The Nature of AGN-host Co-evolution

Li Shao

Munich 2013






The Nature of AGN-host Co-evolution

Li Shao

Dissertation
an der Department of Physics
der Ludwig-Maximilians-Universitat
Miinchen

vorgelegt von
Li Shao
aus Hangzhou, Zhejiang, China

Minchen, den Oct. 23, 2013



Erstgutachter: Prof. Dr. Simon White
Zweitgutachter: Prof. Dr. Ralf Bender
Tag der miindlichen Priifung: Dec. 2, 2013



Contents

[Acronyms and Abbreviations| xi
[Abstract] xiii
(1 Background| 1
(L1 Active Galactic Nuclell . . . . . . ... oo 1
[1.1.1 Supermassive Black Hole and Accretion Diskl. . . . . . ... .. .. 1

(1.1.2  Corona and X-ray Emission| . . . . . . ... ... ... ... .... 2
MI3Tefl . . . . 3

[1.1.4  Broad- and Narrow-line Regions| . . . . . . . . ... ... ... ... 3

(L.1.o Torus and AGN Unification Modell . . . ... ... ... ... ... 4

(1.1.6  The AGN Family| . . . . ... ... ... ... ... ... ...... 5

(.2 AGN Host Galaxies| . . . . . . . .. . ... .. 6
(.2.1  Normal Galaxies| . . . .. ... ... ... ... ... 7

(1.2.2  AGNs in Green Valley and Red Sequence|. . . . . . . ... ... .. 8

(.23 GaslInflowl . . . . . .. ... . 9

(.24 Outflow and AGN feedbackl . . . . .. .. ... ... ... ... .. 10

[L3 Observational Facilitied . . . . . . . ... .. ... ... ... .. ...... 11
13,1 SDSS. . . 11
M327WISH . . . . o 12

(1.3.3  Swift BAT| . . . . .. .. 12

1.3.4  TRAS. . . . . . e 12

(3.5 Chandra ACIS. . . . . . ... 13

1.3.6  Herschel PACS . . . . . . . . . .. 13

2 AGN Torus Emission and Host Properties| 15
2.1 Introductionl . . . . . . . . .. 15
B2 Dalal . . . . .. 16
[2.2.1  SDSS Spectroscopic Catalog and WISE Counterparts| . . . . . . . . 16

[2.2.2  Optical Classification| . . . . . . . ... ... ... ... .. ..... 19

[2.2.3 SDSSquasars| . . . . ... .o 22

[2.3  Mid-IR colors of local galaxies| . . . . . . . ... ... .. ... ... .. .. 22

2.3.1 Stellar emissionl . . . . . . . . . 22



vi Table of Contents

[2.3.2  AGN host galaxies| . . . . . .. .. ... .. L. 24

[2.4 Mid-IR properties of local AGNs| . . . ... ... ... ... .. ...... 27
2.4.1 AGN IR luminosity| . . . . . . . . .. ... ... . 29

[2.4.2  AGN emissivity and host properties: comparing optical and IR]. . . 32

2.5 AGNSs selected by mid-IR colors| . . . . . ... ... .. ... ... ... .. 35
251 WISETR AGN selectionl . . . . . . . . .. .. ... ... ... 35

2.5.2 The SEDs of IR color selected AGNsl . . . . .. ... ... ... .. 37

[2.5.3  Optical properties of IR color selected AGNs|. . . . . . . ... ... 39

[2.5.4  Optically-unidentified IR color selected AGNs| . . . . . . .. .. .. 39

2.6 Discussionl . . . . . . .. 41

[3 AGNs and Galaxy Interactions| 43
3.1 Introductionl . . . . . . . . .. 43
3.2 Data and Results . . . . ... ... 44
B3 Discussion] . . . . . . . 46

4 AGN Activity and Star Formation at High Redshift| 49
4.1 Introductionl . . . . . . . . .. 49
E2 Dalal . . . . o 50
421 Tocal AGNS . . . . . . . .. 50

[4.2.2  AGNs at High Redshift|. . . . . ... ... ... ... ... ... .. 51

E3 Resultd. . . . . o o o 52
[4.3.1 Far-IR Luminosity as a Function of Redshift| . . . . . . ... .. .. 52

[4.3.2 Far-IR Luminosity as a Function of X-ray Obscuration| . . . . . . . 57

M4 Discussionl . . . . . . . . 58

[> Summary and Prospective| 63

Thanks| 89



List of Figures

[2.1  Definition of stellar mass complete samplel . . . . . . . .. ... ... ... 17
[2.2  General properties of S1 and S2 galaxies| . . . . . ... ... ... ... .. 20
2.3 WISE luminosity versus stellar mass for normal galaxies| . . . . . . . . .. 23
2.4 [3.4] — [4.6] versus 4000 A break for normal galaxies . . . . . . .. ... .. 25
2.5 WISE color-color diagram| . . . . . . . . ... ... ... .. ... .. ... 26
2.6 WISE colors versus 4000 A break for AGNs . . . .. . ... ... ..... 28
2.7 Cumulative number distribution of AGNs over IR luminosities) . . . . . . . 30
2.8 AGN IR luminosities versus |O111] luminosities| . . . . . . . ... ... ... 31
[2.9 Host properties of Seytert galaxies|. . . . . . . . .. .. ... ... ... .. 33
2.10 Host properties of IR-bright LINERs . . . . . . . ... ... .. ... ... 34
2.11 The fraction of optical AGNs as a function of y* cut| . ... .. ... ... 36
[2.12 IR selected AGNs on the WISFE color-color diagram| . . . . . . .. . .. .. 37
2.13 Median SEDs of IR selected AGNsl . . . ... .. ... ... ... ... 38
[2.14 AGN/host properties of IR AGNs| . . . . . ... .. ... ... ... ... 40
[3.1 Neighbor counts of Seyfert galaxies) . . . . . . . ... ... ... ... ... 45
[3.2  Neighbor counts against various properties| . . . . . . . .. ... ... ... 47
4.1 Redshift distribution of GOODS-N X-ray AGNs| . . . . . .. ... ... .. 52
4.2  Far-IR luminosities of AGN hosts as a function of redshiftl . . . . . . . .. 53
4.3 Optical to far-IR SEDs of 2z ~ 1.2 AGNs| . . . . .. ... ... ... .... 54
4.4  Far-IR luminosity as a tfunction of redshitt and X-ray luminosity| . . . . . . 56
4.5  Far-IR luminosity as a function ot X-ray column density] . . . . . . . . .. 57
[4.6  Host star formation rate versus AGN luminosity| . . . . . . . . ... .. .. 58

[4.7  Host star formation rate versus AGN luminosity for SDSS optical AGNs . 61




viii List of Figures




List of Tables

[2.1 The stellar mass bins of local galaxy samples|. . . . . . ... ... ... .. 18
[2.2  The WISE detection rates of local galaxy samples . . . . . . .. ... ... 19
[2.3  Optical classification of local galaxy sample, . . . . . ... ... ... ... 21
2.4 IR selected AGN samples|. . . . . . ... ... ... L. 36
4.1 Average far-IR luminosities of different AGN subsamples| . . . . . . . . .. 55




List of Tables




Acronyms and Abbreviations

Acronyms and abbreviations used in the text are listed here.

ACIS, Advanced CCD Imaging Spectrometer

ADAF, advection-dominated accretion flow

AGB, asymptotic giant branch

AGN;, active galactic nucleus

BAT, Burst Alert Telescope

BH, black hole

BPT, Baldwin, Phillips & Terlevich

BLR, broad-line region

CCD, charge-coupled device

CDFN, Chandra Deep Field North

ESA, European Space Agency

FR, Fanaroff-Riley

FWHM, full width at half maximum

GOODS, the Great Observatories Origins Deep Survey
HIFI, the Heterodyne Instrument for the Far Infrared
IR, infrared

IRAC, the Infrared Array Camera

IRAS, Infrared Astronomical Satellite

LINER, low-ionization nuclear emission-line region
MIPS, the Multiband Imaging Photometer for Spitzer
NASA, National Aeronautics and Space Administration
NGC, New General Catalogue of Nebulae and Clusters of Stars
NLR, narrow-line region

PACS, the Photodetector Array Camera and Spectrometer
PEP, the PACS Evolutionary Probe

PSF, point spread function

QSO, quasi-stellar objects

SDSS, Sloan Digital Sky Survey

SED, spectral energy distribution

SNR, signal-to-noise ratio



xii

Acronyms and Abbreviations

SPIRE, the Spectral and Photometric Imaging Receiver
SSFR, specific star formation rate

ULIRG, ultra luminous infrared galaxy

UV, ultraviolet

WISE, the Wide-field Infrared Survey Explorer



Abstract

The central black hole and galaxy co-evolution is one of the most important open issues in
astrophysics: whether the link between the central black hole growth and galaxy formation
exists, and if yes, how the link is established. In local Universe, combining SDSS and WISE
data leads to a sample of ~30000 optically selected AGNs. The nuclear IR emission,
obtained by subtracting host component from the total IR luminosities, is found to be
linearly correlated with the [O1m] line luminosities for 4 orders of magnitude, as a good
indicator of the central black hole accretion rate. It is found that a major fraction of
the total AGN radiation output comes from the galaxies with young stellar population
(Dy(4000) < 1.6), confirming the strong AGN-host connection established in previous
works. The emissivity distributions from the optical and IR indicators are similar for
Seyfert 2 galaxies and IR-bright LINERs, supporting the validity of the standard AGN
unification model. And the IR torus emission helps to reveal the hidden connection between
AGN and galaxy mergers, by the excessive number of companions around the IR-brighter
Seyfert galaxies when the clustering effect of star formation is carefully removed. This
implies the galaxy mergers may be important to regulate the AGN-host co-evolution for
local Seyfert galaxies. The study of hard X-ray selected local AGNs gives consistent result
with the SDSS exercises, except that in low luminosity regime the AGN-host coupling
appears to break down. The Chandra-Herschel data extend the study to redshift of 2.
It also shows that the central black hole accretion rate and the host total star formation
rate is probably only strongly correlated for high luminosity AGNs. At higher redshifts,
the AGN-host connection seems weakened due to the elevated host star formation level.
The increasing average host star formation rate with increasing redshift is consistent with
current high redshift observations of normal galaxies. The AGN-host co-evolution may be
redshift dependent.
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Zusammenfassung

Die gemeinsame Entwicklung von Galaxien und ihrer zentralen schwarzen Lochern ist eines
der wichtigsten aktiven Arbeitsgebiete der Astrophysik: Gibt es eine Verbindung zwischen
dem Wachstum schwarzer Locher und der der Entstehung der Galaxien, und wenn ja,
warum? Fir das lokale Universum liefert die Kombination von WISE und SDSS Daten
etwa 30000 optisch ausgewéhlte aktive galaktische Kerne (active galactic nuclei: AGN).
Die zentrale infrarot Emission der AGN wurde durch das Entfernen der Galaxienkompo-
nente (host) von der Gesamtemission ermittelt. Sie korreliert linear mit der Leuchtkraft
der [Om1] Linie tiber vier Grossenordnungen, als guter Indikator der Akkretionsrate des
zentralen schwarzen Lochs. Ein Grofiteil der gesamten AGN Strahlung kommt von Galax-
ien mit jungen stellaren Populationen (D, (4000) < 1.6), was die in vorangegangenen
Arbeiten festgestellte enge AGN-host Verbindung bestéatigt. Die Verteilung der Emis-
sivitat, bestimmt mittels Indikatoren im optischen und infraroten Licht, dhnelt der von
Seyfert 2 Galaxien und infrarot-leuchkréftigen LINERs. Diese Ergebnisse unterstiitzen die
Giiltigkeit des Vereinheitlichungsmodells fiir AGN. Die infrarot Emission des Torus lasst die
versteckte Verbindung zwischen AGN und Galaxienverschmelzungen erkennen, angezeigt
durch die - nach sorgfaltiger Einbeziehung des Klumpungseffekts durch Sternentstehung
- beobachtete iiberméflig hohe Anzahl von Begleitgalaxien infrarot leuchtkraftiger Seyfert
Galaxien. Das deutet auf die wichtige Rolle von Galaxienverschmelzungen bei der Reg-
ulierung der gemeinsamen AGN-host Entwicklung lokaler Seyfert Galaxien hin. Eine Un-
tersuchung lokaler AGN, die aufgrund ihrer energiereichen Rontgenstrahlung ausgewéahlt
wurden, stimmt mir der SDSS Studie tiberein. Allerdings bricht die AGN-host Verbindung
bei niedrigen Leuchtkréiften zusammen. Die Chandra/Herschel Daten dehnen die Studie
bis Rotverschiebung z = 2 aus. Es zeigt sich, dass die Akkretionsrate der schwarzen Locher
moglicherweise nur bei hohen AGN Leuchtkraften mit der gesamten host-Sterntstehungsrate
korreliert. Bei hoheren Rotverschiebungen scheint die AGN-host Verbindung durch hohere
Sternentstehungsraten der hosts geschwéacht zu sein. Der Anstieg der mittleren host-
Sternentstehungsraten stimmt mit heutigen Beobachtungen normaler Galaxien bei ho-
hen Rotverschiebungen tiberein. Die gemeinsame AGN-host Entwicklung konnte von der
Rotverschiebung abhangig sein.
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Chapter 1

Background

1.1 Active Galactic Nuclei

Active galactic nuclei (AGNs) are a special class of extragalactic objects. Historically they
are first identified by their broad optical emission lines with width as large as 1000 km/s.
Despite the debates in past years, the origin of these broad lines is now commonly agreed
to be virialized ionized gas cloud bounded by deep gravitational potential well. Recently
some techniques have been applied successfully to measure the size of the emission region
and the total mass enclosed within the region [257, 196, [195] 26]. The results show clear
evidence of the presence of extremely compact object in the center of the system. It is
believed that this massive compact central object is in form of black hole (BH), which was
originally suggested as a theoretical solution of a point mass, under the general relativity
theory [71l 216]. In modern picture, AGNs are supermassive black holes, located in the
center of galaxies and actively accreting materials.

1.1.1 Supermassive Black Hole and Accretion Disk

AGN is one of the most energetic phenomena in the Universe. The luminosity could
be as high as 10*” ergs™!, much higher than normal galaxies. This kind of enormous
energy output is hard to explain with energy production mechanisms for stars, like nuclear
reaction. Instead, it is agreed that the accretion-powered scenario can solve the problem. In
this picture, the central black hole is accreting materials from its surrounding gas clouds. A
substantial fraction of the gas kinetic energy and potential energy, which has to be removed
to make the materials fall into the black hole, is converted into thermal energy and finally
carried away by photons. The accretion processes may continue, as long as the gas supply
is sufficient. The AGN activity can also be viewed as the growth of the supermassive black
hole [229].

Theoretically the maximum accretion rate/radiation flux is limited by the balance of
the inward gravity and outward radiation pressure, i.e. Eddington luminosity. In case of
isotropic accretion, i.e. Bondi accretion, and the in-fall gas is mainly ionized hydrogen, the
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luminosity upper limit is:

4rGMmye

~ 1.3 x 10%®(M /M) ergs ™. (1.1)
ar

Lgaa =

However, Bondi accretion is unlikely the case in real AGNs. The in-fall materials
usually have initial angular momentum so that they are more likely to form a flattened
structure, or say accretion disk. In this type of accretion, the removal of the angular
momentum of in-fall materials is crucial. In spite that the key physical mechanism is still
unknown, several simplified models have successfully given good apporximations to the final
solution. The standard thin disk model is applicable to an optically thick but geometrically
thin disk at moderate accretion rate [220]. The angular momentum is assumed to be
transported by viscous dissipation from internal turbulance of the accreted gas. At higher
accretion rate, it is probable that a thick disk model is necessary [1]. Different from
radiation efficient thin disk, the vertical structure of thick disk is supported by heated gas
that is not cooled down quickly. At lower accretion rate, on the other hand, it may be
necessary to introduce an advection-dominated accretion flow (ADAF) model to explain
some observational features of low-luminosity AGNs [I79]. The accretion modes may affect
the observable characteristics of AGNs. The transition between different accretion modes
is observed in Galactic accretion systems, like X-ray binaries. But it is still uncertain
for AGNs due to their much longer transition time scale and the difficulty to completely
sample the whole AGN population.

The radiation from the accretion disk is expected to be a thermal component with
typical temperature of ~3x 10* K (though it is possible that the accretion disk has multiple
temperature components, at different radii), dominating the observed ultraviolet (UV) and
optical continuum. It is corresponding to the observed “big blue bump” of typical quasars,
peaking at ~1100A [221].

1.1.2 Corona and X-ray Emission

In spite of the high temperature of the accretion disk, the thermal component is not
sufficient to explain the observed X-ray flux [178]. It is suggested that the origin of the
X-ray emission is the UV seed photons Comptonized by hot gas [106]. The hot gas is
distributed around the accretion disk, as a natural extension of the accretion disk along
the vertical direction, forming so called corona. The electrons in the corona can have
relativistic speed so that the region must be very close to the black hole. The small size of
corona can also be confirmed by the strong variability of X-ray on short time scale.

The Compton up-scattered X-ray continuum spectrum is close to a power-law with a
high energy cut-off, corresponding to the thermal distribution of the scattering electron
energy. A part of the X-ray emission is reflected by the accretion disk or some other dense
materials. It worths to mention that the observed broad iron line at 6.4 keV is consistent
with single emission line from reflected X-ray component, affected by a rotating black hole
and relativistic beaming [81]. The successful modeling also implies the existence of the
central black hole. The X-ray photons are also reprocessed by absorption [250]. It is often
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necessary to add an absorption component into the models to better fit the observed X-ray
spectra.

