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ABSTRACT

By using a large highly obscured (NH > 1023 cm−2) AGN sample (294 sources at z ∼ 0− 5) selected

from detailed X-ray spectral analyses in the deepest Chandra surveys, we explore distributions of

these X-ray sources in various optical/IR/X-ray color-color diagrams and their host-galaxy properties,

aiming at characterizing the nuclear obscuration environment and the triggering mechanism of highly

obscured AGNs. We find that the refined IRAC color-color diagram fails to identify the majority of

X-ray selected highly obscured AGNs, even for the most luminous sources with logLX (erg s−1) > 44.

Over 80% of our sources will not be selected as heavily obscured candidates using the flux ratio of

f24µm/fR > 1000 and R−K > 4.5 criteria, implying complex origins and conditions for the obscuring

materials that are responsible for the heavy X-ray obscuration. The average star formation rate of

highly obscured AGNs is similar to that of stellar mass- (M∗-) and z-controlled normal galaxies, while

the lack of quiescent hosts is observed for the former. Partial correlation analyses imply that highly

obscured AGN activity (traced by LX) appears to be more fundamentally related to M∗, and no

dependence of NH on either M∗ or SFR is detected. Morphology analyses reveal that 61% of our

sources have a significant disk component, while only ∼ 27% of them exhibit irregular morphological

signatures. These findings together point toward a scenario where secular processes (e.g., galactic-disk

instabilities), instead of mergers, are most probable to be the leading mechanism that triggers accretion

activities of X-ray-selected highly obscured AGNs.
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1. INTRODUCTION

Since the observational establishment that there are

tight correlations between the masses of supermassive

black holes (SMBHs) and their host-galaxy properties

(such as stellar velocity dispersion) in the local uni-

verse, how such small-scale SMBHs coevolve with their

large-scale host galaxies has become one of the most

fundamental problems in understanding the evolution of

galaxies (see, e.g., Kormendy & Ho 2013 for a review).

Merger-triggered coevolution models (e.g., Sanders et al.

1988; Di Matteo et al. 2005; Hopkins et al. 2006),

in which the gas-rich major merger induces both in-

tense star formation and obscured active galactic nu-

cleus (AGN) activity while the subsequent AGN feed-

back eventually sweeps out the obscuring materials and

shuts down the growth of both the SMBH and stellar

populations, provide an attractive explanation to how

the central AGN communicates with and influences its

host galaxy.

Many studies have been devoted to searching for the

possible connections between AGN luminosity, obscu-

ration and host-galaxy properties, such as stellar mass

(M∗), star formation rate (SFR) and merger signa-

tures, to test the merger-driven evolutionary models

(e.g., Lutz et al. 2010; Mainieri et al. 2011; Schawin-

ski et al. 2012; Chen et al. 2013; Stanley et al. 2015;

Donley et al. 2018). However, how AGN activities are

triggered and the exact role that mergers/AGNs play in

regulating SMBH/galaxy growth are still under debate.

The merger fractions are found to be generally low in

various AGN populations (typically . 20%; e.g., Silver-

man et al. 2011; Kocevski et al. 2012; Schawinski et al.

2012; Villforth et al. 2014; Lackner et al. 2014; Hewlett

et al. 2017), even for those obscured quasars (e.g., Zhao

et al. 2019) or fast-accreting AGNs (e.g., Villforth et al.

2017; Marian et al. 2019) where we may expect to see a

higher incidence of merger signatures (but see Treister

et al. 2012). A positive correlation between galaxy-wide

star formation and AGN activities has been reported in

several works, at least for the luminous populations (e.g.,

Lutz et al. 2010; Shao et al. 2010; Hatziminaoglou et al.

2010; Rovilos et al. 2012; Rosario et al. 2012; Chen et al.

2013; Dai et al. 2018), but others find a flat relationship

(e.g., Stanley et al. 2015; Suh et al. 2017; Schulze et al.

2019) or suggest that SMBH accretion is probably linked

to a complex combination of galaxy properties includ-

ing M∗, SFR and morphology (e.g., Rodighiero et al.

2015; Yang et al. 2017; Fornasini et al. 2018; Yang et al.

2019; Ni et al. 2019), especially that the time-averaged

black hole accretion rate (BHAR) appears to be only

correlated with bulge growth (Yang et al. 2019). The

suppression of star formation at high AGN luminosities

has been reported only in a few works (e.g., Page et al.

2012; Barger et al. 2015), while Harrison et al. (2012)

pointed out that such observed negative AGN feedback

may be simply caused by low source number statistics.

Moreover, the analyses of the link between AGN ob-

scuration and host-galaxy properties has also presented

mixed results. While Lanzuisi et al. (2017) claimed that

the hydrogen column density (NH) is strongly connected

with M∗ but not SFR (also see Rodighiero et al. 2015),

Lutz et al. (2010) and Chen et al. (2015) suggested a

possible correlation between obscuration and SFR in-

dicators. Other studies found no correlation between

AGN obscuration and host properties (e.g., Shao et al.

2010; Rosario et al. 2012).

Several factors may be responsible for the contradic-

tory results (see, e.g., Section 3.1 of Xue 2017; and also

Section 5 of Brandt & Alexander 2015), including the

limited sample size (e.g., Harrison et al. 2012), the dif-

ferent sample-selection methods (e.g., X-ray vs. IR),

the adoption of different indicators to trace AGN (e.g.,

hardness ratio vs. NH) and galaxy properties, how the

undetected sources are treated via stacking (e.g., Mul-

laney et al. 2015), whether the AGN contamination is

properly removed through decomposition when calculat-

ing the star formation luminosity (especially when per-

forming stacking analyses; e.g., Lutz et al. 2010; Rosario

et al. 2012; Ramasawmy et al. 2019), as well as the influ-

ence of AGN variability and the usage of different bin-

ning strategies while analyzing the correlation between

two parameters which vary on different timescales (e.g.,

Neistein & Netzer 2014; Hickox et al. 2014; Volonteri

et al. 2015; Lanzuisi et al. 2017).

Furthermore, the lack of correlation between AGN and

host-galaxy properties may arise because we are looking

at the “inappropriate” AGN populations (e.g., Kocevski

et al. 2015; Donley et al. 2018). Cosmological simula-

tions suggest that most of the SMBH growth is expected

to happen during a phase of heavy obscuration (e.g.,

Hopkins et al. 2006, 2008), traced by high NH values in

the X-ray band. Therefore, highly obscured AGNs (i.e.,

having NH > 1023 cm−2), which are predicted to rep-

resent a critical phase in coevolution models where the

heavily dust-enshrouded environment, the enhanced star

formation activity and active SMBH accretion all hap-

pen “together” via mergers (e.g., Springel et al. 2005),
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may be the “right” AGN population to examine such

evolutionary models.

Indeed, some studies have found that the X-ray-

selected most heavily obscured Compton-thick (CT; de-

fined as NH ≥ 1024 cm−2) AGNs exhibit enhanced

merger signatures relative to less-obscured AGNs (e.g.,

Kocevski et al. 2015; Koss et al. 2016; Lanzuisi et al.

2018). However, Schawinski et al. (2012) found that 90%

of their heavily obscured quasar candidates are hosted in

disk galaxies without showing any disturbed signatures,

conflicting with other studies.

In addition, the total merger fractions for X-ray-

selected highly obscured AGN samples (≈ 20%–30%;

e.g., Kocevski et al. 2015) are found to be significantly

lower than that for IR-selected luminous quasars (≈
60%–80%; e.g., Fan et al. 2016b; Donley et al. 2018),

and their star formation activities (e.g., Georgantopou-

los et al. 2013; Lanzuisi et al. 2015) also seem to be more

silent than IR-selected dust-obscured AGNs (e.g., Fan

et al. 2016a), further raising questions about whether

highly obscured AGNs selected from various diagnostics

are triggered by different mechanisms or situate in dif-

ferent evolutionary phases.

