=>

Assuming

nwarm ⇥ r�

where � 1 < � < �0.5
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Flux Profile Ionization Para. Profile

Ionizing sources following the 
stellar density profile can produce 
the observed trends in ionization 
parameter.
It predicts a luminosity-dependence.

Assuming ngas∝nstar1/2
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Narrow Line Region of the 
weak AGN in LINER

Walsh et al. (2008)

LINER NLR 
Scale < 10~20 pc

LINER-like line emission, 
when measured using 
apertures larger than 
100pc, is not primarily 

powered by AGN.  



Planetary Nebulae vs. 
Diffuse Ionizing Radiation

Binette et al. (1994)





Line Width Differences

On average, Hα and [NII] are wider than [SII] by 8%, and [OIII] is 
wider than [SII] by 16%. This requires velocity broadening increases with 
[OIII]/[SII] ratio.  Does velocity broadening increases with radius? 

It does. However, the difference should go away at large apertures.



Structure of Interstellar Medium

Line width difference stays 
flat with aperture radius. So, 
it is not due the large scale 
kinematic structure.

Instead, the warm ISM must 
have multiple components. Low 
density components have 
larger velocity dispersion than 
high density components.



Shocks

Shocks produce the opposite line ratio - velocity correlation 
to what’s observed. Therefore, shocks cannot be the 
dominant source. 

Velocity (km/s)0 1000

Lo
g 

[O
II

I]
/[

SI
I]