X-ray emission is commonly used to identify AGNs, especially at high redshift. As the
X-ray emission is the common feature of the accretion disk and the high energy photons
are less affected by external absorptions, X-ray based AGN sample is considered to be close
to complete. But it should be noted that, for a special class of AGNs, the whole spectral
energy distribution (SED) of which is dominated by the Doppler boosted jet emission, the
observed X-ray fluxes have very different origin. This issue will be discussed in the Section

LI13

1.1.3 Jet

Some of AGNs are also featured by their prominent radio emission. The AGNs are often
divided into two major classes depending on their radio luminosities: radio-loud and radio-
quiet. It is known that this radio component is synchrotron radiation from relativistic
plasma. The plasma is observed as beamed outflow, or say jet. Though the mechanism
to drive the jet out of central engine and to constrain the outflow in a small cone is still
unknown, it is usually suggested that the magnetic fields are playing important role here.
It is also a potential way to remove excessive angular momentum from the central part of
the system.

Traditionally, there are two subclasses of galaxies classified purely according to the radio
morphology of the galaxy. The Fanaroff-Riley class I (FR-I) galaxies are low-luminosity
objects with compact core, while the FR-II objects have high luminosity and totally driven
by the large radio lobes [84]. A hidden AGN is a natural explanation to the powerful radio
jet if there is no optical /X-ray signatures, so they are also included into the AGN family.

As the jet is beamed and the materials are moving relativistically, when the jet is along
the line of sight, the dramatic Doppler boosting can “amplify” the luminosity, and shift
the radiation to higher energy bands. For those objects, including blazars, flat-spectrum
radio quasars, the SED is usually dominated or strongly affected by the jet components: a
synchrotron component covering radio to optical bands and an inverse Compton component
in higher energy regime. The radiation is not directly linked with accretion disk continuum
or other AGN emissions, hence it is difficult to integrate this specific class into the whole
picture. In this thesis, these objects are explicitly excluded.

1.1.4 Broad- and Narrow-line Regions

As mentioned above, the first AGNs are identified by their broad emission lines. Typical
broad emission lines are HaA6563, H5A4861, HyA\4340, LyaA1216, etc. The Doppler widths
of the broad lines are usually 10° to 10 km/s, suggesting that the broad lines are emitted
from the very central region of the gravitational potential well (broad-line region, BLR),
close to the black hole. In addition to the broad lines, it is often shown additional much
narrower component at the wavelengths of these and of some other forbidden lines (like
[O111]A5007, [O1]A6300, [S1I]A6716, [S1I]A6737). The full-width half-maximum (FWHM) is
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typically 400-500km/s. Different from the variable broad lines, narrow lines are lack of
variability. These features suggest that the narrow lines are emitted from a much larger
region (narrow-line region, NLR), so that the local variability is canceled at larger scale,
and farther away from the central black hole.

The origin of the emission lines is the recombination of ionized gas in BLR and NLR.
The gas is ionized by the photons emitted from the hot accretion disk. The ionization rate,
which is affected by the strength of the radiation field, and the recombination rate, which
decides the emission line strengths, are balanced. In case of BLR, a correlation between
AGN continuum luminosity and the broad line equivalent width (which is a measure of
line to continuum ratio) has long been established, known as Baldwin effect [T1].

The NLR is less dense (n, ~ 103-10°cm™3 versus n, ~ 10°cm™3) but much larger
(R ~ 10*-10*pc versus R < 1pc) than BLR. The size of the NLR is correlated with the
narrow line luminosity [25], similar to the Stromgren sphere one can see in Galactic HII
regions, where the ionization source is young stars.

Like the broad lines, narrow lines can also be used to identify AGNs. However, as
the characteristic narrow emission lines are also observed in Galactic HII regions, in case
of lacking broad line in spectrum, identification is more complicated. The emission line
ratios are used to help to classify AGNs. Usually the NLR has higher metallicity than
HII regions. [O111]/HQ versus [N11]/Ha diagram, i.e. “BPT diagram” (Baldwin, Phillips &
Terlevich diagram) [12], is often used to make optical classifications.

1.1.5 Torus and AGN Unification Model

According to X-ray and optical narrow line classifications, many of the AGNs are lack of
optical broad lines and characteristic featureless optical-UV continuum, showing distinct
SEDs. This leads to a major division of the AGN family into two types of objects: type 1
AGNs and type 2 AGNs. Usually type 1 AGN refers to the systems with observed optical
continuum or broad lines and type 2 AGNs do not. However, these two subclasses can be
integrated into one simple model, as the unification model does [252].

The basic idea of the unification is: the central engine for all AGNs are the same and
the observed variety of AGNs can be simply attributed to different viewing angles from the
observer. The type 2 AGNs do have BLR and accretion disk as the type 1 AGNs do, but the
optical-UV continuum and the broad lines are obscured by some materials. The absorber
are anisotropically distributed and the whole structure, i.e. torus, is toroidal-like. The
torus is expected to be dusty, so that the absorbed power could be efficiently re-emitted in
the infrared (IR) band to lower the temperature and stablize the torus structure. The IR
continuum from the torus, in fact, is another important component of the AGN radiation.

One strong evidence for the validity of the unification model is that in some type 2
AGNs the broad emission lines are observed in polarized emission, probably due to photon-
electron scattering at large radii [7, 171], 241]. Detailed imaging of narrow lines, e.g. [O111],
show that the ionized gas is concentrated in a cone [79]. If the ionization source is the
accretion disk continuum, then the existence of torus gives a natural explanation to this
phenomenon. In high energy regime, the X-ray obscuration is also roughly consistent with
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optical classification: type 2 AGNs usually have higher X-ray column density than type 1
AGNs [10]. All these are well compromised by a pure geometrical effect.

However, this over-simplified model fails to explain all the features observed in real
complicated systems. There are still many open questions and the model itself needs to
be further modified. One of the issues is that the model may strongly depend on AGN
luminosity: the AGNs shown hidden BLR usually have higher accretion rates [103, 248].
The decreasing type 2 fraction with increasing AGN luminosity is another problem which
can also be resolved by introducing the luminosity dependence into the unification model
[226]. The “receding torus” model suggests that the covering factor is larger at lower
luminosity [148]. This is probably determined by the microphysics of the dust grains: the
temperature of innermost part of the torus must be at a fixed value because the chemical
bond in these molecules will be destroyed at too high temperature.

Though it was originally suggested that the dusty torus is uniform toroid, recent studies
have shown a clumpy structure may better describe the real physical condition of the torus
[73]. That allows the leaking of central emission, i.e. the difference between type 1 and
type 2 is not only due to different viewing angles but also depends on the probability of
encountering obscuring clouds along the line of sight. This better explains the objects with
contradictory classifications from optical and X-ray [194].

The AGN unification model also tries to unify the radio loud and radio quiet AGNs.
However this is out of the scope of this thesis. More discussions can be found in the
textbook by V. Beckmann and C. Shrader [22].

1.1.6 The AGN Family

There are many subclasses of AGNs due to historical traditions. Although the unification
model is rather successful, many traditional names and acronyms are preserved and still
commonly used. In order to reduce the difficulty to read this thesis, I summarize the major
subclasses here.

The first optically discovered AGNs are so called quasi-stellar objects (QSOs, also
known as quasars) because they appear as point sources in optical images, but their spectra
show they are clearly different from normal stars. Historical quasars are type 1 AGNs
because they are identified by the existence of the broad lines and the prominent optical-
UV continuum. The study of quasars were independent of other types of AGNs until
the unification model is developed. Now the quasars are usually referred to AGNs with
absolute magnitudes brighter than Mp < 23 [214], i.e. the most luminous AGNs. The type
2 quasars without broad lines are discovered by using X-ray observations [4]. Quasars are
usually radio loud, sometimes detected as y-ray sources.

The Seyfert galaxies are originally classified by their optical emission lines, which are
discovered by C. Seyfert early in 1940s [219]. Both type 1 and type 2 objects can be
identified in this way. The Balmer lines in Seyfert 1 galaxies have both broad and narrow
components, while only narrow component is observed in Seyfert 2. Sometimes the broad
component is observed in only one of of the Balmer lines. This kind of objects are probably
intermediate types (Seyfert 1.2, 1.5, 1.8, 1.9) [I89]. For Seyfert 2 galaxies, it is essential
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to distinguish them from normal galaxies that are actively forming stars. As mentioned
before, the HII regions are known to produce narrow emission lines, similar to the spectra
of Seyfert 2 galaxies. The emission line ratios (BPT diagram) are used to classify AGNs
and non-AGNs [12] 255, 129 [133]. It should be noted that quasars also show strong
emission lines. The major difference between Seyfert galaxies and quasars is probably the
luminosity. Seyfert galaxies are usually detected as less luminous AGNs so that the whole
SED is not totally dominated by the AGN continuum (if not obscured) and the host galaxy
contribution is clearly not negligible.

Comparing to luminous AGNs, the supermassive black holes are more likely to be in
less active stage. It is estimated that the supermassive black holes spend only 1% of their
time on the most active stage, like quasars [100]. Hence it can be expected that there are
many low luminosity AGNs. The low-ionization nuclear emission-line regions (LINERs)
are one population of such objects. They show faint core and strong emission lines from low
ionized gas. Their emission line properties are similar to Seyfert 2 galaxies, though they
can be roughly distinguished by calculating forbidden-to-Balmer line ratios (e.g. [Om1)/Hf,
[Su]/HpB) [133]. The LINERs are expected to be at very low accretion rate, so the ADAF
accretion model may better describe their properties.

One special class of objects selected from IR properties is ultra luminous infrared galax-
ies (ULIRGS), defined as far-IR luminosity higher than 10" L. Majority of the ULIRGs
are found to host AGNs in their cores [228], though it does not necessarily mean all ULIRGs
are AGNs [34]. The star formation rates in ULIRGs are found to be high. A great fraction
of the IR flux is due to starburst contribution [95]. The ULIRGs are strongly connected
with galaxy mergers. Under the assumption that the mergers will cause both star forma-
tion and AGN activity, they are suggested as a stage of the AGN evolution, before the
quasar stage [211]. The ULIRGs are more likely to be observed at high redshift. In local
Universe, the ULIRGs are very rare.

There are still be some other subclasses of AGNs not discussed above, such as radio
galaxies and beamed AGNs mentioned in Section [1.1.3] As this thesis mainly focus on the
X-ray, IR and optical properties of AGNs, they will not be further discussed in details.

1.2 AGN Host Galaxies

One major active research area in the AGN study is the relationship between AGNs and
their host galaxies. The massive galaxies are known to host supermassive black holes
in their centers. The observed close correlation between black hole mass and the galaxy
bulge mass (M—o relation) is a strong indication of connection between AGN activity and
the galaxy star formation [142] 85 92] 244 166, 104]. AGN is probably the stage that
every massive galaxies have experienced. It is suggested that there is common mechanism
to drive both the star formation and the black hole accretion. However, the underlying
physics is still not clear yet. This section will briefly review the recent progress on this
issue.
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1.2.1 Normal Galaxies

Before discussing the AGN-host connection, it would be useful to briefly introduce the
normal galaxies first.

It is well known that the normal galaxies can be classified into different types on the
Hubble sequence according to their morphological properties [122]. The Hubble sequence
tells us that there are mainly four classes of galaxies: elliptical, lenticular, spiral and irregu-
lar galaxies. The elliptical galaxies are characterized by their elliptical shape, dynamically
supported by chaotic stellar velocity dispersion. The spiral galaxies are featured by their
large stellar spiral arms. The spiral arms usually have small thickness, so that the whole
structure is called “stellar disk”. Unlike the elliptical galaxies, the disk is supported by
rotation around the axis. In the center of spiral galaxy there is usually a thicker stellar
structure with similar shape to elliptical galaxy, so called “bulge”. The bulges are either
velocity dispersion supported (classical bulge) or rotation supported (pseudo bulge). The
elliptical galaxies can be viewed as “naked” classical bulges.

The elliptical galaxies are further split into eight subclasses labeled from EO to E7, with
increasing ellipticity. The spirals also have subclasses from Sa to Sd, with increasing disk
to bulge ratio, though the spirals are usually further organized into two branches: with
and without bars in their centers. Lenticular galaxies SO are the transition type between
elliptical galaxies and spiral galaxies. These types forms a EO-E7-S0-Sa-Sd sequence. Since
there are two branches of spirals, the Hubble classification diagram are also called “Hubble
fork”. The irregular, however, are out of the sequence. They are usually low mass systems
or strongly disturbed systems.

Although the classification is morphological, there is physics behind. Galaxy optical
colors show the composition of the stellar emission: bluer colors means younger stellar
population. Elliptical galaxies are usually redder than their spiral counterparts. On av-
erage, the stellar age of elliptical galaxies are older than spiral galaxies. The elliptical
galaxies are also called “early type” galaxies (because the stars form earlier) and spirals
“late type” galaxies. It is suggested the galaxies will evolve from irregulars to spirals then
to ellipticals. Other properties also appear to be correlated with the Hubble types. The
most massive galaxies are usually elliptical galaxies while the spirals are more frequent in
low stellar mass regime. The ellipticals are also usually found to have higher metallicity.

By numbers the galaxies are found in a bimodal distribution on the color-magnitude
diagram: red sequence and blue cloud [24]. The red sequence galaxies are mainly old
elliptical galaxies covering a large range of luminosities, while the blue cloud is a gather
of young spiral galaxies with relatively lower luminosities. Between these two population,
there is region so called “green valley” on the color-magnitude diagram. The green valley
galaxies are often found to be blue spirals with red cores (probably due to old bulge or
heavy extinction). The galaxies are supposed to evolve from blue cloud to red sequence by
some mechanisms. The green valley may show the objects on the transition phase.
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1.2.2 AGNSs in Green Valley and Red Sequence

The host galaxies of local luminous AGNs are consistent with green valley galaxies: they
have clear bulges but show recent star formation [129] 110, 1T3], 87]. This is also true for
high redshift AGNs [177, 112}, 264, 46]. The powerful AGNs are usually found in host
galaxies with young stellar population [129] 110], and a major fraction of the total AGN
emissivity in local Universe is contributed by AGNs with green colors [110].

On the other hand, the AGNs are found to reside in massive galaxies [129] [112]. The
AGN fraction drops dramatically at stellar mass M, < 10'° Mg, [129, 29]. And it is clear
that many AGNs, especially the optical emission line and radio selected AGNs, are hosted
by massive elliptical galaxies [29, 239, 254]. The most massive galaxies are usually passive
elliptical galaxies lack of recent star formation as the red sequence galaxies have shown.

The studies of the correlation between the AGN accretion efficiency and the stellar mass
or the black hole mass give a better view of the AGN host properties. It is found that the
AGNs with the highest accretion efficiency (expressed in the black hole mass normalized
luminosity, i.e. Eddington ratio L/Lgqq) are actually not the most massive black holes.
The Eddington ratio decreases with increasing black hole mass [110, [88]. The total [Or11]
luminosity in the local Universe contributed by AGNs is peaking at intermediate stellar
mass: the most luminous AGNs are hosted by galaxies with M, ~ 10'%° M, [110]. The
volume averaged black hole growth time for the low mass black holes (Mpy ~ 10" Mg) is
comparable to the cosmic time, while the high mass ones are clearly less efficient [110].

To simplify the picture, it is proposed that there are two modes of AGN activities:
the green valley mode and the red sequence mode. It is evident that the switching of the
mode depends on the cold gas supply [126]. In case of red sequence galaxies, the central
black holes can hardly obtain cold gas because the gas has been depleted during the last
wave of star formation. The AGNs hosted by red sequence galaxies are suggested to be fed
by the stellar wind of evolved stars [I87], [48]. The hot gas ejected by the evolved stars is
inefficient in feeding, so it is not possible to support high accretion rate. The supermassive
black holes are probably constantly starving. On the other hand, the AGNs hosted by
green valley galaxies are probably fed by cold gas, which can also support the observed
star formation in host galaxies [127]. When the cold gas supply is sufficient, the black holes
could accumulate masses at high accretion rates, probably limited only by the microphysics
of the accretion systems themselves [120].

Recent studies suggest that the objects in the green valley actually have similar host
star formation rates as the blue cloud galaxies. The peaking of AGN fraction in the green
valley is likely caused by the bias against red sequence objects at low stellar mass end
in luminosity-limited samples [225]. If the dust extinction is appropriated corrected, the
AGN hosts are not dramatically peaking at intermediate colors but more consistent with
the color distribution of normal galaxies [46, 206]. The observed “green valley” AGNs
are at least partly contributed by intrinsically blue galaxies, with obscured strong ongoing
star formation. The tendency of AGN hosts in green valley may still exist at low redshift
[213), 143], but seems to disappear at higher redshifts [206].

For these green valley AGNs, like Seyfert galaxies, although the trend that more power-
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ful AGNs show stronger host star formation is observed, the correlation shows large scatter
[184] 260, 19]. The scatter decreases if the star formation rate is measured in smaller scale
[260]. This implies that the AGN accretion is more closely connected with star formation
in the center, while less relevant to the star formation in outer region, e.g. on the stellar
disk. This could be easily understood if one assumes that the common driver of the black
hole accretion and the star formation is cold gas feeding. Both processes will consume ma-
terials with relatively low temperature, which can be bounded by the gravity more easily.
There are evidences that the observed cold molecular gas inflow rates are able to support
the AGN activity [63] [[76]. The host star formation can happen at scale of hundreds of
parsecs to kiloparsecs, while the supermassive black hole can only trap the materials within
a radius of a few parsecs. It takes long time (= 10 yr) for gas to move from galactic star
forming regions to AGN central engine, probably comparable to the duration of the whole
AGN phase [168, [121]. The triggering of the AGN is only likely determined by the physical
status of the innermost ~10-100 pc region. It is important to understand the physics of
gas inflow in AGN host galaxies.