In this study, we focus on the X-ray-selected highly

obscured AGNs, which present the cleanest sample

compared to other selection methods (e.g., Brandt &

Alexander 2015; Xue 2017), and ensure the most di-

rect measurements of AGN activity (X-ray luminosity;

LX) and obscuration (NH). By systematically analyzing

the multiwavelength data for a large dedicated X-ray-

selected highly obscured AGN sample (Li et al. 2019b,

hereafter paper I) in the deepest Chandra Deep Fields

surveys (CDFs; for a review, see Xue 2017), we aim

at comprehensively exploring (1) the AGN obscuration

properties; (2) whether the growth of highly obscured

AGNs is isolated in a small nuclear region or some-

how linked with host galaxies; (3) the role of merger

in igniting highly obscured SMBH accretion; and (4)

whether such AGNs are experiencing a blow-out phase

which may eventually make themselves evolve to un-

obscured AGNs, in order to examine whether highly

obscured AGNs are the missing-link in the merger-

triggered SMBH-galaxy coevolution models.

This paper is organized as follows. In § 2 we describe

our X-ray-selected highly obscured AGN sample and the

compilation of the multiwavelength data to construct

their broadband spectral energy distributions (SEDs).

In § 3 we describe our SED-fitting method to derive

AGN and galaxy properties. In § 4 we present the dis-

tributions of our X-ray AGNs on various optical/IR/X-

ray color-color diagrams and their implications for AGN

obscuration. In § 5 we discuss the analyses of star

formation activity of our AGN hosts, the connections

between AGN properties and their host-galaxy growth,

the role that mergers play in triggering highly obscured

SMBH accretion, and whether highly obscured AGNs

are sweeping out the surrounding materials. In § 6

we summarize the primary conclusions emerging from

this work. Throughout this paper, we adopt flat cos-

mological parameters with H0 = 70.0 km s−1 Mpc−1,

ΩM = 0.30, and ΩΛ = 0.70. We define Compton-

thin (CN) AGNs as having NH < 1024 cm−2, and

AGNs with 1023 cm−2 < NH < 1024 cm−2 are called

highly obscured CN AGNs. The remaining AGNs with

NH < 1023 cm−2 are referred to as less-obscured AGNs.

2. MULTIWAVELENGTH DATA

One of the primary goals of this work is to character-

ize the host-galaxy properties of highly obscured AGNs.

The most commonly used method to derive galaxy pa-

rameters, such as M∗ and SFR, is through fitting their

SEDs. Among extragalactic surveys, CDFs are among

the most extensively investigated fields which enable us

to gather a wealth of multiwavelength data from the ul-

traviolet (UV) to far-infrared (FIR) regimes and compile

broadband SEDs for sources of interest (e.g., Gao et al.

2019; Guo et al. 2020). Here we describe the multiwave-

length data sets for our sample.

2.1. X-ray Data

In paper I, we systematically analyzed the X-ray spec-

tral and variability properties of a sample of 436 highly

obscured AGNs (including 102 CT AGN candidates) se-

lected in the 7 Ms CDF-S (Luo et al. 2017) and 2 Ms

CDF-N (Xue et al. 2016) surveys, which are the two

deepest Chandra surveys to date. The mean redshift

for this sample is 1.88 with 191 sources having spec-

troscopic redshifts and 245 sources having high-quality

photometric redshifts (see Sections 2 and 4.4 of paper I).

We performed detailed X-ray spectral modeling and ob-

tained crucial AGN properties such as NH, the observed

(LX,obs) and intrinsic (LX) 2− 10 keV luminosities and

fluxes in the rest frame. All the relevant AGN X-ray in-

formation is taken from paper I and we refer the readers

to paper I for details of X-ray spectral fitting.

For comparison purpose, we also include 492 less ob-

scured AGNs with logLX > 42 erg s−1 identified in

paper I in our analyses. Note that the X-ray spectral

fitting model we used in paper I (i.e., MYTorus; Mur-

phy & Yaqoob 2009) does not allow NH to vary below

1022 cm−2. To derive a column density value for those

X-ray unobscured sources, we refit their X-ray spectra

by replacing the absorption (MYTZ), reflection (MYTS)

and emission line (MYTL) models of MYTorus with
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the commonly adopted wabs, pexrav and gauss mod-

els. The new spectral fitting results are consistent with

the previous MYTorus-based results on the classifica-

tion of less obscured and highly obscured AGNs. For

sources with NH < 1020 cm−2, we set their NH values

to 1020 cm−2.

Note that the depths and sky coverages of multiwave-

length surveys significantly drop at the outskirts of the

CDF-S and CDF-N. Therefore, we restrict our analy-

ses to the 294 highly obscured AGNs and 250 less ob-

scured AGNs that lie within the central GOODS-S and

GOODS-N fields to ensure reliable SED fitting results

(see Figure 1, where the distributions of z, LX and NH of

our sample are also shown).

2.2. UV and Optical Data

The UV data are taken from the GALEX DR6 cata-

log.1 For the CDF-S, our optical data include U -, B-,

V -, R-, I-, and Z-band photometry from the MUSYC

survey (Gawiser et al. 2006); the F606W and F814W

photometry of the Hubble Space Telescope (HST ) from

the CANDELS/3D-HST catalog (Skelton et al. 2014);

and the F435W , F775W and F850LP data from the

CANDELS multiwavelength catalogs (Guo et al. 2013).

We also supplement these data with 18-band Sub-

aru narrow-band photometry compiled in Hsu et al.

(2014). The optical data in the CDF-N are mainly

from Yang et al. (2014) which collected images from

Capak et al. (2004) and Ouchi et al. (2009) and pre-

sented point spread function-matched photometry in the

U , B, V , R, I, and z′ bands in the H-HDF-N. The

HST F435W , F775W and F850LP data are adopted

from the GOODS v2.0 catalog (Giavalisco et al. 2004).

2.3. NIR and MIR Data

We combine HST and Spitzer data with ground-based

near-infrared (NIR) photometry to construct the NIR to

mid-infrared (MIR) SEDs. For the CDF-S, the F098M ,

F105W , F125W , F140W and F160W data are col-

lected from Skelton et al. (2014) and Guo et al. (2013).

The Spitzer IRAC 3.6 µm, 4.5 µm, 5.8 µm, 8.0 µm,

MIPS 24 µm and 70 µm data are adopted from the

SIMPLE survey (Damen et al. 2011) and the GOODS-

Herschel catalog (Elbaz et al. 2011). We also utilize

J1-, J2-, J3-, Hs-, Hl-, K- and deep Ks-band photome-

try from the ZFOURGE catalog (Straatman et al. 2016).

For the CDF-N, the Spitzer IRAC photometry as well as

the J-, H-, Ks- and Hk-band data are taken from Yang

et al. (2014). The detailed description of these data can

be found in Table 1 of Yang et al. (2014). The F125W ,

1 http://galex.stsci.edu/GR6/

F140W , F160W data are gathered from Skelton et al.

(2014). The Spitzer IRS 16 µm and 24 µm data are

taken from Liu et al. (2018a).

2.4. FIR Data

The CDFs had been observed by the PACS and

SPIRE instruments aboard the Herschel Space Obser-

vatory at FIR wavelengths of 100 µm, 160 µm, 250

µm, 350 µm and 500 µm. For the CDF-S, we com-

bine the GOODS-Herschel survey (Elbaz et al. 2011)

and the HerMES survey (Oliver et al. 2012) to obtain

FIR data which are calculated by adopting the Spitzer

MIPS 24 µm positions as priors. For the CDF-N, we

use the state-of-the-art “Super-deblended” FIR and sub-

millimeter (SCUBA 850 µm data from the James Clerk

Maxwell Telescope) photometry presented in Liu et al.

(2018a). This advanced super-deblend technique can

significantly improve the accuracy of the measured pho-

tometry for confused sources.

Following Stanley et al. (2015), for part of the FIR

non-detected sources that do not have flux upper lim-

its provided by the catalogs, we use the 100 µm and

160 µm residual maps to derive them2. For each non-

detected source, we randomly extract 1000 aperture

photometry measurements in the source-free vicinity

(100′′) of the source optical position, and calculate the

99.7th percentile of the measured flux distribution as the

3σ upper limit value (see Section 4.3 of Boquien et al.

2019 for how CIGALE handles upper limits).

2.5. Construction of Broadband SEDs

For the optical, NIR and MIR-FIR catalogs, we adopt

0.5′′, 1′′ and 2′′ as the matching radii to cross-match

with our X-ray sources using the coordinates of their

multiwavelength counterparts (mostly optical ones) pro-

vided by the X-ray catalogs, respectively, and com-

bine the matched multiwavelength data to construct the

broadband SEDs. We adopt larger matching radii for

IR catalogs due to the lower spatial resolution of IR

images. When multiple associations are found within

the matching radius, we adopt the closest one as the

counterpart. The intrinsic (i.e., absorption-corrected)

rest-frame 2-10 keV flux is used to represent the X-ray

SED. Among the total sample, 164 sources have at least

one solid > 3σ detection in the aforementioned five Her-

schel bands. For the remaining sources that lack Her-

schel detections, their SFRs may not be well constrained

(e.g., Gao et al. 2019). We will discuss the influence of

this issue in Section 3.

2 http://www.mpe.mpg.de/ir/Research/PEP/DR1

http://galex.stsci.edu/GR6/
http://www.mpe.mpg.de/ir/Research/PEP/DR1
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Figure 1. Top: Highly obscured AGN sample (294 sources) within the GOODS fields (blue region) used in this work (blue
points). Sources in paper I that lie outside the GOODS fields are excluded (orange points). Bottom: Distributions of z, LX and
NH for the highly obscured (red) and less obscured (blue) AGN samples used in this work.

3. SED-FITTING METHOD AND RESULTS

To derive the host-galaxy properties for our sam-

ple, we perform multiwavelength SED fitting using X-

CIGALE (Yang et al. 2020) - a new release of the

SED fitting code CIGALE (Boquien et al. 2019). X-

CIGALE has a few important improvements compared

with CIGALE. First, it incorporates a new X-ray mod-

ule which allows us to take advantage of the unique infor-

mation of AGN intrinsic power provided by X-ray data,

and fit SEDs from X-ray to infrared wavelengths. Sec-

ond, it implements SKIRTOR (Stalevski et al. 2012), a

two-phase clumpy torus model where the torus is illumi-

nated by an anisotropic disk to account for AGN emis-

sion, which is more realistic than the previous smooth

torus model (Fritz et al. 2006) assumed in CIGALE and

has been favored by recent simulations and observations

(e.g., Stalevski et al. 2012; Ichikawa et al. 2012; Xu et al.

2020).

We adopt the delayed star formation history (SFH)

which has a good performance of recovering the intrin-

sic galaxy parameters as verified via simulations (e.g.,

Ciesla et al. 2015). The BC03 stellar population models

(Bruzual & Charlot 2003) are adopted to produce galaxy

SEDs by assuming the Chabrier initial mass function

(IMF, Chabrier 2003), which are then attenuated by the

Calzetti et al. (2000) attenuation law, and re-radiated

in IR using the Dale et al. (2014) dust templates. The

modified SKIRTOR model (Stalevski et al. 2012; Duras

et al. 2017; Yang et al. 2020), which consists of the di-

rect disk radiation in the form of power laws and the

re-radiation of the clumpy torus surrounding the central

source, is adopted to model AGN emission from UV to
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Table 1. SED fitting models and parameter spaces adopted in X-CIGALE.

Parameter Value

Stellar population synthesis model: Bruzual & Charlot (2003)

Initial mass function Chabrier

star formation history Delayed τ model

E-folding time of the main stellar population model in Myr 100, 158, 251, 398, 631, 1000, 1584, 2512, 3981, 6309, 10000

Age of the oldest stars in the galaxy in Myr 100, 158, 251, 398, 631, 1000, 1584, 2512, 3981, 6309, 10000

Metallicity 0.02

Galactic dust attenuation: Calzetti et al. (2000)

E(B − V ) lines 0.01, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0

Galactic dust emission: Dale et al. (2014)

Power-law slope α 1.5, 2.0, 2.5

Torus model: SKIRTOR (Stalevski et al. 2012; Yang et al. 2020)

Average edge-on optical depth at 9.7 µm 7.0

Angle between equatorial axis and line of sight 30, 70

Half-opening angle of the torus 40

AGN fraction (agn frac) 0.01, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4

0.45, 0.5, 0.6, 0.7, 0.8, 0.9, 0.99

X-ray model

Photon index 1.8

Maximum ∆αox 0.2

Note. See Boquien et al. (2019) and Yang et al. (2020) for model details. We adopt the default values in X-CIGALE for parameters that are
not listed in this table. One thing to mention is that, given that our sources are robustly selected as X-ray AGNs with LX > 1042 erg s−1

(see paper I), we therefore artificially require an AGN component during SED fitting by prohibiting the AGN fraction parameter (defined
as the AGN contribution to the total IR luminosity) from being zero, which would allow us to measure a MIR luminosity for each AGN
instead of having a zero value. The relevant results in Sections 4.2 and 4.3 are not affected by this choice, as utilizing 271 out of 294 sources
that have best-fit agn frac > 0 when allowing it to take a value of zero would yield the same conclusions. The influence of this forced
lower-limit AGN contribution (i.e., 1%) to the total IR luminosity (thus SFR) is also subtle and does not materially affect our SFR-related
analyses.

IR wavelengths. Specifically, the disk SED is modeled

as

λLλ =


λ2 8 ≤ λ < 50 [nm]

λ0.8 50 ≤ λ < 125 [nm]

λ−0.5 125 ≤ λ < 104 [nm]

λ−5 λ ≥ 104 [nm]

(1)

The attenuation of the torus is treated separately from

that of the galaxy component. The output torus radi-

ation is calculated based on the 3D radiative transfer

code SKIRT (Baes et al. 2011) which is dependent on

the assumed geometric structure and density profile of

the clumpy materials as well as the inclination angle.

The X-ray SED is modeled as a cutoff power law with

the photon index being fixed to 1.8 during the fitting,

which is the mean value for our sample derived through

X-ray spectral fitting in paper I. The X-ray emission

is connected to other wavelengths via the αox − L
2500Å

relation expressed as αox = −0.137logL
2500Å

+ 0.2638

(Just et al. 2007). Following Yang et al. (2020), we

adopt |∆αox| which represents the deviation to the ob-

served αox−L
2500Å

relation to be 0.2, corresponding to

≈ 2σ scatter of the αox−L
2500Å

relation. The summary

of the main parameter ranges adopted in the fitting is

presented in Table 1.

An example of our SED fitting results is displayed in

Figure 2. The AGN MIR luminosity is represented by

the rest-frame 6 µm luminosity derived from the decom-

posed AGN component. The galaxy stellar mass (i.e.,

bayes.stellar mass) and SFR (i.e., bayes.sfh.sfr)

are adopted from CIGALE outputs.