1.2.3 Gas Inflow

The M-o relation implies the AGN is an important factor in the processes to form bulge.
The location of AGN in the green valley naturally leads to the hypothesis that the AGNs
are triggered during the processes responsible for the galaxy morphological transition, from
blue cloud to red sequence. And the feeding of cold gas also requires some mechanisms to
drive the gas inflow.

The currently favored mechanism is galaxy-galaxy merger. It has long been suggested
that the AGN is triggered after the merger of two galaxies. Merging can cause gravitational
torques and greatly accelerate the gas inflow. As long as one of the two galaxies has enough
undisturbed cold gas, the star formation will be enhanced [180], 230, 262, 261}, [65, [75], 149]
139]. In merging events, especially the major merger (the two merging galaxies have similar
stellar masses), the regularly rotating disks can be destroyed and the mass will finally settle
down onto bulges, forming elliptical galaxies as result. When merger induced gas inflow
activates the star formation, it can also replenish the gas supply around the supermassive
black hole in the galaxy center. So it is expected that the connection between nuclear
activity and excessive star formation will be observed in merging systems. Numerical
simulations have shown supporting results, though it is noticed that the major merger
induced black hole accretion is not dominating the total black hole mass growth [117].

Observationally, the ULIRGs show clear evidence of merging events [49]. The large IR
luminosities also suggest high star formation rates in their host galaxies. The ULIRGs are
suggested as the stage right after the merging in the major merger driven AGN evolution
scenario [211], [67, 120]. The black hole growth is heavily obscured in ULIRGs [242] 269],
and the obscuring materials are expected to be expelled later by strong AGN or supernova
feedback (see Section [1.2.4). The high accretion rate in quasars also favor the dramatic
merger scenario [125 23] 1T9]. It is expected that the quasars are on the stage right after
the obscuring materials are removed.
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This scenario well describes the mechanism to trigger the most luminous AGNs. How-
ever, these extreme objects are rare. For the majority of AGNs with intermediate lu-
minosities, the importance of merger is still under investigation. Omne of the methods
commonly used to identify merging systems is the morphological identification. Massive
galaxies showing asymmetric and irregular signatures could be classified as merging sys-
tems. However, contradictory results are presented [96, 62], 140, 51), 32]. In general, most
morphological studies show results against major merger scenario although the role of mi-
nor merger is still unclear. Alternatively, another way to identify merging galaxies is to
search for galaxy pairs. Comparing to the morphological identification, the galaxy pairs
method can detect earlier stage of the merging event at larger galaxy separations. Debates
also exist [5l, 150} [75] (74, 224 [153]. The origin of these discrepancies are unknown, proba-
bly due to different AGN samples and different merger definitions. The merger stages are
still not well defined in observation and it is difficult to establish one-to-one relation from
observations to numerical simulation results [201].

Besides the galaxy mergers, other mechanisms, external like mild interactions, inter-
nal like bars, spiral structures and gas instabilities, can also cause gas inflow. Unlike the
dramatic merger events, they are relatively “slow” and may not change the galaxy mor-
phology, so called “secular evolution” [141]. The importance of the secular evolution in
AGN hosts is unclear yet, though examples have shown the possibilities to trigger AGNs
[165], [144], 188, [74]. A subclass of Seyfert 1 galaxies, narrow line Seyfert 1 galaxies, featured
by relatively narrower broad lines, are found to reside in pseudo bulges [I88]. This excludes
the major merger as a possible mechanism for these objects. It is probably that the bars are
responsible for gas transportation in these objects [53]. It is also suggested that the secular
evolution may be more efficient for gas rich galaxies at high redshift [172, [38, 94, 36].

1.2.4 Outflow and AGN feedback

The direct observation of gas inflow in AGN hosts is difficult, especially for high luminosity
AGNs. This is because in these systems, the spectra are often dominated by strong outflow
features [235], [63], 236]. The outflow could be expected because continuous accretion needs
to remove the angular momentum from the inflow gas. The removed angular momentum
must be carried by some other materials and they will gain additional angular velocity,
and finally escape from the gravitational bounded system.

The outflows are in two forms: the jet and the wind. The jet is an important part of
the AGN unification model (see also Section [I.1.3). There is clear observational evidence
that the jet can inject energy into the surrounding medium on scale of kiloparsecs or more
[82]. This energy injection can heat up the cold gas in the host galaxy or even in the dark
matter halo, and prevent further gas accretion onto the galaxy nucleus [29, 200} [70]. This
kind of “feedback” can suppress the host star formation rate and the black hole accretion
rate.

Different from jets, which are more common in AGNs with low Eddington ratio, the
winds are expected to be observed in high Eddington ratio objects, driven by the high
radiation pressure. The winds are often observed on scale of several tens of parsecs, and
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even smaller scales close to the accretion disk [235 268, 63, 236]. They are probably
common characteristics for quasars and moderately luminous Seyferts [253] 204, 33|, 89,
202]. The winds are also expected to interact with interstellar medium and hence affect
the growth of host galaxy.

It is natural to link the AGN feedback to the observed black hole-bulge connection
[223), [80}, [134]. The black hole accretion may be strongly regulated by the feedback. Instead
of external reasons, e.g. lack of cold gas in the environment, the AGN feedback is an internal
factor that stops endless feeding and naturally shuts down the ongoing star formation in the
host galaxy. Some recent models have shown that the AGN feedback is probably playing
an important role in host bulge formation [231] [67, 66, 135]. It is probably necessary to
include the AGN feedback in any galaxy formation models.

1.3 Observational Facilities

This thesis is based on large variety of observational data. It is necessary to understand
the capabilities as well as the limitations of the observational facilities used here. Below I
briefly review the major telescopes/instruments used in this thesis.

1.3.1 SDSS

SDSS (Sloan Digital Sky Survey) [267] is one of the biggest astronomical surveys till to-
day. It is started in year 2000 and has continuously observed for 13 years (SDSS-1, 2000-
2005; SDSS-I1, 2005-2008; SDSS-II1, 2008-now). It is an optical survey using a 2.5-meter
telescope located at Apache Point Observatory, including photometric and spectroscopic
observations. The photometric images are with size of 2048 x 2048 pixels and each pixel
corresponds to 0.396” on the sky. There are 5 optical filters u, g, r, 7, z, with effective
wavelengths of 3590 A, 4810 A, 6230 A, 7640 A and 9060 A, respectively [105]. With 17 see-
ing, airmass of 1.4 and exposure time of 55 seconds, the estimated 5-0 detection limits are
22.3, 23.3, 23.1, 22.3 and 20.8 in magnitude, respectively. The SDSS spectra are obtained
with 3”7 diameter fibers, which are manually pointed to the targets. There are at most 640
fibers working simultaneously in one exposure, feeding the light to two spectrographs. The
resulting spectra have typical resolution of ~2000, covering wavelength range of 3900-9100
A. Different from traditional long slit spectra, the SDSS spectra only reflect the core of
the objects if their angular sizes are larger than the fiber aperture. The SDSS consists
of several individual sub-surveys, like the Sloan Legacy Survey, the Sloan Extension for
Galactic Understanding and Exploration (SEGUE), Apache Point Observatory Galactic
Evolution Experiment (APOGEE), Baryon Oscillation Spectroscopic Survey (BOSS), etc.
This thesis mainly uses the data from the Legacy Survey in Data Release 7 (DR7), which
covers more than 7500 square degrees at the North Galactic Cap and 740 square degrees
in the South Galactic Cap.
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1.3.2 WISE

The Wide-field Infrared Survey Explorer (WISE) [263] is a space-based IR telescope,
launched on December 14, 2009. The 40 cm diameter telescope carries an all sky survey,
with four channels, centered at ~3.4 ym (W1), ~4.6 um (W2), ~12 ym (W3) and ~22 ym
(W4), with a field of view of 47" x 47 In single exposure, the spatial resolutions are 6.1”,
6.47, 6.5 and 12.0”, respectively. The scientific atlas is generated by over-projecting mul-
tiple exposures from various scans. The coadding procedures make the spatial resolution
slightly worse but greatly suppress the noise level of the image. The spatial resolution is
high enough to separate one galaxy to another, but the galaxies themselves at z > 0.02 are
usually not well resolved. When building up the WISFE all-sky catalog, source detection is
performed on the atlas images while the flux measurement is done on the single exposure
images. The WISE images are sufficiently deep to detect almost all the local galaxies with
stellar mass higher than 10'° Mg at redshift z < 0.06. The sky coverage of WISE data is
extremely high (close to 100%). The overall astrometry error is less than 0.5” for objects
with signal-to-noise ratio larger than 20 so it is safe to directly match with optical catalogs,
e.g. SDSS catalog. We use it, in combination of SDSS data, to gain good statistics for
local AGN study.

1.3.3  Swift BAT

The Swift Gamma-ray burst observatory [03] is a space-based telescope mainly designed
for alert of gamma-ray bursts and observing their afterglows in X-ray, UV and optical
bands with autonomous rapid slewing satellite, launched on November 20, 2004. There on
board are three science instruments: Burst Alert Telescope (BAT) [16]) X-ray Telescope
and UltraViolet/Optical Telescope. This thesis only the data from BAT are used. BAT,
boarding a CdZnTe detector, is capable to observe hard X-ray/gamma-ray in photon en-
ergy range of 15-150keV, with a field of view of 1.4 steradian (partly coded) and spatial
resolution of 17’. The energy resolution at 60keV is around 3.3keV (E/AFE ~ 20). The
sensitivity of the detector is ~107 8 ergem 2571 (15-150keV). Though the main scientific
aim of BAT is tracking transient gamma-ray bursts, it also scans the whole sky region,
detecting a large number of permanent high energy sources, like AGNs. Due to relatively
large PSF size and shallow depth of BAT images, it is only possible to use BAT catalog to
study low redshift AGNs. However, the high photon energy of BAT band means the flux
is much less affected by neutral gas absorption, comparing to soft X-ray bands. This leads
to a complete AGN sample against obscuration bias.

1.3.4 IRAS

The IRAS [185] is an IR space telescope cryogenically cooled with liquid helium, launched
on January 26, 1983. The on-board survey array is capable to take scan images in four
different bands, 8.5-15 um (centered at ~12pum), 19-30 um (centered at ~25pum), 40—
80 pum (centered at ~60 pum) and 83-120 um (centered at ~100 um). As one of the earliest
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IR telescopes, the beam size is ~30’, much worse than typical optical observations. This
hampers the usage of IRAS data for high redshift studies. In this thesis, IRAS data are
used to study nearby AGNs at redshift lower than 0.3.

1.3.5 Chandra ACIS

The Chandra X-ray Observatory [259] is an X-ray space telescope operated by the National
Aeronautics and Space Administration (NASA), launched on July 23, 1999. It supports X-
ray observation in photon energy range of 0.08-10 keV. On board there are two main science
instruments: the High Resolution Camera and the Advanced CCD Imaging Spectrometer
(ACIS) [90], and two ancillary transmission grating instruments for high quality spectra.
In this thesis, we use the X-ray survey data obtained with ACIS. ACIS is capable for taking
images at high spatial resolution (~0.5") with a field of view of 16.9" x 16.9" and with 4-6
pieces of 1024 x 1024 CCDs, meanwhile producing spectra with moderate energy resolution
(E/AE ~ 10-40). The hard X-ray band (2-10keV) is less affected by absorption along the
line of sight. These characters allow us to build up a relatively unbiased AGN sample at
high redshift.

1.3.6 Herschel PACS

Herschel [197] is a space telescope launched on May 14, 2009, administrated by European
Space Agency (ESA), with capabilities of observing far-IR and sub-millimeter emissions at
55671 pm. There are three major observational instruments on board: the Photodetector
Array Camera and Spectrometer (PACS) [198], the Spectral and Photometric Imaging
REceiver (SPIRE) [1I0I] and the Heterodyne Instrument for the Far Infrared (HIFT) [64].
In this thesis, we only use the photometric images from PACS. In photometry mode, PACS
is capable to observe simultaneously the same sky region in two bands, 60-85 um (blue,
centered at ~70 um) or 85-125 um (green, centered at ~100 um) and 125-210 um (red,
centered at ~160 ym), with a field of view of ~1.75" x 3.5, and pixel size of 3.2”7 x 3.2”
(blue/green) and 6.4” x 6.4” (red). The images are usually obtained by scanning the sky
region. At scan speed of 10” per second, the beam sizes (FWHM) of blue, green and red
bands are ~5.5”7, ~6.7” and ~12”, respectively. At higher scan speed, the spatial resolution
is slightly worse. With such high spatial resolution, as well as much higher sensitivity than
any other IR facility in this wavelength range, the PACS data are used for high redshift
AGN studies (see Section [4.2)).
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This thesis aims to study the relation between the AGN activity and the host galaxy
formation. The results will be presented in three chapters, each relatively independent
but also closely related. Chapter [2] will focus on the host galaxies of low and moderate
luminosity AGNs at low redshift, i.e. Seyfert galaxies and LINERs, studying their host
properties using the IR luminosities from dusty torus. Chapter [3| will discuss the relation
between AGN activity and the galaxy-galaxy interactions for these low redshift AGNs,
revealing the possible mechanism driving the observed black hole-bulge connection today.
Chapter [4 will then extend the study to higher redshifts and give a grand overview of the
AGN-host connection in the Universe, current and past. Finally in Chapter 5], I will briefly
summarize the results and point out some unresolved problems for future research.



Chapter 2

AGN Torus Emission and Host
Properties

2.1 Introduction

In order to study the AGN host properties, it is important to extract the host galaxy
emission from the observational data. But this is difficult in case of the most luminous
AGNs, like type 1 quasars. The high nuclei-to-host contrast prevents accurate estimation
of the host component, especially in UV and optical bands. Instead, thanks to the reduced
contrast due to obscuration of the nuclear emission, we can observe type 2 AGNs to acquire
better measurements of host properties, like stellar mass. However, in this case, it is a
question that how to estimate the black hole accretion rate. There are several methods to
indirectly estimate the AGN activity level. High energy (hard X-ray, 7-ray) radiation is
hardly affected by absorption due to small effective cross section with neutral gas. Hard
X-ray photon can penetrate the neutral gas barrier even with column density as high as
10** cm~2, so that it is widely used in recent AGNs studies. Photons with lower energy,
like optical/UV photons, are usually not able to survive the torus absorption, so only
geometrically unobscured emission could be used. Fortunately, as the obscuring material
seems not isotropically distributed, some interstellar medium far away from the nuclei can
be excited by the unobscured AGN radiation and re-emits in form of optical emission lines,
such as narrow [O11]A5007 line [IT0]. On larger scale, radio emission from jet is used to
indicate the AGN activity by assuming the jet power is proportional to accretion rate. And
finally, the IR continuum emission from the torus can also be used to indicate the black
hole accretion rate [I15, [146]. It directly measures the absorbed optical/UV radiation.

Previous studies based on large sample of optically selected AGNs, using [O111] lumi-
nosity as AGN activity indicator, have established a close AGN-bulge formation relation
[110, 126, 181]. T. Heckman et al. [110] find that for AGNs with L[O11]> 105° Lg, i.e.
AGNs with luminosity above 103 ergs~! if given their assumed bolometric correction of
Lyo1/ L[O111]~ 3500 [270, 167, 110], the growth time of the host bulge is closely tracing that
of the black hole. The ratio between the star formation rate and the accretion rate is close
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to the observed bulge mass to black hole mass ratio.

However, it seems that different AGN indicators are not fully consistent with each
other, which may cause the results somehow biased. Deep X-ray surveys are considered
to be capable to build up AGN samples close to complete [3]. But there are evidences
that they miss extremely obscured AGNs with column density larger than 10%° cm™2, or
so called Compton-thick AGNs [111), 193, 97, [170] 243] 99]. Optically, the [O111]/Lx ratio
decreases with increasing X-ray luminosity [183] 247], implying that narrow line regions are
sometimes still affected by the obscuration or some other complicated physical processes.
Accretion around low mass black holes are probably missing from the optical surveys
[98]. The radio jet, though clearly free from the dust obscuration, is somehow worrisome
indicator in case of lower-luminosity FR-I type radio AGNs, probably due to different
accretion modes and jet mechanisms [29]. And finally, the IR selected AGN samples are
reported biased against weak and type 2 AGNs, and heavily contaminated by strongly star
forming galaxies [45], 42].

These discrepancies imply that any AGN sample based on single AGN indicator may
biased in some fashion. Hence it is necessary to cross check the results using different
AGN indicators, i.e. a multi-wavelength study is very important. Some previous works
have exposed systematical differences between AGNs selected in different ways. A recent
study using data from the AGN and Galaxy Evolution Survey (AGES) shows that the
host properties of radio-selected AGNs are clearly different from that of the X-ray or IR-
selected AGNs while the latter two populations are generally consistent with each other
[112]. They attribute the discrepancies to different evolution stages of AGN, which may
affect the observed AGN-host connection in different wavelength ranges. In this chapter,
we will follow a similar approach of the work by T. Heckman et al. [I10] to investigate
the host properties of AGNs. We use nuclear mid-IR luminosity, which originates from the
very central part of the galaxy with a size of several parsecs [124] 245| 211, [44] 246], 138,
136, 137, [114], instead of [O111] luminosity, which is from hundred of parsecs away from the
central region, as AGN activity indicator. We compare the results using these two AGN
indicators.

2.2 Data

2.2.1 SDSS Spectroscopic Catalog and WISE Counterparts

We perform our analysis based on a large sample of local type 2 AGNs, extracted from
SDSS (see also Section spectroscopic catalog. The parent sample includes all galaxies
with 7 band magnitudes r < 17.6 from the MPA/JHU SDSS DR7 catalog]] We drop all
the galaxies with » > 14.5, to remove the nearby galaxies with very large angular sizes,
because the SDSS pipeline photometry will fail for highly extended sources. We limit
our sample to redshift range of 0.02 < z < 0.21. The stellar mass is obtained by SED
fitting using the methods suggested by S. Salim et al. [210]. The uncertainty of the stellar

Thttp://www.mpa-garching.mpg.de/SDSS/
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Figure 2.1: The redshift versus stellar mass. The grey-coded background and the white
contours show the distribution of the whole SDSS spectroscopic sample with a 14.5 < r <
17.6 cut on the r-band model magnitude. The colored boxes show different stellar mass
bins and redshift ranges for the volume-limited subsamples.

mass estimation is ~0.15 dex. We only focus on massive galaxies with stellar masses of
1098 My < M, < 108 M, because the majority of local AGNs are hosted by massive
galaxies [129].

We first define a stellar mass “complete” sample of galaxies. We divide the galaxies
into stellar mass bins of width 0.2 dex in log(M,). In each stellar mass bin, we evaluate
the redshift interval over which all such galaxies are detected in the SDSS spectroscopic
sample (see Figure . The upper redshift limits show where we are not able to detect
all the galaxies within given stellar mass range by putting the r» < 17.6 flux limit. The
cuts are similar to the sample definition adopted by A. von der Linden et al. [256] in their
Figure 5. The lower redshift limits are corresponding to the r > 14.5 flux limit which
removes nearby galaxies with too large angular size to make reliable SDSS photometry.
In total there are 216272 galaxies in these volume-limited subsamples. The details of the
samples are listed in Table

These SDSS galaxies are matched to the WISF catalog within a search radius of 3”7 from
the optical position. Given the high astrometry precision of both SDSS and WISE, the
probability of mismatching is negligible. We ensure reliable WISE detections by adopting
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M, /Mg Redshift Number
1098 — 101%%  0.020 — 0.045 5673
10190 — 1012 0.020 — 0.055 9661
10192 — 1004 0.025 — 0.070 18066
10194 — 1006 0.030 — 0.085 30201
1010-6 — 1008 (0.040 — 0.100 36404
10108 — 109 0.050 — 0.120 41500
1010 — 102 0.060 — 0.140 36133
1012 — 104 0.070 - 0.165 23083
1014 — 1016 0.090 — 0.210 13212
1016 — 108 0.110 - 0.210 2338

Table 2.1: The stellar mass bins for the sub-samples that make up the volume-limited
sample. The corresponding redshift ranges and the number of sources in each bin are also
listed.

a SNR cut of 3 in each of the bands. A large number of objects are extended sources in
WISE bands. In this case, we use the total magnitudes derived from elliptical aperture
photometry instead of the default WISE pipeline profile-fitting photometry, which will
underestimate the total flux. The parameters of the elliptical apertures, such as axis ratios
and position angles, are not derived from the WISE images themselves, but taken from
the 2MASS Extended Source Catalog [227]. In general, the elliptical magnitudes better
capture the total flux. But it is reported that for well-resolved galaxies the total flux is still
underestimated by about 30% [59]. However, we note that our results are barely affected
by the choice of photometry apertures, probably because we simply focus on the nuclear
emission that is irrespective to the very outer part of the galaxy.

The original WISE Vega magnitudes are converted into AB magnitudes. In order to
get monochromatic fluxes, we apply color corrections to the observed broad band fluxes
based on the spectral shape [263]. For simplicity, only the table entries for power law
forms F' o< v are used, and the correction factors are obtained by interpolating between
the WISE colors, which are typically less than 3% for 3.4 (W1), 4.6 (W2) and 22 ym (W4)
bands (12 um i.e. W3, is very broad so the corrections can be as large as 10%).

In the whole sample, 213789 (98.9%) sources are simultaneously detected by WISE
in W1 and W2 bands at the 3-0 level. However, only 54324 (25.1%) sources have > 30
detections in all WISE bands. W4 has the lowest detection rate. We thus construct a
subsample by adopting a 22 ym flux cut of 7 mJy. This flux level is where the WISE
images with average coverage depth will recover ~95% of “real” sources [59]. There are
21942 sources in this subsample (hereafter we call the whole volume-limited sample as S1
and this subsample as S2), and 21254 (96.9%) of them are detected in all WISE bands.
We will use S2 in case of comparing all the WISE bands. In Table we summarize the
WISFE detection rates of our various samples.

We weight each galaxy by the inverse of V.., which is defined as the total volume
within which this galaxy can be observed and make it into our sample. S1 is a sample
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Detection S1 S2

Any band 213789 (98.85%) 21942 (100.00%)
WI1+W2 209142 (96.70%) 21330 (97.21%)
W4 56697 (26.22%) 21942 (100.00%)
All bands 54324 (25.12%) 21254 (96.86%)

Table 2.2: The detection rates in WISE bands. S1 and S2 are samples we use (see Section
2.2). “W1+W2” means detection in both 3.4 and 4.6 ym bands. “W4” means detection
in 22 pym band.

selected by stellar mass, while S2 is a 22 ym flux limited sample, it is natural that S1 and
S2 have different weightings. Figure shows the volume-weighted number distributions
over some galaxy properties for S1 (black curve) and S2 (red curve) galaxies. Comparing
with S1, S2 galaxies have lower stellar masses, bluer g — i colors and lower concentrations.
The differences arise because passive galaxies are generally not detected at 22 ym, that we
will discuss later. The shape of the stellar mass distribution of S1 galaxies is consistent
with stellar mass function measurement using SDSS and 2MASS [23].

2.2.2 Optical Classification

In order to classify the galaxies as star forming galaxies or AGN, we use the classical
[N11]/Hav versus [Omm1]/HpB diagnostics (BPT diagram) [12) 255, 129] 133]. The fluxes of
the key emission lines (Ha, Hf, [O111]A5007, [N11JA6584 and [S1IjAN6717,31) are directly
taken from the MPA/JHU catalog. The errors on the emission lines measurements from
the original catalog are scaled up by a factor of 2.473, 1.882, 1.566, 2.039 and 1.621 for
the five lines respectively, following the recommendations on the webpage of MPA /JHU
catalog’] We only consider the emission lines that are clearly detected with SNR > 3. In
S1, there are 27755 objects above the line suggested by G. Kauffmann et al. (K03 line)
[129], which is used to separate the galaxies with [O111] line luminosity dominated by AGN
activity. We call them “optical AGNs” hereafter.

We use the [O111] line luminosity as an optical indicator of black hole accretion rate
as previous works did [IT0]. We use the Balmer decrement to correct the dust extinction,
using the reddening curve optimized for emission lines which is suggested by V. Wild et
al. [260], and assuming an intrinsic Ho/Hf ratio of 2.87 for star forming galaxies and 3.1
for AGN [190]. 67.6% (18751) of the optical AGNs fall in the region between the K03 line
and the maximum starburst line suggested by L. Kewley et al. [132]. A non-negligible
fraction (between 10% and 50%) of their [O111] luminosities can be contributed by star
formation in the host galaxy [126]. In order to estimate the [O111] luminosity from the
narrow-line region, we use the simple method suggested by G. Kauffmann & T. Heckman
[126] to separate the total [O111] luminosity into AGN and star formation components.
The fraction of AGN contribution is calculated based on the galaxy’s position on the BPT

http:/ /www.mpa-garching. mpg.de/SDSS/DR7 /raw_data.html
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Opt-class S1 S2

All 516272 (100.00%) 21942 (100.00%)
AGN 27755 (12.83%) 8133 (37.07%)
Strong AGN 7613 (3.52%) 4105 (18.71%)
Seyfert 0776 (4.52%) 4171 (19.01%)
LINER 16377 (7.57%) 3873 (17.65%)
SF 23604 (10.91%) 11077 (50.48%)
Passive 49401 (22.84%) 9 (0.04%)
Non-AGN 73005 (33.76%) 11086 (50.52%)
Ambiguous 115512 (53.41%) 2723 (12.41%)

Table 2.3: Sample S1 and S2. The numbers and the fractions of each type of galaxies are
listed.

diagram (see their Figure 3).

“Strong” AGNs are defined as optically-identified AGNs with [O111] luminosities larger
than 10'L,. G. Kauffmann et al. [129] show that false BPT classification because of
dilution by emission from HII regions in the surrounding host galaxy falling within the
SDSS fiber aperture is not important for AGNs with [O111] luminosities greater than this
value. Similar test is carried out to what they did by calculating the fraction of strong
AGNs in narrow bins of stellar mass and redshift, and our results are similar to theirs.

We also classify the AGNs into Seyfert galaxies and LINERs (low ionization nuclear
emission-line regions), according to the [Su]/Ha ratio using Function 7 in the paper by
L. Kewley et al. [133]:

0.72/[log([S11] /Ha)] + 1.30 < log([O111] /HB). (2.1)

A small fraction of AGNs are classified neither as Seyferts nor as LINERs, simply due
to low signal-to-noise ratio of the [S11] lines.

We select a sample of AGN-free galaxies (“non-AGN”) which are either star forming
galaxies (“SF”) or galaxies without detected emission lines (SNR less than 2, “passive”).
In order to minimize mis-classifications due to observational bias, the passive galaxies are
also required to have large concentration index Rgy/Rs0 > 2.6, high stellar mass surface
density 1, > 10%® Mg, /kpc? and large 4000 A break strength D,,(4000) > 1.6. These values
correspond to the sharp transitions from young star-forming galaxies to old passive galaxies
[131].

In table[2.3|we summarize the optical classification of our local galaxy samples. Because
of the 22 um flux cut, the fraction of passive galaxies in sample S2 is much smaller than
that in sample S1. We note because we use relatively strict cuts, a large fraction of objects
(115512, 53.4% of S1, “ambiguous”) are not classified into any of the subclasses described
above. We do not use them in our further analysis.
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2.2.3 SDSS quasars

In our S1 and S2 samples, only narrow-line AGNs are included. We have extracted a sample
of low redshift (z < 0.7) type 1 AGN from the SDSS DR7 quasar catalogue [222, 215].
The upper redshift limit is chosen to ensure that the [O111] line still falls in the SDSS
spectrum. We match this sample to the WISE catalogue within a 3” matching radius.
Our type 1 sample includes 3165 quasars, of which 3086 (97.5%) are detected in all WISE
bands. Since the quasars are usually core-dominated, we use WISE magnitudes based on
PSF-fit photometry. The [O111] line is corrected for extinction using the Balmer decrement
measured from the narrow components of the Ha and Hf lines. We only use the emission
lines with signal-to-noise ratio larger than 3. There are totally 3011 quasars with reliable
[O111] fluxes and detected in all WISE bands, but only 592 of them have reliable Balmer
decrement measurements, mostly because Ha line is in SDSS spectrum range only at
2 < 0.4. For the other 2419 quasars, we apply the extinction correction assuming a typical
Balmer decrement (Ha/HpB~ 4.31), which is estimated by taking the median value of the
592 quasars. The K-correction to the WISE luminosities are done by using the QSO1
template from the galaxy SED library by M. Polletta et al. [199]. The K-correction is
small, less than 0.05 dex for W2 luminosity and less than 0.01 dex for W4 luminosity,
because the typical quasar SED is flat in this wavelength range. Different libraries [§] may
give slightly different K-correction values. But this uncertainty is negligible, comparing
with the observed scatter, as we will show later.
Throughout this thesis, the concordance 0.7-0.3-0.7 cosmology [240] is adopted.

2.3 Mid-IR colors of local galaxies

2.3.1 Stellar emission

The WISE 3.4 ym and 4.6 ym bands are in a wavelength range that the emission in galaxy
is dominated by stars with intermediate and old age [169, [78] 123].

The L—M, relations of the S2 inactive galaxies are shown in Figure[2.3] The four panels
show 3.4 pum, 4.6 ym, 12 pm and 22 pm luminosities respectively. In order to check the
sensitivity of WISE luminosities to star formation, we split the sample into 3 different bins
of 4000 A break strength, D, (4000), which can be regarded as an indicator of the specific
star formation rate (SSFR). Comparing to emission lines, such as Hea, the commonly
used star formation rate indicator for star formation in past ~100 Myr, D,(4000) is only
measuring an integrated star formation activity over a timescale of ~Gyr, but is scarcely
affected by dust extinction and the “contamination” from AGN power. It allows a direct
comparison of the stellar populations of AGN hosts and inactive galaxies in an unbiased
way [130]. As can be seen from Figure[2.3] all the WISE luminosities have clear correlation
with stellar mass, despite that the star formation is making a substantial contribution.
With increasing wavelength, the offset between young and old galaxies becomes bigger.
In the two short wavelength bands, W1 and W2, the small offset implies that the 3-5 ym
wavelength range is indeed dominated by the emission from old stellar population. the
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Figure 2.3: The WISFE monochromatic luminosity as a function of stellar mass for S2 non-
AGN galaxies. The blue, green and red points are for three different 4000 A break strength
bins: 1.0 < D,(4000) < 1.3, 1.3 < D,(4000) < 1.5, 1.5 < D,(4000) < 1.8. Any data bin
with source number lower than 20 is dropped. The error bar shows the error on the median
value at a confidence level of 95%, estimated by bootstrapping within each data bin. The
dotted lines are the best linear fits to the data, assuming a slope of 1.
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lower mass-to-light ratios in younger galaxies are probably due to additional contribution
from thermally pulsing asymptotic giant branch (TP-AGB) stars. In W3 and W4, the
offset between galaxies of the same stellar mass with different 4000 A break strengths
becomes very large. In these bands the dust emission replaces the star light to become the
dominant contributor to the total flux.

In Figure[2.4] we show the distribution of S1 non-AGN galaxies on the [3.4] — [4.6] color
versus stellar age (indicated by 4000 A break) plane. In this study, we mainly focus on
3.4 pm and 4.6 pm bands. We use the S1 sample to prevent bias against galaxies not actively
forming stars, because we are aiming to investigate the emission from stars in this section.
Instead of performing K-correction to the colors, we split the sample into 5 narrow redshift
bins, within which the K-correction could be ignored. The non-AGN objects clearly show
a bimodal distribution on the color-age plane, reflecting the star forming blue cloud and
the passive red sequence of nearby galaxies. On averge, the young star forming galaxies
are redder than old galaxies.

We overplot stellar population synthesis models built by Bruzual & Charlot [43] (BC03,
and an updated version CB07) on our observed galaxy distribution. The two sets of models
mainly differ in the treatment of the TP-AGB starts. In CB07 (squares), the dusty TP-
AGB emission contribution is higher than that in BC03 (circles). CBO07 curve predicts
much redder IR colors at intermediate ages. In this plot, we show the predicted color
of a “simple stellar population” (SSP) at a range of different ages, and for two different
metallicities (solar, Z = 0.02, and sub-solar, Z = 0.008, metallicities). At ages between
~200 Myr and ~2 Gyr, the CB07 SSPs are clearly redder than the BCO03, forming a red
“bump” on the low metallicity CBO7 curve. At low 4000 A break, the [3.4] — [4.6] colors of
the galaxies with the lowest 4000 A break strengths are well matched to the low metallicity
case of CBO07 instead of BC03. This implies the color difference between young and old
galaxies is caused by essential TP-AGB contribution.

None of the model curves indicate [3.4] — [4.6] 2 0.7. Also from our data it seems there
are very few normal galaxies with such red colors. In the next section, we will study the
mid-IR colors of AGN host galaxies and show that the colors may help to identify AGNs.

2.3.2 AGN host galaxies

We show the distribution of S2 galaxies on the [3.4] — [4.6] versus [12] — [22] WISE color-
color plane. There is a clear peak at [3.4] — [4.6] ~ 0 and [12] — [22] ~ 2. We also
indicate the locations of different galaxy subclasses, as well as SDSS quasars. Weak AGNs
have very similar color distribution as star forming galaxies do. The distribution of strong
AGNs are shifted towards slightly redder [3.4] — [4.6] and [12] — [22] although the overlap
is still substantial. Only the SDSS quasars have clearly disjoint WISE colors from those
of normal galaxies. The quasar colors reflect a “pure” AGN SED profile, as the host
galaxy contamination is small in these objects. Thus we conclude that [3.4] — [4.6] colors of
most nearby type 2 AGNs are strongly affected by the host stellar emission. Only a small
fraction of strong type 2 AGNs show red [3.4] — [4.6] and [12] — [22] colors similar to those
of quasars.