Note that the degeneracy between AGN and stellar

components encountered during SED decomposition is

potentially relevant when the FIR data are absent, and

the constraints on SFR become poorer in this situa-

tion (e.g., Gao et al. 2019). To validate the usage of

sources without solid Herschel detections in our analy-

ses, we carefully test the impact of the lack of FIR data

as follows. For Herschel -detected sources, we remove

all their Herschel data points and re-fit the SEDs. We

then compare the best-fit SFRs obtained from the with-

Herschel fitting to that from the without-Herschel fit-

ting as shown in Figure 3. It can be seen that, the SFRs

estimated from FIR-data-excluded SEDs are in good

agreement with that derived from the whole SEDs. This

result shows that benefiting from utilizing X-ray data

in the fitting which provides a unique insight into the
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intrinsic AGN power, our good-photometric-coverage

optical-to-MIR data are able to provide good constraints

on SFR estimates even without resorting to FIR data.

4. REVISITING THE OPTICAL/IR-SELECTION

METHODS
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Figure 4. Scatter plot of logLX vs. logNH. The LX-
NH space is divided into nine bins (low/mid/high-LX vs.
low/mid/high-NH) which are annotated and used to calcu-
late the median SEDs in Figure 5.

We first explore the dependences of SED shapes on

AGN physical properties, specifically, the X-ray lumi-

nosity and obscuring column density. We divide our

highly obscured sample into nine LX and NH bins (see

Figure 4) and calculate the median composite (AGN +

stellar) SED in each bin. The individual SEDs are nor-

malized at rest-frame 1 µm before calculating the me-

dian SED and the results are displayed in Figure 5.

Comparing the results in different NH and LX bins, we

find that the dependence of the composite SED shape

on NH is not as sensitive as that on LX at optical-

to-MIR wavelengths, which is traced by the large dif-

ferences between low-luminosity and luminous sources

in a given NH bin (e.g., S1 vs. S3). We also show

the M82 starburst galaxy template being attenuated by

three different extinction values in Figure 5 for com-

parison (the re-radiation at FIR is not included). The

composite SED shapes for luminous sources are simi-

lar to those for typical IR-bright power-law AGNs (e.g.,

Donley et al. 2012); but for low-luminosity objects, the

prominent NIR bump makes their NIR-to-MIR SEDs

more similar to those of galaxies whose emission is dom-

inated by dust-obscured star formation (e.g., Riguccini

et al. 2015). This overall similarity makes it challenging

to identify low-luminosity, highly obscured AGNs using

pure SED diagnostics.

Several works have been devoted to using optical and

IR colors to select obscured AGN candidates, such as

IR-excess methods (e.g., Daddi et al. 2007; Alexander

et al. 2008; Luo et al. 2011), WISE -color selection meth-

ods (e.g., Tsai et al. 2015; Fan et al. 2016a; Glikman

et al. 2018) and IR-to-optical flux-ratio diagnostics (e.g.,

Fiore et al. 2008); and the studies based on these selec-

tion criteria have yielded remarkable insights into our

understanding of the obscured AGN population. How-
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Figure 5. Composite (stellar + AGN) SEDs for highly obscured AGNs in different LX and NH bins (i.e., S1 – S9) defined in
Figure 4. Top (Bottom): Comparison of SED shapes at a given LX (NH) bin. Each gray curve shows the M82 galaxy template
that is attenuated using a specified extinction value (without adding the dust re-radiation component in FIR).

ever, the optical/IR SED-based methods may be biased

against low-luminosity AGNs. In the following sections,

we will discuss several selection methods in detail. We

do not intend to directly quantify the completeness and

reliability of each method, but mainly focus on what im-

plications we can deduce by comparing the properties of

sources selected using different diagnostics in order to

better understand the highly obscured AGN population.

4.1. Can IRAC Colors Effectively Identify Luminous

Highly Obscured AGNs?

Among the IR-AGN selection methods, IRAC color

is a powerful tool to select large samples of luminous

AGN candidates (Stern et al. 2005, Lacy et al. 2007,

hereafter L07; Donley et al. 2012, hereafter D12). The

most promising aspect of this method compared to X-

ray selections (e.g., Xue et al. 2011; Xue et al. 2016; Luo

et al. 2017; Xue 2017) is its ability to recover the most

heavily obscured sources that are often not detected in

X-rays (e.g., 62% of IRAC-selected AGNs do not have

X-ray counterparts in D12, which is attributed to heavy

X-ray obscuration).

In Figure 6 we plot 247 highly obscured AGNs which

are detected/covered in all the four IRAC bands on the

IRAC color-color diagram, as well as the color evolu-

tionary tracks at different redshifts calculated from the

median composite SEDs in Figure 5. The color evolu-

tionary tracks at z > 1 are located well within the L07

wedge, suggesting that the L07 criterion should be able

to identify highly obscured AGNs efficiently. In con-

trast, almost all the color tracks at z < 3 avoid the

refined D12 wedge, suggesting that the X-ray selected

highly obscured AGNs will generally be missed by the

D12 selection criterion.

When showing in the right panel of Figure 6 the

fractions of our sources being identified as AGNs by

the L07 and D12 criteria as a function of LX in two

NH bins (corresponding to highly obscured CN and

CT sources, respectively), we find that, at logLX >

44.5 erg s−1, the L07 and D12 criteria can recover a

substantial fraction of luminous, X-ray-selected highly
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Figure 6. Left: IRAC color-color diagram for 247 highly obscured AGNs that are detected in all the four IRAC bands. The
gray points represent each individual source. The solid segmented lines represent the color evolutionary tracks (in steps of
∆z = 0.1) in five LX-NH bins (i.e., S1, S3, S5, S8 and S9; see Figure 4) calculated from the median composite SEDs in Figure
5. We denote the five redshift nodes from z = 0–4 using colored markers. Right: Fractions of our highly obscured AGNs being
identified as AGNs by the Donley et al. (2012) and Lacy et al. (2007) criteria (shown as the wedges in the left panel) as a
function of LX for the 1023 cm−2 < NH < 1024 cm−2 and NH > 1024 cm−2 bins, respectively.

obscured AGNs with logNH ∼ 23.5 cm−2. Such a value

is in good agreement with the average column density

(logNH ∼ 23.5±0.4 cm−2) derived through stacking X-

ray-undetected IRAC-selected AGNs in D12 using shal-

lower X-ray data.

However, at logLX < 44.5 erg s−1, the selected source

fraction using the D12 criterion dramatically drops even

within the range of 44 erg s−1 < logLX < 44.5 erg s−1,

which suggests that it is still incomplete in selecting

highly obscured AGNs even for the luminous popula-

tion (e.g., Kirkpatrick et al. 2017). The logM∗ and

log SFR values for the D12-missed luminous highly ob-

scured AGNs are 10.9 M� and 1.3 M�/yr, which are

lower than the D12-selected sources with logM∗ =

11.2 M� and log SFR = 1.7 M�/yr. Therefore, we sup-

pose that the host-galaxy contamination should not be

the main reason responsible for missing a large popu-

lation of luminous highly obscured AGNs. The lower

average redshift for the missed sources (z ∼ 2.3) than

that of the selected sources (z ∼ 3.3) may partly explain

the reduced selection efficiency, as can be seen from the

color evolutionary tracks. However, we notice that the

average redshift for the missed sources is similar to that

of IRAC-selected AGNs in D12 (z ∼ 1.8 and z ∼ 2.1 for

X-ray detected and non-detected sources, respectively).

Therefore, the reason that these X-ray luminous highly

obscured AGNs are missed is likely that they are intrin-

sically fainter in MIR. This can be due to the lower dust

contents and/or CFs of the tori makes their SEDs more

similar to that of star-forming galaxies, as verified by

their lower logL6µm value (∼44.1 erg s−1) compared to

that of the selected sources (∼45.1 erg s−1) while the

average X-ray luminosities for the two populations are

similar (logLX ∼ 44.4 erg s−1).
For low-luminosity bins, the D12 criterion misses the

majority of our sources since the MIR SEDs of low-

luminosity AGNs are largely contaminated by the host-

galaxy emission (see Figure 5); the more-relaxed L07 cri-

terion maintains a relatively high completeness, but suf-

fers large contamination from distant star-forming and

starburst galaxies (e.g., Donley et al. 2012).

4.2. Is the High Ratio of f24µm/fR an Efficient

Method to Select Highly Obscured AGNs?

Because of large obscuration in highly obscured

AGNs, the bulk of UV-optical photons are absorbed and

re-emitted in the IR with a peak at MIR. In addition,

obscured AGNs tend to have red colors (e.g, Brusa et al.

2005). Consequently, a large MIR (e.g., Spitzer 24 µm)

to optical (e.g., R-band) flux ratio combined with a red
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Figure 7. f24µm/fR vs. R−K (in AB magnitudes) color-color diagrams for highly obscured AGNs at z < 2 (Left) and z > 2
(Right), respectively. The individual points represent the best-fit colors for our sources calculated from the model-predicted
fluxes (see the red circles in Figure 2). The z, logNH, logLX, logL6µm values for each region are listed for comparison. Note
that for the z < 2 diagram, since there are no sources at z < 1 located in the red region, the average values are calculated for
sources with 1 < z < 2. The solid segmented lines represent the color evolutionary tracks in five LX-NH bins (see Figure 4)
calculated from the median composite SEDs in Figure 5. In each panel, we label three redshift nodes for the color evolution
tracks.

color (e.g., R − K) is expected to be a good tracer of

high-level obscuration.

Fiore et al. (2008) (hereafter F08) applied the

f24µm/fR > 1000 and R − K > 4.5 (in Vega magni-

tudes, corresponding to 2.86 in AB magnitudes) criteria

to the GOODS-MUSIC catalog (Grazian et al. 2006) to

select the “missing” highly obscured AGN candidates at

z ∼ 1.5− 2.5 that complement X-ray selections. For the

22 X-ray-detected sources in the 1 Ms CDF-S (Giacconi

et al. 2002), the hardness-ratio analysis indicates that

they are obscured AGNs with NH > 1022 cm−2. For the

111 X-ray-undetected sources, the combined stacking

analysis and Monte Carlo simulation show that ∼ 80%

of them are possibly highly obscured AGNs. In the era

of the 7 Ms CDF-S, with the additional 6 Ms exposure

which significantly improves the detectability of heavily

obscured sources that are hidden in the previous 1 Ms

CDF-S data, we are able to investigate this method in

more detail.

In Figure 7 we plot our highly obscured AGNs on the

f24µm/fR versus R−K (in AB magnitudes) digram us-

ing the fluxes predicted at filter wavelengths (i.e., red

filled circles in Figure 2), as well as the color evolution-

ary tracks similar to those in Figure 6. The choice of

using model-predicted fluxes instead of observed fluxes

here is to enlarge the sample being investigated (i.e.,

the whole sample can be plotted and we can include

each sources, even the 101 sources not covered in all

bands, in the red, green or blue populations defined by

the shaded regions in Figure 7). We note that using

actual observed fluxes to derive colors does not affect

our conclusion qualitatively, although the exact values

of colors will be slightly different.

The expected correlation between f24µm/fR and R−
K color can be clearly seen (e.g., Fiore et al. 2008), and

our sources indeed have a much redder mean color (i.e.,

∆R−K = 1.9) compared to the remaining sources in

the SIMPLE survey (Damen et al. 2011).

There are 46 (16%) sources located in the red region

defined by F08 (i.e., f24µm/fR > 1000 and R − K >

2.86), with 40 of them at z > 2 and the remaining at

1 < z < 2, indicating that this criterion can indeed

select heavily obscured AGNs. However, the average

redshift for our “red” sources (z = 2.7) is significantly

higher than that of the highly obscured AGN candidates

selected in F08 which peaks at z = 1.5− 2.0. The very

low fraction of our sources residing in the red region

and the large redshift discrepancy suggest either large

incompleteness of this method (Comastri et al. 2011;

Brightman & Ueda 2012) or an essential difference be-
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tween X-ray- and IR-selected populations (e.g., Hickox

et al. 2009).

Note that the log SFR of red sources is slightly lower

(i.e., ∆log SFR ∼ −0.2 dex) than that of blue ones

(i.e., having f24µm/fR < 1000 and R − K < 2.86)

with matched redshifts, hence the increased f24µm of red

sources is not primarily caused by the enhanced star for-

mation, but should be related to the central AGN. Even

if we only consider the most-luminous sources (i.e., with

logLX > 44 erg s−1) to avoid host contamination to the

observed colors, most of them (53/76) still avoid the red

region.

To understand the differences between red, blue and

green (i.e., having f24µm/fR < 1000 and R−K > 2.86)

sources, we annotate their average source properties in

Figure 7. It can be seen that, at similar redshifts, the

average NH and LX for the three source populations

are roughly the same, but red sources have significantly

higher L6µm than those of blue and green sources. Aside

from the diverse galaxy contributions to the observed

colors, another explanation for the widely distributed

colors of our sources in a given redshift bin could be

that the dust contents and CFs of the tori for blue

and green sources are smaller than that of red ones, re-

sulting in weaker reprocessed MIR emission and smaller

f24µm/fR. Alternatively, if a significant portion of the

heavy X-ray obscuration is contributed by dust-free ma-

terials such as broad-line region (BLR) gas and/or disk

wind (e.g., Burtscher et al. 2016; Liu et al. 2018b;

Ichikawa et al. 2019), the UV-optical continuum will

not be significantly attenuated, leading to smaller val-

ues of f24µm/fR and R−K. It is also possible that the

interstellar medium (ISM) may contribute significantly

to X-ray absorption even up to NH > 1023 cm−2 for

high-redshift gas-rich galaxies (e.g., Gilli et al. 2014; Shu

et al. 2018; Circosta et al. 2019; D’Amato et al. 2020);

if so, since the dust temperature in the ISM is much

lower than that in the torus, the reprocessed emission

will peak at longer wavelengths (e.g., FIR-to-submm),

thus the f24µm/fR value may not be that large. Indeed,

the z = 4.75 CT AGN (Gilli et al. 2011) reported in the

4 Ms CDF-S (XID 403, Xue et al. 2011), whose ISM in

the central starburst region (rhalf ∼ 0.9±0.3 kpc) is able

to produce NH ∼ (0.3− 1.1)× 1024 cm−2 as revealed by

ALMA observations (Gilli et al. 2014), does have a very

low value of f24µm/fR =168, especially considering that

its very high redshift is supposed to make it easier to

fulfill the F08 criteria (see the color evolutionary tracks

in the right panel of Figure 7).

In conclusion, we find that the heaviest X-ray obscu-

ration is not equivalent to extremely large f24µm/fR and

the reddest color, possibly owing to the diverse proper-

ties of obscuring materials (e.g., different CFs, gas/dust

contents, and NH distributions), complex origins of the

X-ray obscuration along our sightline (e.g., X-rays ab-

sorbed by dust-free BLR gas, disk wind, dusty torus

and/or ISM) as well as galaxy contamination to the ob-

served colors.

4.3. Can the Value of L6µm/LX,obs be Used as a

Reliable Indicator of NH?

Since the AGN MIR emission produced by the ab-

sorption and re-radiation of UV-to-optical photons is

largely unaffected by dust attenuation, whereas X-ray

photons will be significantly absorbed when NH reaches

the highly obscured regime, a large ratio of the MIR

luminosity to observed X-ray luminosity (L6µm/LX,obs)

has been widely adopted as an indicator of heavy obscu-

ration (e.g., Alexander et al. 2008; Del Moro et al. 2013;

Rovilos et al. 2014; Del Moro et al. 2016; Corral et al.