2.3 Mid-IR colors of local galaxies 25

— I 0.02 < z < 0.21] 0.02 < z < 0,04 |
© i 1 i
< 05

|

=3 I 1 1
.ﬁ. 0.0

—_ 0.04 < z < 0.07 ] 0.07 < z < 0.10 |
© i 1 i
< 0.5

I

= [ 1 1
.ﬁ. 0.0

— 0.10 < z < 0.14 ] 0.14 < z < 0.21 ]
© i 1 i
< 05

l Z

=3 i 1 ]
w5 0.0

1.0 1.5 2.0 25 1.0 1.5 2.0 2.5
D,(4000) D,(4000)

Figure 2.4: The [3.4] — [4.6] color versus 4000 A break plane. The distribution of S1 non-
AGN galaxies is displayed as background grey scaled histogram. Stellar population models
are overploted as blue (sub-solar metalicities, Z = 0.008) and green (solar metallicities, Z
= 0.02) curves. The circles are BC03 data points and squares are CB07. The data points
on the curve are from the templates with stellar age of 0.005, 0.025, 0.1, 0.29, 0.64, 0.9,
1.4, 2.5, 5 and 11 Gyr, respectively. The model curves for each redshift bin are from the

models convolved with WISFE band filters at redshifts of 0.03, 0.05, 0.08, 0.12 and 0.17,
respectively.
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Figure 2.5: The WISFE color-color diagram. The grey-scale background is the distribution
of S2 galaxies on this plane. The blue, green, red and cyan contours are the distributions
of star forming galaxies, weak AGNs, strong AGNs and SDSS quasars, respectively.
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We now examine how the WISE colors of AGNs vary as a function of 4000 A break
(i.e. recent star formation) and as a function of BH accretion rate. The latter quantity is
estimated based on the extinction-corrected [O111] line luminosity. We adopt an empirical
Mpp—o relation [104] to calculate the BH mass:

M
log(——2) = (8.12 £ 0.08) + (4.24 + 0.41) log(

o
—_—). 2.2
Mg 200 kms*l) (22)

The velocity dispersions in the MPA /JHU catalogue are estimated by fitting the absorp-
tion lines in SDSS fiber spectra using a set of template spectra’, The statistical uncertainty
is around 10 km/s, leading to ~0.05-0.2 dex uncertainty of black hole mass, smaller than
the intrinsic scatter of the Mpp—o relation (0.44 dex) [104]. Due to SDSS spectral resolu-
tion of ~70 km/s, the black hole mass estimation is no longer reliable at < 10%2Mg. Only
a very small fraction of our objects are in this range and they do not affect our results.
We do not perform aperture corrections to the derived velocity dispersions because they
are small in early type galaxies where AGNs are usually hosted [27]. In this chapter, we
will use the Eddington parameter L[O111]/Mgy as the optical indicator of the central BH
accretion activity level.

The results are displayed in Figure[2.6] The WISE colors are shown as a function of 4000
A break (i.e. host SSFR). The AGNs are divided into 3 different ranges in L[O111]/Mpy
(see caption). The star forming galaxies are also shown in blue for comparison. Because
our WISFE colors are not K-corrected, we limit the analysis in a relatively small redshift
range 0.07 < z < 0.11, which also lead to an effective stellar mass range of 10194 M, <
M, < 10" My, (see Figure2.1). The conclusions will not change if we use other redshift
and stellar mass ranges.

In general, WISE colors are redder at higher SSFR. The [3.4] — [22] color is the most
sensitive to the star formation. No difference between AGNs and star forming galaxies is
observed in the top right panel of Figure 2.6l It indicates that this color is insensitive to
AGN activity. In other WISFE colors, the AGN contribution is more prominent. Stronger
AGNs are usually redder at any fixed D,(4000). The [3.4] — [4.6] and [12] — [22] are the
most sensitive colors to BH accretion, and the least to star formation. This is consistent
with the observed peak shift between strong AGNs and other populations in Figure [2.5]

In the next sections, we focus on the 4.6 yum luminosity as our main IR indicator of
AGN activity. Although the difference in color between different Eddington parameter
bins is in fact larger for [12] — [22] than [3.4] — [4.6], the loss in sample size is too large due
to requiring the AGN samples to be complete at 22 pm.

2.4 Mid-IR properties of local AGNs

In this section, we will use the 4.6 ym luminosity, corrected for stellar contribution, to
parametrize the IR properties of AGNs. We will compute how the total IR emissivity from

3http:/ /spectro.princeton.edu/
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Figure 2.6: The WISE colors versus 4000 A break. The data points are from S2 galaxies

in redshift range of 0.07 < 2z < 0.11.

Blue lines are from normal star forming galax-

ies. Green, orange and red lines are for strong AGNs with different Eddington ratios:
log(L[Om1)/Mgn) < —0.56, —0.56 < log(L[O1m1]/Mgyn) < 0.01, log(L[O111]/Mgy) > 0.01
(solar units). The error is 1-o error of the median value, estimated from bootstrap resam-
pling in each data bin. The data bin with objects less than 20 is discarded.
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local AGNs is contributed among galaxies with different AGN and host properties. Finally
we will compare these distribution functions to the ones obtained from [Or11].

2.4.1 AGN IR luminosity

In Section we have shown that the [3.4] — [4.6] color is the best AGN indicator among
the WISFE colors. This implies that the 4.6 ym luminosity can be used to estimate the mid-
IR luminosity which originates from the torus, if we are able to subtract the contribution
from stars. In this section, we propose a method to perform this subtraction.

Due to the large sample size of S1, we are able to find non-AGN control galaxies with
host properties that can closely match those of the AGNs. For each AGN host galaxy, we
search for non-AGN galaxies with similar stellar mass, 4000 A break, redshift and stellar
mass surface density. Matching in stellar mass and D,,(4000) makes sure that the control
galaxies have the same total stellar mass and central stellar population ages as that of AGN
hosts. Matching in both redshift and stellar surface mass density ensures that the same
fraction of the total light of the hosts is inside the SDSS fiber aperture. To minimize the
scatter, we use strict matching criteria: stellar mass within £0.01 dex, 4000 A break within
+0.025, redshift within £0.02, and stellar mass surface density within +0.2 dex. For each
AGN the contribution of stars to the total 4.6 um luminosity is estimated from the median
4.6 um luminosity of all the matched control galaxies. Typically for each AGN hosts, there
are 8 non-AGN “neighbours” to give reasonable estimation of the non-AGN component.
Then this non-AGN component is subtracted from the observed 4.6 ym luminosity to get a
“pure” AGN 4.6 pom luminosity L4 ¢ ,m acn. We note that this correction is only a statistical
one. We perform K-correction to this “pure” AGN component with the QSO1 template
from galaxy library of M. Polletta et al. [I199]. In our redshift range, the correction is less
than 5% due to a flat quasar SED in this wavelength.

In some cases, particularly when the AGN is relatively weak, the host-subtracted flux
will be negative. Figure shows that a great fraction of objects have negative fluxes
when L[O11]< 10" Le, or Lygumacy S 3 x 103Lg. We also estimate the uncertainty of
individual object by calculating the scatter of the 4.6 um luminosities of its non-AGN
“neighbours” used for host subtraction. This yields typical uncertainty of ~2-7 x 10% L,
in 4.6 pm luminosity. For AGNs below this luminosity level, the nuclear emission is poorly
determined due to low AGN-to-host contrast. Comparing to the whole AGN sample,
the Seyfert galaxies are less affected due to their higher nuclear luminosities. Seyferts
with positive fluxes always account for a larger proportion even when summing up to
the lowest luminosities bins. The 4.6 ym luminosities of Seyferts are better recovered
individually, allowing a direct comparison between nuclear IR and [O111] luminosities. The
exact definition of BPT AGNs does not affect the results because the host star formation
contribution to both the [O111] and IR luminosities has been subtracted. Hereafter the
AGN IR luminosity refers to host-subtracted luminosity.

The left panel of Figure 2.8 shows that there is a good correlation between the 4.6 ym
monochromatic (vL,) AGN luminosity and the [O111] luminosity for Seyferts, although the
scatter is large (~0.28 dex on average). We exclude the LINERs from the plot, because
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Figure 2.7: The number of objects as a function of [O111] luminosity (left panel) and 4.6 ym
“pure” AGN luminosity (right panel), normalized by the total number of S1 AGNs. The
solid and dashed lines are for all optically selected AGNs and Seyfert galaxies, respectively.
In left panel, the blue curve is for all the objects in the subsample and the red curve is for
the objects with positive 4.6 um luminosities. In right panel, the red curve is the same as
left panel. The grey curve is the AGNs with negative 4.6 um luminosities, binned by the
absolute values of their luminosities. The errors are estimated by bootstrapping within the
whole S1 AGN sample.
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Figure 2.8: Left: 4.6 um AGN luminosity versus [Or11] luminosity. The grey and cyan
contours are S1 Seyferts (with positive AGN 4.6 um luminosities) and SDSS quasars re-
spectively. The black dots and upper limits show results of stacked Seyferts in each [O111]
luminosity bins. The black solid line is a linear fit to the black dots and the resulting slope
is shown in bottom-right corner. The black dashed line is a linear fit assuming a constant
IR-to-[O111] ratio. The median value of the IR-to-[O111] ratio is shown on top-left corner.
The red lines are similar to black lines but for quasars. Right: similar to the left panel,
except that we use 22 ym luminosities and the local Seyferts are from S2 sample.
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the 4.6 pm fluxes of LINERs are not estimated accurately. We stack the Seyferts, no
matter they have positive or negative fluxes, in different [O111] luminosity bins to reduce
the uncertainty (black dots and upper limits). The linear fittings are limited to the galaxies
with L[O111]> 3 x 10® L, because in lower luminosity regime the nuclear emission is not well
recovered even with stacking technique. The linear fit to the bright narrow line Seyferts
gives a correlation of Lygumacn o L[O1I]?9™007 If we assume the IR luminosity is
proportional to [O111] luminosity, then we get a median IR-to-[O111] ratio of ~24. These
values are, however, only valid for bright objects. We also compare the results with SDSS
quasars. The quasars extend the correlation a further 2 orders of magnitude in [O111] and
IR luminosities, though there is a systematic offset between quasars and Seyfert galaxies.

Interestingly, if we plot the AGN IR luminosities at 22 ym estimated with similar host
subtraction methods, the Seyfert-quasar offset becomes much smaller (see right panel of
Figure . We thus hypothesize that offset may be caused by the intrinsic obscuration
of torus: longer wavelengths are less absorbed, and type 1 AGNs may be systematically
less obscured than type 2 AGNs. We note that we do not find correlation between the
[4.6] — [12] or [4.6] — [22] colors of the AGN component and [O111] luminosity within Seyfert
sample or within the quasar sample.

2.4.2 AGN emissivity and host properties: comparing optical
and IR

T. Heckman et al. [I10] have investigated the integrated [O111] luminosity from type 2 AGNs
as a function of stellar mass, of stellar surface mass density, of concentration index and of
4000 A break. It was shown that most of the accretion traced by the [O111] line today is
taking place in galaxies with intermediate stellar masses (10'%few x 10 M), high surface
mass densities (3x 1083 x 10° M, /kpc?), intermediate concentrations (Rgo/Rso = 2.2-3.0),
and young stellar ages (D,(4000) < 1.6). Here we carry out the same exercise using
the integrated 4.6 ym luminosity and compare the results with that obtained from the
integrated [O111] luminosity. We note that in this study we use 4.6 um luminosities that
are corrected for emission from stars and [O111] luminosities that are corrected for extinction
and for the contribution from star formation.

In Figure 2.9 we show the distributions of integrated [O111] (blue histogram) and 4.6 m
(red histogram) luminosity as a function of a wide variety of different host galaxy param-
eters. From left to right and from top to bottom, the host galaxy properties investigated
in Figure [2.9| are:

1. The [O111] line luminosity normalized by the black hole mass (Eddington parameter)
L[Om]/Mpgy.

2. The black hole mass estimated from the stellar velocity dispersion Mgy.
3. Stellar mass M,.

4. Stellar mass surface density .
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Figure 2.9: The total [O111] and IR emissivity as a function of various AGN properties
for Seyferts (see Section for details). The blue histogram is for the [O111] luminosity
density and the red histogram is for the 4.6 um luminosity density. The red histogram is

scaled down by a factor of 24.2 to compensate the constant ratio between 4.6 um and [Or111]
luminosities calibrated in Figure |2.8|
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Figure 2.10: Similar to Figure 2.9 but for IR-bright LINERs. Only two of the parameters,
concentration index Rgg/Rs5o and 4000 A break D, (4000) are shown here.

5. The concentration index, defined as the ratio between 90% light radius and 50% light
radius ratio R/ Rso-

6. Rest-frame g — i color.
7. 4000 A break, D,(4000).
8. Galaxy inclination estimated from the ratio of the major-to-minor axes, a/b.

9. The Balmer decrement calculated from the ratio of Ha to Hf line fluxes.

Comparison of the red and blue histograms in Figure 2.9]indicates that the host galaxies
of the Seyferts producing the integrated 4.6 pm luminosity and the integrated [O111] are
identical. This provides strong support for the standard unification model [252]. We
again note, however, that in our sample, detection of low luminosity mid-IR emission
from the central source is impossible because of host galaxy contamination. In order to
avoid spurious result due to objects with negative IR luminosities, we check the emissivity
distributions of a sample of 671 IR-bright Seyferts with positive AGN 4.6 luminosities
larger than 10%° L. At this level, the AGN component is comparable or stronger than
the host component at 4.6 umThe individual detection of AGN component is relatively
reliable.

We also investigate a sample of 134 IR-bright LINERSs, as shown in Figure[2.10} Despite
the large uncertainties, the IR-bright LINERs show consistent [O111] and IR luminosity
distributions. However, we fail to establish this kind of [O11]-IR link for all the LINERs.
We find the [O111] luminosity distribution of the whole LINER sample shifts towards bulge-
dominated galaxies with high 4000 A break strengths. It is probably due to the fact that
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LINERs hosted by old elliptical galaxies have relatively weaker AGN luminosities than
Seyferts, and we are not able to detect the nuclear IR component for these low luminosity
objects.

2.5 AGNs selected by mid-IR colors

In this section, we study a sub-population of galaxies identified as AGN purely from their
WISE colors, independent from the optical emission line diagnostics. We start from a brief
review of IR-color based AGN selection methods.

2.5.1 WISE IR AGN selection

The original IR color-color selection techniques were based on the Spitzer IRAC colors
[145], 233, 203], 69]. This selection method was extended to WISE bands by using multi-
wavelength synthesized data and galaxy templates [8]. It is then tested with real data,
leading to a simpler criterion [3.4] — [4.6] > 0.8 [232]. However, we note that their selection
methods are tuned for searching AGNs at higher redshifts. If we adopt this cut, we only
find 435 objects from sample S1.

Another similar but stricter way to select AGNs is the IR power-law selection, which
was first applied to Spitzer IRAC data [6]. It is based on the knowledge that the AGN
continuum in quasars has a power-law form. In practice, we make use of all four WISE
bands and fit the broadband SED as follows:

0.4 X Map = —a X log(A/1 pm) + c. (2.3)

Here Mg is the monochromatic AB magnitude and X is the effective wavelength in
each WISE bands. The free parameter « is spectral slope (f, o v*). AGNs are required
to have spectral slope that are sufficiently red (« < —0.5). The quality of the fit, i.e.
the similarity of the SED shape to a pure power law, can be quantified by x%. A sample
selected with looser y? threshold will include more galaxies, but also be contaminated by
more star forming galaxies. In Figure[2.11] we plot the fraction of optically-selected AGNs
as a function of threshold in reduced y? statistics. Results are shown for all AGN (open
symbols) and for strong AGN (filled symbols). As can be seen the fraction of optically-
identified sources drops sharply above x? ~ 1.5, particularly for strong AGN. We therefore
select this as a threshold, which yields a sample of 503 IR-selected power-law AGNs.

Table shows the number of the IR AGNs with different selection methods. In total,
we find 654 IR AGN. The fraction of optically identified AGN is high (85.3%). We note
that this is a much smaller number than could be identified optically. It is clear that IR
AGN selection methods based on WISFE colors will miss a large fraction of type 2 AGNs at
low redshift. It is not a surprising result. Previous works based on AGN samples selected in
other bands have shown that this is the same situation at higher redshifts [45, 42, 0]. Simple
mid-IR color selected AGN samples are clearly biased. It is necessary to use decomposition
methods in mid-IR regime for an unbiased AGN study [174].
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Figure 2.11: The fraction of optically-identified AGNs in the population that meet our
mid-IR power-law selection criterion oo < —0.5 as a function of reduced x? threshold. The
solid circles and empty circles indicate strong and all optical AGNs, respectively. The
errors are estimated by assuming simple Poisson noise in counting.

IR selection | All optical AGN optical strong AGN
col 435 379 (87.1%) 358 (82.3%)
pow 503 434 (86.3%) 394 (78.3%)
col & pow | 284 255 (89.8%) 243 (85.6%)
all 654 558 (85.3%) 509 (77.8%)

Table 2.4: The numbers of IR selected AGN samples. “col” and “pow” are the [3.4] — [4.6]
color selection and the power law selection, respectively. Symbol “&” means the sources
are selected by both methods. “all” means the sources selected by any of the IR selections.
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Figure 2.12: Similar to Figure but the grey scaled background shows the fraction of
strong optical AGNs among S2 galaxies. The green and red crosses indicate [3.4] — [4.6]
color and power-law selected AGNs. The red dashed line is the track of a pure power-law
spectrum.

2.5.2 The SEDs of IR color selected AGNs

Figure shows the distributions of the IR AGN samples on the WISE color-color di-
agram as in Figure [2.5] Green and red crosses indicate sources selected by the simple
[3.4] — [4.6] color cut and the power-law method. The colors of IR AGNs are consistent
with typical quasar SEDs and clearly different from those of star forming galaxies.