2016).

In Figure 8 we show the dependence of L6µm/LX,obs on

NH for our sample. We confirm that there is a positive

correlation between the two parameters (with Spear-

man’s ρ = 0.40 and p � 0.001), albeit with large dis-

persion. Considering the theoretical argument proposed

by Yaqoob & Murphy (2011) that L6µm/LX,obs is more

sensitive to the torus CF and the incident X-ray con-

tinuum shape, rather than NH, it is possible that highly

obscured AGNs with small CFs and hard spectral shapes

may have lower L6µm/LX,obs values (see the sources in

regions B and D in Figure 8 that lie below the best-fit

line); and high-CF less-obscured AGNs with soft X-ray

spectra may have L6µm/LX,obs values as large as CT

AGNs (see the sources in region A vs. those in region

D).

These statements are supported by the result that

when we plot in Figure 8 the logL6µm/LX,obs and

logNH values for the z > 1 red, green and blue

populations defined in Figure 7 and Section 4.2, it

can be clearly seen that red sources show the highest

L6µm/LX,obs at a given NH, consistent with a scenario

that they are deeply buried by plentiful dusty materi-

als. While for blue and green sources, the dust con-

tents and CFs might be lower, resulting in smaller val-

ues of L6µm/LX,obs even though the levels of their line-

of-sight (LOS) X-ray obscuration are indistinguishable

from red sources. Therefore, we conclude that a simple

L6µm/LX,obs value alone is not sufficient to identify CT

AGNs (also see Georgantopoulos et al. 2011).

Even so, the L6µm/LX,obs value may still be useful to

distinguish highly obscured and less obscured AGNs. In

the bottom panel of Figure 8 we show the LX,obs vs.

L6µm relation at three NH ranges by including less ob-
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scured AGNs in the plot. The majority (∼ 60%) of

highly obscured AGNs are separated from less obscured

ones, while sources with logNH < 22 cm−2 are mixed

with those with 22 cm−2 < logNH < 23 cm−2 due to the

fact that the rest-frame 2-10 keV flux is not significantly

absorbed in the Compton-thin regime. We use the linear

Support Vector Machine algorithm built in the Python

package scikit-learn to derive the boundary line be-

tween highly obscured and less obscured AGNs. The

optimal boundary is shown in black line, parameterized

as

LX,obs = 0.93× L6µm + 2.2. (2)

This boundary line can be served as a complementary

method to the hardness ratio criterion we presented in

Section 4.3 of paper I to select highly obscured AGNs.

5. ARE HIGHLY OBSCURED AGNS THE MISSING

LINK IN THE MERGER MODELS?

5.1. Do Highly Obscured AGNs Show Enhanced Star

Formation Activities?

To evaluate the star-forming activity of our highly ob-

scured AGN sample in the context of the general galaxy

population, we construct a control non-active galaxy

sample from Santini et al. (2015) (hereafter S15) in

which the SED-fitting results for 34,929 galaxies from

ten independent teams adopting different model config-

urations are available. The X-ray AGNs identified in the

7 Ms CDF-S catalog are excluded. Following Yang et al.

(2017), we adopt the median values of M∗ and SFR re-

ported from teams 2aτ , 6aτ , 11aτ , 13aτ and 14a in the

following analyses, all of which assumed the same BC03

stellar templates and Chabrier IMF as in this paper.

Note that although S15 does not consider the AGN

component in the SED fitting, their results may still pro-

vide reliable mass estimates for highly obscured AGNs

with moderate luminosities, as their rest-frame optical-

to-NIR SEDs (which are the most important to con-

strain M∗) are largely dominated by the galaxy compo-

nent (e.g., Luo et al. 2010; Xue et al. 2010). Therefore,

we compare our M∗ estimates with S15 for the 82 com-

mon sources in the two works with redshift difference

∆z < 0.05. The derived ∆logM∗ between the two works

is 0.06± 0.02 dex, suggesting that there is no significant

systematic bias induced by the different SED-fitting ap-

proaches.

In Figure 9a we plot our highly obscured AGNs in

the SFR vs. M∗ plane. Also shown are less obscured

AGNs with a roughly matched redshift distribution (see

Figure 1) and normal galaxies from S15 at similar red-

shifts. The distributions of SFR of the two AGN pop-

ulations suggest that they are mainly hosted by star-

forming galaxies, and there is no noticeable enhance-
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Figure 9. (a) SFR vs. M∗ relation for our sample of highly obscured and less obscured AGNs compared to that of non-active
galaxies (blue contours) in Santini et al. (2015). (b) M∗ vs. z for highly obscured AGNs relative to non-active galaxies. The
horizontal dashed line marks out stellar mass cut at log M∗/M�=11.2. (c, d)M∗ and z distributions for typical randomly-selected
highly obscured AGNs and their corresponding control galaxies from our sampling procedure.

ment of star-forming activity in highly obscured AGNs

than less obscured AGNs (e.g., Zou et al. 2019; Suh et al.

2019).

To further control the redshift and M∗ dependence of

SFR, we divide the M∗−z space (Figure 9b) into a series

of subgrids with ∆M∗ = 0.2 dex and ∆z = 0.2. In each

subgrid, the number of highly obscured AGNs is denoted

as Ni and we randomly select Ni highly obscured AGNs

and Ni normal galaxies allowing duplication. By repeat-

ing the procedure in each subgrid, new highly obscured

AGN and normal galaxy samples with matched z and

M∗ distributions can be constructed. Note that the frac-

tion of galaxies hosting an AGN dramatically increases

with M∗ (e.g., Xue et al. 2010; Yang et al. 2017, 2018),

thus at the highest mass end we may not be able to find a

sufficient number of control galaxies that do not contain

an active SMBH, as is the case for our logM∗ > 11.2

M� sources (see Figure 9b). Therefore, we restrict our

sampling pocedure to logM∗ < 11.2 M� which accounts

for 85% of our sample. We perform the above procedures

1000 times and show one example of the distributions of

M∗ and z for a randomly-selected AGN sample and a

control galaxy sample in Figures 9c and 9d. As can be

seen, the M∗ and z distributions have been well con-

trolled. The random samples vary every time we repeat

the sampling procedure. For each sampling, we calcu-

late the 20th, 50th and 80th percentiles from the SFR

distributions of the randomly selected AGNs and control

galaxies. The average SFR (log SFR) at each percentile

is calculated by averaging the values of the 1000 random

samples and the results are summarized in Table 2. The

respective 1σ uncertainty is calculated from the 84th-

percentile and the 16th-percentile of the corresponding

resampled parameter distribution.

The log SFR50th for highly obscured AGN hosts is

found to be consistent with that of control galaxies

(∆log SFR50th = −0.03+0.12
−0.12). Such a result also holds

for both low- (∆log SFR50th = −0.11+0.15
−0.19) and high-

luminosity (∆log SFR50th = −0.02+0.20
−0.16) AGNs if we

split the sample into two subsamples based on the me-

dian LX at each redshift grid. The log SFR80th for highly

obscured AGN hosts appears to be lower than that of

control galaxies with ∆log SFR80th = −0.30+0.08
−0.07. These

results suggest that the star-forming activity of highly

obscured AGNs is not enhanced with respect to normal

star-forming galaxies.

However, a deficiency of quiescent hosts among highly

obscured AGNs can be clearly seen with ∆log SFR20th ≈
0.83+0.17

−0.20. As a result, the SFR distribution of highly

obscured AGNs appears to be less diverse and more

main-sequence like than that of normal galaxies (e.g.,

Bernhard et al. 2019), suggesting that the sufficient cold

gas supply that is responsible for sustaining star for-

mation may also be an important factor in triggering

highly obscured AGNs. On the other side, the indistin-

guishable log SFR50th for highly obscured AGN hosts to

that of control galaxies suggests that, unlike the signifi-

cant populations of IR-selected ultraluminous IR galax-

ies and hot dust-obscured galaxies which are generally

believed to hold both highly obscured AGN (e.g., Vito

et al. 2018) and enhanced starburst activity as a con-

sequence of mergers (e.g., Farrah et al. 2003; Fan et al.

2016a,b), there is no evidence supporting that the pres-

ence of X-ray-selected highly obscured AGNs is more

frequently connected to violent, possibly merger-driven

starburst activities (e.g., Georgantopoulos et al. 2013;

Lanzuisi et al. 2015; Suh et al. 2017).

5.2. Are AGN Activity and Obscuration Linked with

Host-galaxy Properties in Highly Obscured AGNs?

Many studies have explored the correlations between

AGN and host-galaxy properties (e.g., LX, NH vs. M∗,

SFR) in a variety of redshift ranges, but there have been

considerable debates about whether AGN activity and

obscuration are linked with galaxy-wide star formation

(e.g., Lutz et al. 2010; Shao et al. 2010; Page et al.
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Table 2. Comparison of star formation properties between highly obscured AGNs and their M∗- and z-controlled normal
galaxies.

Sample log SFRagn,50th log SFRgal,50th log SFRagn,20th log SFRgal,20th log SFRagn,80th log SFRgal,80th

Total 0.87+0.02
−0.02 0.90+0.11

−0.13 0.20+0.12
−0.15 −0.63+0.17

−0.14 1.40+0.04
−0.07 1.70+0.06

−0.05

high LX 0.91+0.02
−0.03 0.92+0.17

−0.18 0.49+0.06
−0.11 −0.73+0.20

−0.16 1.31+0.04
−0.07 1.75+0.06

−0.11

low LX 0.75+0.09
−0.08 0.87+0.17

−0.17 0.00+0.06
−0.14 −0.46+0.17

−0.30 1.40+0.04
−0.07 1.65+0.07

−0.06

2012; Harrison et al. 2012; Stanley et al. 2015; Lanzuisi

et al. 2017; Dai et al. 2018; Schulze et al. 2019), as well

as whether M∗ or host-galaxy compactness is a more

fundamental factor that governs the average black-hole

accretion rate (BHAR) (e.g., Yang et al. 2017, 2018;

Fornasini et al. 2018; Ni et al. 2019). In particular,

Yang et al. (2019) presented an attractive scenario in

which the SMBH only coevolves with the galaxy bulge

as traced by the significant correlation between BHAR

and SFR in bulge-dominated galaxies; while for non-

bulge-dominated galaxies, the BHAR is not linked with

SFR, but instead, it is predominantly determined by

M∗.

However, we note that in Yang et al. (2017) (Y17)

and Yang et al. (2019) (Y19), the BHAR (calculated

from LX by averaging LX for both X-ray-detected and

X-ray-undetected galaxies) is derived by assuming a

wabs×zwabs×powerlaw model, which, as shown in Sec-

tion 4.1 of paper I, is not appropriate for highly obscured

AGNs as it will significantly underestimate LX owing to

the negligence of the Compton-scattering process. Al-

though their main results will not be influenced by this

issue since highly obscured AGNs do not appear to be

the dominant population in Y19, and the use of X-ray

band in their analysis also minimizes this effect (see Sec-

tion 3.5.1 of Y17), it is currently unclear whether highly

obscured sources follow the same trend as the general

AGN population in Y19. Therefore, it is crucial to ex-
tend the aforementioned works to the highly obscured

regime.

Given the fact that M∗ and SFR are positively cor-

related through the galaxy main-sequence relation and

both of them increase with increasing redshifts owning

to observational bias or/and actual galaxy evolution, a

simple bivariate analysis (e.g., LX vs. SFR or M∗) is

not able to reveal the leading factor that may predomi-

nantly govern the fueling and obscuration environments

of SMBH growth. To overcome this issue, we perform

multi-variate linear regression and Spearman partial cor-

relation test using the R packages lm.fit and ppcor of

AGN parameters on all three variables simultaneously:

M∗, SFR and z, which describe how AGN activity and

obscuration depend on M∗ (SFR) at given SFR (M∗)

and z, thereby enabling us to break the degeneracies.

The linear-regression result for our highly obscured

AGN sample using LX as a direct tracer of AGN activity

is

logLX = (0.21± 0.06)× logM∗

+ (0.11± 0.05)× log SFR

+ (0.28± 0.04)× z + (40.72± 0.60).

(3)

There is a statistically significant positive correlation

between LX and M∗ (3.7σ)3, and a positive but less sig-

nificant correlation between LX and SFR (2.4σ). The

regression result is further confirmed by the Spearman

partial correlation test that LX has a stronger correla-

tion with M∗ (ρ = 0.29 at the 5.1σ confidence level) than

with SFR (ρ = 0.13 at the 2.4σ confidence level), which

appears to be in support of the scenario proposed by Y19

that BHAR (equivalent to LX in our analysis) is mainly

linked with M∗ instead of SFR for non-bulge dominated

galaxies (see Section 5.3 for the result that 71% of the

sources of our morphology sample have a significant disk

or irregular morphology). Such enhanced AGN activ-

ity in massive galaxies may possibly be related to the

greater gravitational potential, which makes it easier to

fuel the central SMBH with gas in the vicinity of the nu-

clear region. Furthermore, we examine whether LX for

our bulge-dominated galaxies (i.e., the 51 SPHs identi-

fied in Section 5.3) traces SFR as proposed in Y19. This

time we do not find any statistically robust correlation

between LX and M∗ (1.0σ) or SFR (1.9σ) using Spear-

man partial correlation tests, perhaps owing to that the

small sample size does not properly averaging over all

galaxies to assess duty cycle effects and precludes us

from finding any significant trend.

Note that even if M∗ is controlled, there still remains

a somewhat weaker positive trend between LX and SFR,

in agreement with previous studies that reported a pos-

itive correlation between LX and SFR (e.g., Lanzuisi

et al. 2018; Dai et al. 2018) and higher average X-ray

luminosities in starburst galaxies (e.g., Rodighiero et al.

2015; Grimmett et al. 2019), which could be explained

by common cold gas supply for both SF and SMBH ac-

cretion.

3 The σ here represents the significance level that the coefficients
deviate from zero.



Highly obscured AGNs 15

We also look for trends of whether AGN obscuration

is correlated with host-galaxy properties. The linear

regression result for NH is

logNH = (−0.04± 0.05)× logM∗

+ (0.05± 0.04)× log SFR

− (0.02± 0.03)× z + (24.2± 0.5),

(4)

and the Spearman correlation test yields correlation co-

efficients consistent with zero for both M∗ (ρ = −0.04)

and SFR (ρ = 0.06). The lack of correlation is also con-

firmed by calculating the average NH in different M∗ or

SFR bins, since in either case, we find a flat trend within

1σ uncertainties (e.g., Lutz et al. 2010; Shao et al. 2010;

Rosario et al. 2012). The independency of LOS obscu-

ration on host-galaxy properties is naturally expected in

the AGN unification model (Antonucci 1993), suggest-

ing that for a significant fraction of our sources, their

high NH values likely result from high inclination an-

gles, instead of being caused by an intensively dusty

environment as a consequence of violent mergers where

an enhancement in SFR is expected when the absorbing

column density reaches the highly obscured regime (e.g.,

Hopkins et al. 2008). The lack of a significant correla-

tion with total stellar mass suggests that for the bulk

of X-ray selected highly obscured AGNs, the absorbing

materials responsible for the CT-level obscuration are

probably confined in the nuclear region.