We use all the available photometric data, which covers 5 SDSS bands, 3 near-IR
bands (2MASS bands, from NYU Value-Added Galaxy Catalog [31]) and 4 WISE bands,
to build SED for each source. The SEDs are shown in AB magnitudes in the rest frame,
interpolated from neighboring data points. The detection rates of WISE 12 ym and 22 ym
bands are relatively low in S1, so we use sample S2 instead. We note this does not affect
our conclusion.

Figure shows that the two IR selection methods lead to similar SED shapes. IR
AGNs are similar to field galaxies in the optical and near-IR bands, but clearly different
beyond 3 um. All galaxies, except the passive ones with little dust emission, show a
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Figure 2.13: Rest frame median SEDs of different subclasses of S2 galaxies. All SEDs are
normalized at ~1 pm (J band). Grey, green and red curves are for the whole S2 sample, TR
color selected AGN and power law selected AGN, respectively. In the bottom-right panel,
all S2 strong AGNs with positive 4.6 um luminosities are further split into three luminosity
bins, Lygmacy < 10%%Lg (dotted line), 10%* Ly < Lygumacny < 1092 Lg (dashed line)
and Ly6umacN > 1093 Lg (dash-dotted line). The error bar is the 1o scatter. The four
panels are for galaxy subsets with different optical classifications, indicated as labels.
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clear turnover at ~ 5pum. This wavelength is the point where the dust emission starts
to dominate the total radiation output, for galaxies with ongoing star formation and/or
AGN activity. In most cases the AGN component is not prominent in mid-IR. Only the
AGNs with the highest nuclear IR luminosities (Lygumacn > 10%2 L, dash-dotted line)
can be distinguished by their mid-IR colors when the turnover moves to shorter wavelength
(~3pum). This can strongly affect the [3.4] — [4.6] colors. There are 9 passive galaxies
in S2, shown in the top-right panel. The origin of their 12 ym and 22 pm fluxes is still
unknown. One possible explanation is highly dust obscured star formation and/or AGN
activity, which the optical emission line diagnostics may fail to identify [205] [39].

2.5.3 Optical properties of IR color selected AGNs

As shown in the previous section, both IR AGN selection methods lead to consistent SED
shapes, so we simply combine the two IR AGN samples. In Figure [2.14] we compare
IR AGNs with optical weak and strong AGNs, on the number distributions over [Or111]
luminosity, Eddington parameter, 4000 A break and D(BPT), the distance to the K03 line
[129] on BPT diagram (“pure” AGNs have the largest D values). Unlike Figure [2.9) this
plot shows fraction by number rather than fraction of the integrated IR or [O111] emissivity.
We find that at low redshift the IR selected AGNs have similar [O111] luminosities and 4000
A break strengths as strong optical AGNs, but have even higher Eddington parameters
and D parameters. This is because the mid-IR colors are much more sensitive to star
formation in host galaxy than optical emission lines, i.e. [O11]/HS and [N11]/Ha ratios.
Only strongly accreting black hole with the highest Eddington parameters are selected by
IR color-based techniques.

2.5.4 Optically-unidentified IR color selected AGNs

Though the IR AGNs are found to be similar to strong optical AGNs, there is a small
fraction of objects not identified as AGNs from their optical emission lines. This holds for
both IR selection methods. In total there are 96 (14.7%) IR AGNs that are not classified
as AGN in the optical. We call them “IR-only” AGNs for short.

In general there are two cases that optical identification will fail. Omne is that they
are mis-classified as star forming galaxies, due to the host contamination. The second
possibility is that at least one of the four key emission lines used in BPT classification is
not detected.

We find about 20% of IR-only AGNs are optically identified as star forming galaxies
(hereafter we call them SF-IR-only AGNs). Most of them (15 out of 19 sources) are rela-
tively metal rich (log([N11|/Ha) > —0.6) and are located close to the star formation/AGN
separation line. Since this separation line is not physical, they might host AGNs despite
the high host contribution to emission lines. There are also 4-metal poor SF-IR-only AGNs
(log([N11]/Her) < —0.6) that fall on the left side of the BPT diagram. Metal-poor AGNs
are rare and occur in less massive galaxies [I02]. Three of them have [3.4] — [4.6] and
[12] — [22] consistent with normal galaxies, so it is difficult to judge whether these galaxies
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Figure 2.14: The number distributions of IR, AGNs (red), strong optical AGNs (green) and
weak optical AGNs (blue) over AGN/host properties. The properties shown here are [O111]
luminosity, Eddington parameter, 4000 A break and D(BPT). D(BPT) is the distance to
the K03 line [129] on the BPT diagram. “Pure” AGNs have the largest D(BPT) values.
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are true AGNs or not. However, interestingly, the left one object has [3.4] —[4.6] = 1.1 and
[12] — [22] = 7.2. It is clearly an AGN-dominated object with relatively low stellar mass
M, ~ 10%% M,

The majority of our IR-only AGNs (77 objects, 80% of the population), are optically
unidentified, just because one or more emission lines are not detected. In most cases, it
is the HA line measurement that has low SNR. We find they are consistent with Seyfert
galaxies by estimating the lower limit on their [O111]/HS ratio. In conclusion, as far as
we can tell, the IR AGNs without optical classification do not constitute a special class of
object.

2.6 Discussion

In this chapter, we have matched a large sample of SDSS galaxies at redshift 0.02 < z <
0.21 with mid-IR photometry from WISE. The aim of this study is to investigate the host
galaxy properties of AGNs by using the mid-IR luminosity as our AGN activity indicator,
and compare the results with previous studies using [O111] line luminosities.

As an AGN activity indicator, [O111] line luminosity has an advantage that it is relatively
insensitive to contamination by young stars. In HII regions the [O111] luminosity is known
to be weak. However, the ionized gas which is emitting [O111] line is located at distances
of hundreds parsecs from the galaxy center. The [O111] luminosity is an indirect indicator
of current accretion onto the central black hole. In contrast, from recent high-resolution
mid-IR observations it is indicated that the scale of the “torus” around the black hole is
no more than a few parsecs [124, 245| 21), [44] 246], 138, 137, 136, 114]. It provides a better
probe to ongoing accretion on much smaller scales. However, a large fraction of the total
mid-IR emission in the galaxies are from stars. At around 3 um the emission from stars
older than 1 Gyr dominates. At longer wavelength, the emission from dusty interstellar
medium is important.

We use the 4000 A break strength, from SDSS spectra, as the main indicator of the
stellar age, i.e. the average star formation in past a few Gyr. We first systematically study
the WISFE colors of AGN hosts as a function of both stellar age and optical “Eddington
parameter” (L[O111]/Mpp). We find that the [3.4] —[4.6] color has the weakest dependence
on D, (4000), but strong dependence on L[O111]/Mpy. We use a “pair-matching” technique
[128] to statistically subtract the 4.6 um stellar emission contributed by the host galaxies,
by searching for non-AGN galaxies with similar redshifts, stellar masses, sizes and 4000 A
break strengths as the AGN host galaxies. We use these corrected 4.6 ym luminosities to
probe the strength of the central torus emission for the AGN in our sample. We show that
intrinsic 4.6 um AGN luminosities can be recovered for most Seyferts, but only statistically
for LINERs.

By combining the Seyfert galaxies with a sample of SDSS quasars at z < 0.7, we find
the linear correlation between [O111] and 4.6 gm luminosities expands for 4 orders of mag-
nitude in luminosity. However, there is an offset between Seyferts and quasars, as well as
substantial scatter, in this relation, probably due to intrinsic torus obscuration which is not
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accounted in this study and the uncertainty of the host subtraction processes. In order to
gain further insight, we perform a systematic comparison of the AGN host galaxy proper-
ties if the nuclear luminosity is presented by 4.6 ym luminosity instead of [O111] luminosity.
We quantify the change using the partition function of the total integrated IR/[O111] line
luminosity from type 2 AGNs as a function of a variety of host galaxy properties, including
stellar mass, structural properties, stellar population ages and interstellar medium dust
content.

We find identical distributions of total 4.6 um and [O111] line luminosity for Seyfert
galaxies and IR-bright LINERs, in strong support of the standard unification model [147].
We also note that if we divide our sample by optical Eddington parameter or 4.6 um
luminosity scaled by black hole mass and if we repeat the comparisons using the 25% of
the emission coming from the IR and optical sources with the highest accretion rates, host
galaxy properties are also identical.

Finally, we note that we searched the entire SDSS spectroscopic catalogue for AGN
that could only be identified as such using WISE photometry. We found a total of 96
such systems. A detailed analysis revealed that there was nothing special about these
objects: in most of them, the S/N in the Hf line was simply too low to allow a reliable
BPT classification. One might be tempted to conclude, therefore, that no differences exist
between the optical and IR “views” of low redshift AGN.



Chapter 3

AGNs and Galaxy Interactions

3.1 Introduction

In Chapter [2| we have discussed the AGN torus emission and the AGN host properties in
IR view. The result implies a close link between the host star formation and the existence
of torus. However, one may ask what is causing this close connection. Just as mentioned
in Section [[.2.2] it is commonly believed that the cold gas is the major source to feed
both the star formation and the central supermassive BH growth [129] 110, 126, 181]. It is
probable that the gas supply and feeding mechanisms are the key factors to regulate both
processes.

There are several mechanisms, internal and external, to transport the cold gas from
outskirt, where the baryon material is not dense enough to collapse and form stars, to
inner region of the galaxy (see also Section [1.2.3)). Galaxy mergers and interactions are
well known as one of the most important external factors to cause the gas inflow, which
can enhance the star formation in galaxies, observationally [262] 261, [75, 149, 139] and
theoretically [I80, 230, 65]. This naturally leads to a hypothesis that there is a tight
connection between AGN activity and galaxy-galaxy interactions [5] [74} 153, 51]. However,
many previous studies show results against this hypothesis [75] 06, 62, 224, 140, 32]. Some
of the discrepancies could be attributed to the differences of sample sizes, methods used
to define merger/interaction, evolutional effect at different redshift, etc. The definition of
AGN activity may also be important in this kind of studies.

Based on the knowledge that there is strong correlation between star formation and the
strength of clustering, C. Li et al. show that at similar host star formation level, AGNs
with higher accretion rate do not require additional interaction strengths [I50]. This means
although the galaxy-galaxy interactions accelerate the host star formation, the nuclear
activity is somehow not directly enhanced. If the probed AGN activity is purely supported
by the cold gas accretion, then their result suggests that the galaxy-galaxy interactions
can feed the gas to host galaxy but do not drive the gas from the kiloparsec scale to parsec
scale. Some other mechanisms may contribute to this gas inflow [77, [158].

C. Liet al. use narrow [O111] emission line as the AGN activity indicator [I10]. However,
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as mentioned in Chapter 2 the [O111] line luminosity is an indirect measurement of the
black hole accretion rate. In this chapter, we will use the IR emission as AGN activity
indicator, as we did in Chapter [2], to study the effect of galaxy clustering. Their study is
based on sample including both Seyfert galaxies and LINERs. But we have already shown
that the IR nuclear emission of LINERs are not well recovered. It is also suggested that
local AGNs hosted by old passive galaxies, which are consistent with general properties of
the LINER population, are fed by stellar wind of evolved stars [126]. If this is the case,
then the triggering of LINERs are not necessarily connected with interactions. Including
LINERs into this study may dilute the merging signal. Also there are debates on whether
the LINERs are true AGNs or not [47, 266]. Hence, in this study we will focus only on
Seyfert galaxies.

3.2 Data and Results

In this chapter, the database is identical to that we use in Chapter [2] i.e. the galaxies with
SDSS spectra within r-band magnitude range of 14.5 < r < 17.6, stellar mass range of
1098 My, < M, < 10"¥ M, and redshift range of 0.02 < z < 0.21. The optical classifica-
tions, the star formation and extinction correction to AGN [O111] luminosity is performed
in exactly the same way. The IR AGN luminosities are again, obtained by subtracting
host contribution from the observed luminosities, in each of the WISE bands. In later text
of this chapter, the IR luminosities refer to the AGN component unless specifically noted.
The only difference is that in this chapter, we do not use the redshift limits for each stellar
mass bin, so that the parent galaxy sample is no longer "stellar mass complete” sample.
By doing this we gain a much larger parent sample SO: in total there are 18727 Seyferts
in SO.

We calculate the averaged number of close neighbors of AGNs using the method de-
scribed by Li et al. [I51]. We count the number of galaxies in the SDSS photometric sample
with a given r-band magnitude limit, within a given value of projected radius R,. We esti-
mate the background due to chance projection by calculating the counts around randomly
placed galaxies within the SDSS coverage. The error is estimated by bootstrapping within
the sample.

Figure 3.1 shows the background-subtracted averaged number of close neighbors within
certain projected radius for different subsamples of Seyferts and with different limiting
magnitudes. In top, middle and bottom panels, the magnitude limits of the photomet-
ric sample, which is used to counting the neighbors, are 20.0, 19.0 and 18.0, respectively.
From bottom to top, fainter magnitude limits means more and more fainter neighbors
are included in the counting analysis. In left, middle and right panels, the Seyfert galax-
ies are split into 2 subsamples, binned by different L[O111)/Mgn, Li6umacn/Mpn and
Loy ym,acn/Mpw, respectively. In each individual panel, the 2 subsamples are matched
at redshift, stellar mass, concentration and 4000 A break. The matching box is small:
Az < 0.01; A(log(M,)) < 0.1; A(Rgo/Rs0) < 0.2 and AD,(4000) < 0.05. So we make sure
that they are compared at similar redshift, with similar Hubble type and at the same level
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Figure 3.1: The average number of neighbors within a given value of projected radius.
Top, middle and bottom panels are for different magnitude limits of the SDSS photometric
sample used for neighbor counting. Left, middle and right panels are Seyferts binned
by different L[O111]/Mpn, L6 umacn/Mpr and Lo um acn/Mpn, respectively. The results
from different bins are displayed in different colors, as shown in the legend.



46 3. AGNs and Galaxy Interactions

of star formation activity.

From left panels, we can see that the AGN activities indicated by [O111] line emission
have no dependence on the existence of neighbor galaxies, consistent with the results
shown by Li et al. [I50]. At large scale > 100 kpc, this is still true if we compare the
AGNs with different Ly m aon/Mpr or Lo umacn/Mpu. However, at small scale of 10
to 100 kpc, there is neighbor counts excess for AGNs with higher Ly ,m aon/Mpn and
L3 ym acN/Mpr. The excess signal seems strong at the high magnitude limit » = 18.0 and
r = 19.0, and becomes weaker at r = 20.0. It may imply the signal is mainly contributed
by the brightest neighbors. We find consistent results for AGN subsamples divided by
different Ly 6 m, acn/L[O111] and Log um acn/L[O111] either (see Figure .

The scatter of the [O111]IR relation is expected to be (at least partly) contributed by the
absorption (see also Section . This may cause complex interpretation to the observed
connection between IR emission and neighbor count excess. However, as we have already
shown that at 22 ym the intrinsic obscuration is no longer important in Figure the
detection of neighbor excess at both 4.6 yum and 22 um suggests result is unlikely affected
by the obscuration. A further test of obscuration against neighbor counts excess confirms

this (see Figure [3.2)).

3.3 Discussion

In this chapter, we have used the neighbor counts technique to study the relation between of
AGN activities and the galaxy interactions. The conclusion is rather clear and simple: for
local Seyfert 2 galaxies, the IR-bright AGNs are connected with galaxy-galaxy interactions.
AGNs with higher IR luminosities or IR-to-optical ratios are more likely to be surrounded
by companion galaxies within the projected distance of 100 kpc. As we will show later in
Chapter [ the local Seyfert 2 galaxies are probably affected by “merger-like” mechanism.

As mentioned in Chapter [I} it is known that the powerful AGNs are linked with star
formation and the link is stronger at smaller scales. On the other hand, the star formation
is known to be enhanced by galaxy interactions. So it seems plausible to find a connection
between AGN and galaxy interactions. However, this link was not well established, espe-
cially for local AGNs. In the 2008 work by C. Li et al., the attempt to find neighbor counts
excess for [O111] bright AGNs was somehow failed. In contrary, our result using mid-IR
luminosities suggests the IR emission can reveal the hidden link.

The contradictory results urge for better understanding the difference between AGN
[O111] and IR emission. The IR luminosity from the torus is reflecting the obscured part
of the total AGN radiation power, while the [O111] luminosity is actually indicator of the
unobscured part. The IR-to-optical ratio is a direct probe of the torus covering factor,
which is a global physical quantity directly related to the thickness of the torus. In a recent
theoretical paper, P. Hopkins et al. suggest that the torus could form during the cold gas
inflow, and the large thickness of torus could be caused by inflow-induced instabilities,
like warps [I18]. This model clearly links the torus covering factor to the cold gas inflow,
which will be enhanced by galaxy interactions. The IR-neighbors connection implies that
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Figure 3.2: Same as Figure but with photometric sample magnitude limit of » < 19.0
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the galaxy interactions are responsible to transport the cold gas into the region where the
dusty torus resides (usually the central ~ 100 parsecs).

This thicken torus may effectively reduce the luminosity and hence also the visibility of
[O111] narrow line. It is possible that there is a time delay between the galaxy interaction
and the unobscured nuclear emission to be revealed, simply due to this obscuration, as C. Li
et al. suggested in their 2008 paper. When the interaction occurs, the host star formation,
the torus formation and the AGN activity will be triggered. The inflow-induced torus
thickening will cause significant IR emission while the [O111] emission will be relatively
suppressed due to increased covering factor, similar to the case of ULIRGs. At later stage,
the constant heating of torus by the radiation from accretion disk will gradually destroy
the dusty torus. The torus will becomes thinner if the interaction stops and there is no
longer further sufficient gas inflow to maintain the thick structure. This time delay will
cause the missing link between [O111] and neighbor counts excess, while the link to IR
emission will be largely unaffected by the obscuration. However, we have already known
that the host galaxies of IR and optical AGNs have the same stellar mass and black hole
mass distribution (see Section [2.4.2)). If this kind of delay exists, the time scale must be
very short comparing to the whole AGN duration, so that the stellar mass or black mass
accumulated in this period is negligible. This naturally requires such kind of “obscured”
objects to be very rare, like local ULIRGs. In fact, we note that in practice the neighbor
counts excess is indeed contributed by a very small fraction of objects.

The missing link between [O111] and companion galaxies may also because the external
gas driving power does not work on small scales (i.e. from torus to accretion disk). This
discontinuity could be explained by a simple model of self-regulated black hole growth
on small scale. The accretion driven by the inward gravitational torque is balanced by
the outward feedback. Omn small scale, the radiation pressure is relatively high. This
regulation may be so strong that the accretion rate of the black hole will be mainly decided
by the microphysics of the accretion disk, when the gas supply is sufficient. The driving
mechanism is rather internal instead of external. However, the feedback may not dominate
on the scale of torus structure, as the numerical model suggests [I1§]. On larger scale,
it can be expected that the feedback impact becomes weaker. The formation of torus is
probably more depending on the external factors, like galaxy interactions. If this is the
case, one may expect that the link between interaction and star formation is stronger than
that between interaction and AGN. Roughly, the neighbor counts excess from IR bright
AGNs is weaker than that from typical starburst galaxies [I51], consistent with this picture.

Further detailed studies on small scales are necessary to make a clear picture of the link
between galaxy interactions and AGN activity. Disentangling the effect of star formation
and AGN activity on the galaxy interactions may be essential in this kind of studies.



Chapter 4

AGN Activity and Star Formation at
High Redshift

4.1 Introduction

As mentioned in previous chapters, various evidences have shown that there is a close
connection between AGN activity and host evolution [142, 85, ©2], 244 [166) 104]. The
similarity of the overall cosmic star formation history and the black hole accretion density as
a function of redshift is also an implication of this kind of connection [159], 160, 109} 152], 37].
Both the brightest quasars and the strongest star forming galaxies are peaking at similar
redshift [108]. However, these are indirect evidences. A direct way to verify the existence
of this connection is to simultaneously measure the AGN accretion rate and the host/bulge
star formation rate individually or by averaging over a well defined AGN population. Since
the accumulation of mass is an integration along the cosmic time, and it seems that the
active galaxies at different epochs are not the same populations [251] [109], it is necessary
to build up the relation not only in present z = 0 Universe but also at higher redshifts.

There are already many previous studies trying to establish a clear picture of the
AGN-host co-evolution. In local Universe, a tight correlation between AGN activity and
host/bulge star formation is found for luminous Seyfert galaxies [182]. From the result
of Chapter [3] it seems the galaxy interaction induced gas inflow is indeed responsible for
regulating the black hole accretion, hence linking up the host star formation with nuclear
activity by common external trigger. However, at higher redshift, such kind of study is
limited by observational difficulties. Both the identification of AGN and the measurement
of host star formation rate are more complicated than that at low redshift. Although the
X-ray identification can help to acquire well defined AGN samples [17], and the host star
formation rates can be well estimated from far-IR/sub-mm observations where the AGN
contamination is minimized [192] 163], 156], the form of the AGN-host connection is not
well constrained due to poor statistics and the strong redshift-luminosity degeneracy in
any given AGN sample.

In this chapter, I will describe how we directly estimate the black hole accretion rates
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and the star formation rates with some of the most powerful telescopes to date. We
establish the relation between AGN activity and host galaxy formation and investigate the
evolution of this relation from low to high redshifts.

4.2 Data

We start from AGN samples extracted from high energy maps. X-ray/soft v-ray photome-
try is considered as the least biased way to select AGNs [3]. All-sky hard X-ray/soft v-ray
survey, carried by Swift BAT [55] 57, 249] 56, 58, 20], detects hundreds of AGNs in local
Universe, which are not biased by obscuration. On the other hand, at higher redshifts,
deep X-ray survey performed by Chandra provides unique opportunity to detect both un-
obscured and moderately obscured AGNs in a uniform way. GOODS [68] regions are two
sky regions, one in north hemisphere (GOODS-N) while the other in south hemisphere
(GOODS-S), with extremely deep X-ray observation coverage [40], 208, 2, [155], 265] as well
as intensive multi-wavelength coverage.

The far-IR blackbody radiation is a good star formation indicator. In principle, to
get a reliable star formation rate, one needs to integrate all the IR radiation to get a
total IR luminosity. We notice, however, a measurement around the peak of the SED,
i.e. vL,(60pum) is a good approximation. Also the AGN contamination to 60 um seems
negligible [182]. So either in local Universe or at high redshift, we use rest-frame 60 pm
luminosity as the star formation rate indicator. This of course leads to some uncertainties.
I will discuss this later.

4.2.1 Local AGNs

We make our local AGN sample based on 39 months version of the Palermo Swift BAT Hard
X-ray Catalog [55]. We adopt the identification of the published catalog to remove Galactic
objects and non-nuclear hard X-ray sources from the catalog. All the other extragalactic
objects are considered as AGNs. Among these AGNs, we exclude radio loud objects by
checking their radio counterparts and the SED shape. This is because in case of radio
loud, non-thermal, e.g. synchrotron, radiation may contaminate the 60 um band. We also
exclude the objects at low galactic latitude |b| < 15, because the IR emission from the Milky
Way itself is very strong, which will, in practice, affect the 60 ym flux measurement of the
extragalactic source. We limit the analysis at redshift z < 0.3, because at higher redshift,
the measured 60 um flux is no longer a probe to rest-frame far-IR emission. We measure
the AGN accretion rate by estimating the intrinsic rest-frame 2-10 keV luminosities, which
are extrapolated from the observed BAT luminosities, assuming an intrinsic AGN photon
index of 1.8.

The 60 um fluxes are obtained by matching the objects with the IRAS Faint Source
Catalog [173]. The fluxes of unmatched objects, i.e. non-detections, are measured by fitting
model profiles at the optical position of the source. This procedure is done by using online
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web toolkit Scanpi] The resulting values may be negative due to noise. Hence we stack a
large number of objects, detections and non-detections together, to get the estimation of
average 60 ym luminosities.

4.2.2 AGNs at High Redshift

At higher redshift, Swift BAT is no longer suitable for searching AGNs. The detection
rate is too low at redshift ~1 for such shallow survey. Instead we use deep X-ray survey
in GOODS-N, which is included in the Chandra Deep Field North (CDFN). The CDFN
2Ms Chandra X-ray catalog [2] provides 503 X-ray sources at sensitivity level of ~2.5 x
107 ergem 257!, 328 of them are located within the Herschel PACS image coverage,
which will be used to measure rest-frame 60 um luminosities. At this sensitivity level, the
X-ray detections may include a large number of star forming galaxies. In order to remove
these objects, we use an updated version of the criterion suggested by F. Bauer et al. [17]
to separate star formation dominated objects from AGNs, based on the X-ray luminosity,
obscuring gas column density or X-ray hardness ratio, optical spectroscopic classifications
and X-ray-to-optical flux ratio. There are totally 224 X-ray selected AGNs in the final
sample. Different from local Universe where usually the redshift is available by matching to
a nearby NGC galaxy, at higher redshift it is more difficult to get spectroscopic redshifts for
a large number of galaxies. Thanks to intensive follow-up observation coverage, 57% of our
X-ray AGNs have spectroscopic redshifts (spec-z) [15]. For the other objects, the redshifts
are estimated by F. Bauer, using photometric data (phot-z) based on the method suggested
by A. Barger et al. [13] (see Figure[£.1). F. Bauer also kindly provides the intrinsic X-ray
luminosities Ly 19xey and the obscuring column density Ny by performing model fitting
to the X-ray spectra. The model is an intrinsic simple power-law spectrum absorbed by
neutral gas with variable column density at the redshift of the object, as well as absorbed
by Galactic neutral gas at redshift 0 with fixed column density of 1.6 x 10?*° cm™2. The
photon index is allowed to vary for objects above 150 net counts in the 0.5-8 keV band, and
is fixed to 1.85 for objects below 150 net counts. This is because the degeneracy between
photon index and column density to the X-ray spectrum is not easy to break when the
photon counts are too low.

The rest-frame 60 pm fluxes are estimated by using Herschel PACS (see Section
image. We use the v2.2 100 and 160 gm images of GOODS-N field 28], corresponding to the
rest-frame 60 ym at redshift ~1. We match the X-ray AGNs to the PACS catalog, which
is extracted based on the Spitzer IRAC/MIPS 24 um detections as priors [161], 28 [162], to
a 30 depth of ~3.0mJy at 100 yum and ~5.7 mJy at 160 um, respectively. In cases that the
Chandra sources are not detected at 24 ym we compare them to a blind catalog extracted
from the PACS images without position priors [28], to make sure that we do not miss any
PACS detections simply due to the lack of 24 um detection. Only 21% of the X-ray AGNs
are detected by PACS. For the non-detections, we stack the PACS residual map, which
is obtained by subtracting the detected PACS sources from the original PACS map, on

Thttp://scanpi.ipac.caltech.edu:9000/applications /Scanpi/index.html
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Figure 4.1: Redshift distribution of the 224 GOODS-N X-ray AGNs in the region with
good PACS coverage. 46 of them are individually detected in at least one of the PACS
bands.

the position of X-ray AGNs, with the stacking library developed by M. Bethermin et al.
[30]. Since the K-correction is strong for PACS fluxes in the redshift range of 0 < z < 3,
for each stack we restrict the stacked objects in a relatively narrow redshift bin with
Az/(142)<04(02<2<08,08<z<14and14< z<25). In order to minimize
the necessary assumption, we compute the rest-frame 60 ygm luminosities simply using the
detection wavelength closer to rest-frame 60 pm or log-linearly interpolating for detections
in both PACS bands at 0.67 < z < 1.67. We drop the objects at very high redshifts
(z > 2.5) where the PACS bands are no longer able to measure the far-IR emission related
with star formation.

4.3 Results

4.3.1 Far-IR Luminosity as a Function of Redshift

Our high redshift sample is built up in a way that both the AGN selection and the star
formation rate estimation are done uniformly at any redshifts. It covers a large redshift
range, allowing a study of star formation in AGN hosts at different cosmic time. Figure
[4.2] shows that the rest-frame 60 gm luminosities in AGN hosts increase with redshift. The
increase for PACS detections can be interpreted as a selection effect that only brighter
objects are observed at higher redshift. However, as we also see the increase in the stacked
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Figure 4.2: Rest-frame 60 ym luminosities of GOODS-N X-ray AGNs as a function of

redshift. The black stars are individually PACS detected objects.

The blue symbols

are the stacked non-detections. The red symbols are the average of detections and non-

detections. The uncertainty is derived by bootstrapping within the sample bin.

The

number of detections and total number of objects in each bin is indicated. The bottom-
right inserted image shows the stack for the individually undetected objects in redshift bin

0.8 < z<14.
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Figure 4.3: Two examples of optical to far-IR SEDs of z ~ 1.2 AGNs. ID 390 [2] is
dominated by AGN continuum over the whole spectral range, while ID 266 is an obscured
AGN dominated by an optical /near-IR stellar bump and a far-IR peak.

non-detections, and in the combined sample of all detections and non-detections, it is
unlikely that the trend is simply driven by the far-IR flux limit. Here we note that although
the non-detections are not detected individually, the stacks usually show detectable signal
in the center (see the inserted stack image on the bottom-right corner of Figure as an
example). The photometric error is negligible comparing to the variation in the underlying
population, hence the uncertainty of the average value is estimated by bootstrapping within
the specific sample.

The mean fluxes for the detected sources and stacked mean values differ by around
an order of magnitude, in any of the redshift bins. This large difference implies a wide
intrinsic distribution of the far-IR luminosities of AGN hosts. If we assume the far-IR
luminosities follow a log-normal distribution, then the ratio of detection mean value to the
stacked non-detection mean value, as well as the ~20% detection rate, is consistent with
an intrinsic dispersion of about 0.5 dex in each bin. Though the detailed distribution is
not well constrained, it is wide for sure. Hence the typical (median) flux must be lower by
a factor of ~2 for the log-normal distribution. This kind of variety can also be observed
in mid-IR as well as the mid- to far-IR SED shape (see Figure [4.3).

However, there is another possible degeneracy that the increase of host far-IR emission
with redshift is influenced by the increase of the AGN luminosity with redshift. This
is, somehow, inevitable because the AGN sample itself is an X-ray flux limited sample.
In order to break the degeneracy, we further bin the AGN sample into 3 x 4 grid bins,
by redshift (0.2 < z < 0.8, 0.8 < z < 14 and 1.4 < z < 2.5) and by intrinsic X-
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Z Ly 1okev  Naet/N Detected Stack All

ergs ! vL,(60 ym rest) 10*ergs™!
0.2-0.8 all 12/35 3.3 032 1.33+0.31
0.8-1.4 all 22/83 11.3 1.43  4.04£0.62
1.4-2.5 all 10/76 61.1 527 12.61£3.12
0.2-0.8 < 10% 4/16 1.9 0.09 0.55%0.23
0.8-1.4 < 10% 1/9 6.9 140 2.01+0.91
1425 <102  0/1 3.92
0208 1028  2/12 44 060 1.23£0.51
0.8-1.4 10%-% 7/37 123 1.56  3.60%+0.73
1.4-25 101243 6/18 63.4 4.35 24.04%8.45
0.2-0.8 104~ 6/7 3.8 191  3.54+0.89
0.8-1.4 10134 13/32 10.5 1.61  5.2241.11
1.4-25 10134 3/51 69.3 530  9.06£2.80
0208 >10%  0/0
0814 >10% 1/5 18.2 232  5.50%3.56
1.4-25 > 10% 1/6 22.2 858 10.85£4.77

Vi Ny Naet/N  Detected  Stack All

cm ™2 vL, (60 um rest) 10™ergs™!
0.8-1.4 < 10% 2/10 13.7  1.12  4.15+1.25
0.8-1.4 10?272 6/25 11.6 1.47  3.89+0.91
0.8-1.4 10%~2  10/28 9.6 1.76  4.5740.89
0.8-1.4 > 10* 0/5 1.67  1.67£0.88

Table 4.1: Average far-IR luminosities of different AGN subsamples. The far-IR luminosi-
ties are given separately for the individual > 30 detections, the stack of the non-detections,
and the number-weighted average for all sources. Errors for luminosities are standard de-
viations from bootstrapping and are dominated by the dispersion of the AGN population
rather than measurement error.
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Figure 4.4: Left panel: far-IR luminosity as a function of redshift, for different bins in
intrinsic rest frame 2-10keV X-ray luminosity. The errors are based on bootstrapping
within the specific sample. Right panel: far-IR luminosity as a function of intrinsic hard
X-ray luminosity, for different redshift bins.
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Figure 4.5: Far-IR luminosity as a function of X-ray column density for AGNs at redshift
0.8 < z < 1.4. Low obscuration objects are placed at 2 x 10?° cm~2. Symbols are the same

as Figure [1.2]

1 1

ray luminosity Lo 1orev (L2 10kev < 10%2ergs™, 10%ergs™ < Lo jgrev < 10%ergs™,
108ergs™ < Ly jprev < 10%ergs™ and Lo jgxey > 10% ergs™). Table shows host
far-IR luminosities for these bins. In the following discussions we discard the bins with
less than 5 objects and correspondingly large errors. In Figure [4.4 we display the stacking
results of the grid subsamples in two different ways. In the left panel, we show that the
increase of the host far-IR luminosity with redshift is preserved when considering AGN
luminosity bins separately. In any specific X-ray luminosity bin, the increase of average
IR luminosity with redshift is statistically significant, especially in low X-ray luminosity
bins. For example, if focusing on the AGNs with 102 ergs™ < Lo jorev < 103 ergs™,
there is no overlap in the 99% confidence intervals of far-IR luminosity when comparing
the 0.2 < 2 < 0.8 and 1.4 < z < 2.5 bins (< 2.8 x 10" ergs™ and > 6.1 x 10" ergs™!). On
the contrary, although the X-ray luminosity is strongly correlated with far-IR luminosity
at low redshift 0.2 < z < 0.8, the increase trend flattens at intermediate redshift and
disappears in the highest redshift 1.4 < z < 2.5 bin.

4.3.2 Far-IR Luminosity as a Function of X-ray Obscuration

In the X-ray luminosity range covered by our sample, there is no significant trend of far-IR
luminosity with X-ray column density, as shown in Figure [4.5 This is also valid when
considering detections and non-detections separately. We note that the analysis is limited
by the statistics at very high column density Ny > 10%*cm~2 (totally 5 objects without
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Figure 4.6: The host star formation rate against AGN luminosity. The red, green and blue
solid squares are the results from Chandra-PACS AGN sample in the GOODS-N field for
different redshifts. The magenta empty diamonds are BAT-IRAS AGN sample for local
AGNs with z < 0.3. The dotted lines are not fitting to the data but rather to show how we
interpret the data. The cyan dashed line shows the correlation in high luminosity regime,
with the slope taken from local Seyferts result.

PACS detections). It may be due to the intrinsically rarity of such kind of objects or the
limitation of 2-10keV X-ray surveys that highly obscured objects are still missing from
deep X-ray survey.

4.4 Discussion

Given the excellent sensitivity of Herschel PACS to the rest-frame far-IR emission in the
hosts of X-ray selected AGN at redshift of 0.2 < z < 2.5, we successfully establish the
relation between AGN X-ray luminosity and host far-IR luminosity at various redshifts, by
breaking up the strong degeneracy between redshift and luminosity which strongly affects
the previous submm-based studies of AGN host star formation [83, 218, 14} 192] 258, 163,
156]. We make the minimal assumption to the IR SED shape to estimate the star formation
rate by taking the rest-frame 60 ym luminosity as a direct indicator.

A variety of studies have already established a local correlation between AGN luminosity
and star forming luminosity, in the luminosity regime of bright Seyferts and quasars [209]
182] [I8T]. The high redshift quasars extend this relation to higher luminosities [217, 157].
We overplot our results on the AGN versus star formation plane as in Figure 4.6, By
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combining with local (z < 0.3) Swift BAT sample (magenta diamonds), we are able to cover
a larger redshift range and better understand the star formation-AGN relation for AGNs
with X-ray luminosity of 102 ergs™ < Lo 1orev < 10% ergs™!. We also convert the X-ray
luminosity into AGN bolometric luminosity Lagn with empirical bolometric calibrations.
The Ly 1gxev is first converted into monochromatic luminosity of AGN continuum at 5100 A
L5100 [164], and then scaled up by a bolometric correction factor of ~7.

In high luminosity regime, our data follow the Seyfert-quasar track (the blue dashed
line, the log-linear relation obtained by H. Netzer [I81]) very well. This suggests bright
AGNs are connected with host star formation by some common mechanism, probably
galaxy-galaxy merger/interactions [I19], as implied in Chapter [3] However, for low lu-
minosity AGNs, their host star formation rates seem to deviate from that correlation.
The independence between host star formation rate and AGN luminosity implies a secular
evolution path, that the host stellar mass growth is not coupled with supermassive black
hole activity at a spatial scale of the whole galaxy, though they may still correlated with
each other at smaller scale. The dotted lines in Figure [4.6| are combination of a redshift
independent log-linear correlation component and a redshift dependent constant compo-
nent. They are not real fitting but guide lines to the data, showing how the results are
explained. The constant component at redshift 0 is at a level of ~4 x 10*3 ergs™!. The
constant value scales up by a factor of ~3, ~7.5, ~20, at redshift ~0.5, ~1 and ~2, re-
spectively. Although the accurate values are not well constrained only by our data with
current statistics, the trend is consistent with a study of star formation rate of normal star
forming galaxies, parametrized as a function of stellar mass and redshift by N. Bouché et al.
[35]. This elevated “constant” star formation is also consistent with the increase of typical
star formation rate of normal massive galaxies with redshift [186] 72, 61]. As a natural
consequence, the AGN luminosity of the upturn point increases with redshift. At redshift
0, the host star formation is already coupled with nuclear activity for moderately luminous
(10* ergs™') AGNs, while at redshift ~2 only the brightest AGNs with luminosity higher
than 10% ergs—! are affected. On the other hand, the increase of host star formation rate
with redshift can only be observed in low AGN luminosity regime. In a study based on
Spitzer 70 pm data, J.R. Mullaney et al. [175] find that the far-IR to X-ray ratio increases
with redshift for AGNs with Ly = 10*2-10%® erg s~! while the ratio remains unchanged at
higher AGN luminosity. This is consistent with our work and easy to understand by using
the two-path interpretation presented here.

The existence of such horizontal branch seems inconsistent with the tight correlation
between black hole mass and host bulge mass [166, [107]. However, it could be explained
by a time delay between the host star formation and AGN activity. They occur at very
different spatial scales and the time for gas travelling from galaxy outer region to the
central black hole may be as long as ~100 Myr, comparable to the lifetime of AGN activity
[168, 121]. The increase of the “constant” star formation rate may be simply due to the
increase of typical galaxy gas fraction with redshift [94] [86, 60, 237, [91), 50, 238 18] and
increased gas disturbance which can drives the cold gas inward [86] [76], 54, 237]. It also
worths to mention again that the black hole accretion itself may also have two different
modes [126], roughly corresponding to low and high luminosity AGNs here, though this is
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originally expressed in term of Eddington ratio. Many low luminosity AGNs are found to
be fed by the hot gas from stellar mass loss of evolved stars due to lack of feeding cold gas.
Their AGN activity is not necessarily correlated with host star formation which occurs at
much larger scale.

Previous similar study based on SDSS AGN sample fails to find such horizontal branch
[181]. In order to get further insights about this problem we make directly comparison
between the results from the X-ray selected AGN sample and the SDSS optical AGN
sample in Figure [4.71 The bolometric correction of [O111] luminosities is ~500, calibrated
using SDSS quasars with good measurement of [O111] line and the Balmer decrement. The
star formation rate within fiber is estimated with 4000 A break and the stellar mass of
the host galaxy [41]. Then a fiber correction is applied to obtain the total star formation
rateﬂ which is comparable to the results shown in Figure . The star formation 60 ym
luminosities, are then calculated from the empirical Lig—SFR relation [52] [116].

From the grey contour, it seems that the correlation between AGN luminosity and
star formation rate is significant over the whole luminosity range, and the optical AGNs
deviate from the X-ray results. However, the deviation only occurs in the low luminosity
regime, and it is known that at low luminosity the optical classifications will miss AGNs
due to host star formation contamination in the fiber aperture with fixed angular size. As
mentioned in Section the weak optical AGNs (black dots) are strongly biased while the
strong optical AGNs (the red dots) are scarcely affected. Interestingly, the deviation starts
to occur at the boundary luminosity L[O111] ~ 107 L, implying that the inconsistency is
probably due to the selection effect in optical sample. And indeed, for strong optical AGNs,
the optical result follows the similar trend as the X-ray one. The gradually flattening of the
AGN-SF relation with decreasing AGN luminosity is observed in strong optical AGNs too,
by using our stellar mass complete sample. The strong/weak AGN separation interrupts
this trend at Lagy ~ 10 ergs™!. This probably explains why the horizontal branch is
not revealed in previous optical studies: SDSS optical AGN classification is only complete
at (L[OT1] 2 107 Lo, i.e. Lagy = 3 x 108 ergs™), but at this AGN luminosity level the
horizontal component is no longer dominant. However, we must emphasize, with current
SDSS analysis, it is not possible to make strong constrain to the horizontal branch.

The star formation rate offset between X-ray and optical results (magenta dotted curve
and green dashed curve) is not quantitatively determined. First, both curves are not real
fitting to the data. Second, the horizontal branch is not well constrained with SDSS strong
AGNs. Third, the different redshift ranges of the X-ray and optical samples (z < 0.3
versus 0.02 < z < 0.21) may cause some intrinsic offset. Hence we are not able to directly
compare the star formation rates of X-ray AGNs with that of optical AGNs. But we
note that in the same SDSS stellar mass complete sample, the strong AGNs clearly have
higher host star formation rates than the field galaxies, even at L[O11] ~ 107 Ly, where
the proposed horizontal branch starts to dominate. That probably implies the cold gas
supply is important to trigger AGNs, no matter which evolution mode the hosts are in.
This also implies that the star formation level of the proposed horizontal branch may not

2http:/ /www.mpa-garching. mpg.de/SDSS/DR7 /sfrs.html
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Figure 4.7: The host star formation rate against AGN luminosity for SDSS optical AGNs,
similar to Figure [£.6] The grey contour is the distribution of local AGNs in sample S1
(see also Section . The solid circles and open squares are volume-weighted mean and
median values of host star formation rates in each AGN luminosity bins. The black and
red data points are for weak (L[O111] < 10" L) and strong AGNs (L[O111] > 107 L)
respectively. The magenta dotted line is identical to the one in Figure showing mean
star formation rates of the BAT-TRAS AGNs. The green dashed and dot-dashed lines are
slightly modified curves to show the trend of SDSS strong AGN sample, corresponding
to the mean and median values respectively. They are not quantitative fittings, but only
show our interpretation to the data. The blue dashed and dot-dashed lines are the mean
and median values of star formation rates of field galaxies, with redshift of 0.02 < z < 0.21
and stellar mass of 9.8 < log(M,/Mg) < 11.8.
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exactly the same as the star formation level of normal galaxies at any given redshift. And
it is especially important when comparing our result to other high redshift observations
because at high redshift usually it is impossible to observe red sequence galaxies.

Another interesting result is the lack of correlation between host star formation and X-
ray column density. In major merger-driven scenario, which invokes an evolution sequence
of starburst galaxy - obscured AGN - unobscured AGN [212] [119], the obscured AGNs
are expected to be hosted by starburst galaxies while the star formation in unobscured
AGN hosts is quenched by the strong feedback. There are evidences that high luminosity
quasars are consistent with this picture [192, 191, 234]. However, for our moderately
luminous AGNs, the merger scenario seems no longer valid. It is also consistent with our
interpretation that the majority of our GOODS-N AGNs are located on the horizontal
branch on the Lgp—Lagn diagram, i.e. their AGN activities are not coupled with host
star formation so that they are unlikely major merger driven objects. On the other hand,
the result is consistent with the AGN unification model prediction, that the observed
obscuration purely depends on the viewing angle: for an unbiased AGN sample, the host
star formation have no impact to the observed X-ray column density.

A limitation of this study is that the small ~11’ x 16’ field restricts the number of high
luminosity (Lo 10xev > 10% ergs™) AGNs. In a follow-up study with more HerschelPACS
observations in larger field COSMOS, Rosario et al. [207] find similar results as we do
here, except that the enhancement of star formation rate in luminous AGNs weakens or
disappears at high redshift (z > 1). This may imply that the coupling of AGN activity
and host star formation mainly happens in low redshift z < 1 and high luminosity regime
Lo 19rev > 1043 erg s—L.

Another caveat for this study is that the 2-10 keV survey may miss the Compton-thick
AGNs [97, 243]. Using harder X-ray bands can solve this problem. However, current hard
X-ray facilities are not capable to detect large sample of high redshift AGNs. Another
possible solution is to use other AGN identification methods capable to detect Compton-
thick objects, like IR selection [193| 170} 09]. Though, as we have shown in Chapter
the mid-IR color selections are not useful to discover low luminosity AGNs, it may help to
better understand the AGN-host connection for unbiased luminous AGNs at high redshift.



Chapter 5

Summary and Prospective

This thesis tries to build up the AGN-host connection, which is one of key issues to better
understand the galaxy formation, and hence the whole evolution picture of the observable
Universe. From Chapter [2] to [4] the study covers the AGNs from low to high redshifts,
giving a good census of their host galaxies in the period that both the AGN and the star
formation are the most active throughout the whole cosmic time.

In local Universe, the combination of optical and IR surveys, i.e. SDSS and WISE,
gives a sample of ~30000 optically selected AGNs with multi-band photometric and optical
spectral information. Besides the [O111] line luminosities commonly used in previous works,
mid-IR luminosities are also used to estimate the black hole accretion rate. Due to the
heavy host galaxy contamination in the mid-IR bands, the nuclear IR emission is obtained
in a statistical way. It is found that the mid-IR host component is mainly determined
by the host stellar mass and the star formation rate. To avoid AGN contamination to
the measurement of the star formation, D, (4000) is used instead of emission lines like
Ha. Then the host component in each AGN is estimated from normal galaxies with
similar host stellar masses and star formation rates. The resulting mid-IR luminosities
from torus are in good correlation with well studied [O111] luminosities for type 2 Seyfert
galaxies. This correlation is further expanded to a total range of 4 order of magnitude
by adding local SDSS quasars into the study. Using this new IR AGN activity indicator,
it is confirmed that a major fraction of the total AGN radiation output comes from the
galaxies with young stellar population (D, (4000) < 1.6) and intermediate concentrations
(Rgo/Rs0 = 2.2-3.0). This is consistent with previous studies, suggesting a tight AGN-
host star formation connection at z ~ 0. A direct comparison between the AGN luminosity
and the host star formation rate also supports the existence of the connection. The AGN
hosts tend to have higher average star formation rates than normal galaxies with the same
stellar masses. Unfortunately, due to strong selection bias in low AGN luminosity regime
(L[O11]< 107Lg,), the picture is not well clarified.

The [O111] and IR emissivity distributions are very similar for Seyfert galaxies, support-
ing the validity of the standard AGN unification model. The torus is a common feature,
and the Seyferts selected both in IR and optical are representative to the same AGN pop-
ulation. Another important AGN population, LINERs, are also investigated in the same
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way. A sub-population of IR-bright LINERs are consistent with Seyfert galaxies. However,
due to the relatively low IR nuclear emission detection rate, the result is inconclusive for
the whole LINER population.

This multi-wavelength approach is further applied to the study of AGN environments.
The key question, why the AGNs and host galaxies are connected, could be partly an-
swered by investigating the galaxy-galaxy interactions. The external driving of cold gas by
merger /interaction, is one of the acknowledged mechanisms to explain the strong coupling
of AGN activity and host star formation. It is found in a study of close companions that
the AGN IR emission is somehow related with interactions while the [O111] luminosities are
not. The interaction—obscured AGN-unobscured AGN sequence within the merger frame-
work can explain the results, though the timescale of the obscured stage must be very
short comparing to the whole AGN duration. It is also possible that the AGN feedback
is regulating the inner region of the accretion system, from torus to accretion disk. The
importance of the merger in the triggering of local AGNs is not clear yet. Further detailed
studies could be carried to solve this problem.

In addition to the optical /IR AGN sample, local hard X-ray survey provides a relatively
smaller AGN sample but in principle unbiased by intrinsic obscuration. Though without
detailed spectral information, using all sky far-IR surveys helps to determine the star
formation rates in these AGN host galaxies. It is shown that the host star formation rates
are well linked with AGN luminosities for high luminosity AGNs while the link disappears
for low luminosity AGNs. It is probably that there are two modes of AGN host evolution:
co-evolution branch where the host star formation and AGN activity are coupled, and
horizontal branch (secular evolution) where the host star formation is irrelevant to the
nuclear activity. For the former branch, some mechanisms must regulate the co-evolution:
e.g. common gas inflow processes, merger driven accretion, etc. For the latter one, it is
possible that there is a time lag between gas accretion onto the host galaxy and onto the
black hole. Unfortunately, the horizontal branch is not well constrained due to technical
limitations and low statistics. In spite of the flattening trend of Lgp—Lagn relation with
decreasing luminosity, the SDSS AGN sample also fails to give a solid conclusion for the
horizontal branch. The study of low luminosity AGNs in an unbiased way is a key to make
better insights of that.

The study of measuring AGN host star formation rate is extended into higher redshifts,
with deeper Chandra X-ray data and Herschel PACS images. Comparing with local AGNs,
the AGN host star formation rates are elevated, consistent with current high redshift
observations showing the increasing star formation level of normal galaxies with redshift.
And this seems to weaken the AGN-host connection at high redshift. The horizontal
branch (if exist) appears to dominate the whole AGN luminosity range in the study at
z ~ 2. Studies directly comparing the low and high redshift AGN host galaxies should be
aware of this potential bias.

There are still many open questions on the AGN-host co-evolution. For example, the
mechanism responsible for the AGN-host co-evolution is still not fully understood. The
mild interaction can cause the activities of moderately luminous AGNs, then how about
violent mergers? Is the minor merger and interactions sufficient to explain the whole co-
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evolution branch? Is it necessary to introduce major merger to explain the triggering of
more luminous AGNs, like quasars? These questions are not yet answered in this thesis.
Instead of clustering studies conducted in this thesis, morphological studies searching for
disturbed AGN hosts may help to understand the role of mergers in the AGN-host co-
evolution. Based on previous parameterized morphological studies [154], it seems possible
to systematically investigate the morphology properties of local galaxies and try to find
the link between AGN, host star formation and the strength of disturbance. It could be
extended to higher redshifts [32] where the merger rates are probably higher, though the
identification of AGNs will be more complicated. In case of high luminosity AGNs, a tricky
technique to subtract the nuclear emission from images may be needed to study the host
galaxies.

The current picture of cold gas inflow triggered AGN also needs to be refined. If a time
lag between host star formation and observed AGN activity is important, then it should
be reflected on the star formation history of AGN host galaxies. Fitting the spectra of
host galaxies with stellar synthesis models may show distinguishable features for different
types of AGN-star formation time delay. Using multi-wavelength data is important, as the
observed time delay can be affected by many other factors, such as obscuration of nuclear
activity. The environmental difference between IR and optically selected AGNs, could be
further explored by comparing the star formation history of them. This will also be helpful
to understand the torus structure, which may be a gas reservoir for further gas accretion
and hence important in the process of feeding gas onto the accretion disk.

The low luminosity AGN is another issue. Till now there is no unbiased AGN study
in the low luminosity regime due to technical difficulties. Currently the most promising
method is to use hard X-ray observatories and to push the detection limit to lower lu-
minosities with much longer exposure time. This may be achieved in near future with
updated hard X-ray catalogs. And it will be interesting to re-visit the Lsp—Lagn diagram
then.

The star formation measurement is another important issue in the study of AGN-
host connection. Deep X-ray and far-IR data are expansive and limited to small samples.
Instead, public survey data covering large sample of galaxies could be used for this purpose.
The SED decomposition technique can be used to measure the AGN luminosity and the
host star formation rate simultaneously. And indeed, this has been accomplished with
small samples [I74]. With larger sample, the observed AGN-host connection could be re-
visited in more details with better statistics. The triggering mechanism of AGNs on the
horizontal branch, and its relation with the stellar wind mode of AGN accretion, could be
of interest.
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