This finding appears to be inconsistent with some

studies in the COSMOS field which reported a some-

what positive (Zou et al. 2019) or a strong correlation

between obscuration and M∗ (Lanzuisi et al. 2018). To

alleviate the limitation of the narrow NH range being

explored, we also include less obscured AGNs while per-

forming partial correlation tests. However, no corre-

lation is detected for either M∗ or SFR when the full

NH range is considered. This discrepancy is likely due to

different natures of X-ray and optical obscuration (e.g.,

Shimizu et al. 2018; Xu et al. 2020) as well as sample

differences. It is also possible that the narrow M∗ range

(∼ 1010− 1011M�) of our sample prevents us from find-

ing any significant trend, thus wider surveys with similar

depths are required to probe highly obscured AGNs in

more massive galaxies and extend our current analyses.

5.3. Are Highly Obscured AGNs Mainly Triggered by

Mergers?

In order to investigate the relevance of mergers in

triggering highly obscured AGNs, we cross match our

sample with the Huertas-Company et al. (2015) cata-

log which provides morphology classifications for galax-

ies with H-band magnitude < 24.5 in the five CAN-

DELS fields based on high-resolution HST images and

deep-learning techniques. The classification algorithm

is trained on the GOODS-S visual-classification results

(Kartaltepe et al. 2015) and has a very high accuracy.

Note that all galaxies in Huertas-Company et al. (2015)

are classified based on H-band images, thus we are in-

vestigating the rest-frame NIR images for low-redshift

sources and rest-frame optical images for high-redshift

sources. However, since Kartaltepe et al. (2015) showed

that only a small fraction of their sources (i.e., 84 out

of 7634 galaxies) have very different classifications be-

tween V -band and H-band images, we argue that this

morphological k-correction will not significantly influ-

ence our results.

Since most of our z > 3 sources do not have measured

morphology information in Huertas-Company et al.

(2015), we exclude them from the morphology analysis.

We use the CANDELS counterpart coordinates for our

highly obscured AGNs given by the X-ray source cata-

logs to perform cross-matching. A total of 226 sources

are matched using a 0.′′5 matching radius (hereafter the

morphology sample). For each galaxy, five parameters

are assigned to describe their morphology: fsph, fdisk,

firr, fps and func, which represent the possibilities that a

galaxy is spheroidal, disky, irregular, point-like and un-

classifiable, respectively. Among the morphology sam-

ple of 226 sources, 191 have a set of the above morphol-

ogy parameters being derived (hereafter the f -measured

sources) and we divide them into four groups (Huertas-

Company et al. 2015):

1. pure bulges (SPH): fsph > 2/3, fdisk < 2/3 and

firr < 1/10;

2. disks (DISK): fdisk > 2/3 and firr < 1/10;

3. irregular disks (DISKIRR): fdisk > 2/3, fsph < 2/3

and firr > 1/10; and

4. irregulars/mergers (IRR): fdisk < 2/3, fsph < 2/3

and firr > 1/10.

Motivated by Kocevski et al. (2015) (see their Sec-

tion 3), we do not distinguish late-type and early-type

disks (i.e., we merge the DISK and DISKSPH groups

in Huertas-Company et al. 2015 into DISK) to reduce

the possible contamination from the AGN to the bulge

component. This is also considered for the fact that the

disk components are easily destroyed in a major merger

event (Hopkins et al. 2009), therefore, as long as a sig-

nificant undisturbed disk is observable, it is less possible

that the galaxies have experienced violent mergers.

Figure 10 presents the distributions of morphology

type for our morphology sample in four redshift bins.

Among the 191 f -measured galaxies, 173 (91%) of them

have been classified as one of the four types, including 51

SPHs, 76 DISKs, 30 DISKIRRs and 16 IRRs. The z and

logLX of the classified sources are 1.56 and 43.5 erg s−1,
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Figure 10. Morphological classification results for the 226 highly obscured AGNs matched with the Huertas-Company et al.
(2015) catalog in four redshift bins. In each redshift bin, the total number of matched sources and numbers of sources that have
morphological measurements (i.e., f -measured) are summarized in the legend. A total of 173 galaxies can be classified into the
four classes based on the criteria listed in Section 5.3, i.e., 51 SPHs, 76 DISKs, 30 DISKIRRs and 16 IRRs.

respectively. Most of these 173 sources (61%) have a

significant disk component (fdisk > 2/3, i.e., DISK +

DISKIRR; see also Schawinski et al. 2012), while only

27% of them exhibit irregular signatures (i.e., DISKIRR

+ IRR).

For the 18 unclassified sources, 61% of them (11/18)

have firr > 0.1, with firr = 0.31, fdisk = 0.48 and

fsph = 0.76 (the remaining firr ≤ 0.1 sources have

firr = 0.05, fdisk = 0.47 and fsph = 0.40). Visual inspec-

tion of their images confirms that some of them do ex-

hibit irregular morphologies, and thus it is possible that

these galaxies are experiencing mergers and are trans-

forming their morphology from being disk-dominated to

bulge-dominated. If we simply treat all the 11 unclas-

sified firr > 0.1 sources as IRRs, then 57 out of the

191 (30%) sources show some level of irregularities (i.e.,

DISKIRR+IRR). This optimistic fraction is in general

agreement with Kocevski et al. (2015) which proposed

that ∼ 22% of X-ray-selected highly obscured AGNs ex-

hibit merger or interaction signatures.

Such a small irregular fraction suggests that major

mergers cannot be the leading mechanism that triggers

highly obscured SMBH accretion, especially consider-

ing the fact that an irregular disk morphology does not

necessarily implies galaxy interactions.4 The majority

(61%) of the classified sources having a significant disk

component (i.e., 76 DISKs + 30 DISKIRRs) can be con-

sidered as a further argument against the major-merger

scenario, which disfavors the probability that the likely

time lag between the merger and the later onset of nu-

clear activity (e.g., Emonts et al. 2006; Hopkins 2012)

prevents us from finding merger signatures that have al-

4 For example, the DISKIRR morphology could be a result from
minor mergers, the extended signatures from major mergers that
are misclassified as disks; or it could be due to strong disk insta-
bilities in high-redshift gas-rich galaxies.

ready faded, as it is not very likely for the disk structure

to survive after experiencing the violent merger process

for ordinary galaxies (e.g., Hopkins et al. 2009).

However, it has been argued that major mergers

may only be important in triggering the most-luminous

AGNs and/or the most obscured CT AGNs (e.g., Treis-

ter et al. 2012; Kocevski et al. 2015; Chang et al. 2017a).

To examine such arguments, we perform a similar mor-

phological analysis on less obscured AGNs and show

the DISKIRR and IRR fractions in different NH and

LX bins In Table 3. The 1σ errors are calculated us-

ing the method of Cameron (2011). We confirm the

trend presented in Kocevski et al. (2015) that the ir-

regular fraction increases with NH. However, we note

that the average LX is 0.8 dex higher for the CT popula-

tion, and an elevated irregular fraction in high-LX bin is

also detected. To make a fair comparison, we construct

LX- and z-controlled CT and CN AGN subsamples us-

ing the same method described in Section 5.1, and the

result is plotted in the left panel of Figure 11. It can

be seen that, although the sample is very limited (only

29 CT AGNs have LX- and z-matched CN counterparts

with logLX = 43.7, thus we do not further divide the

CN subsample into different NH bins), both DISKIRR

and IRR fractions are higher in CT AGNs than their

low-NH counterparts, suggesting that the observed dif-

ference in NH should not be only caused by inclination

effects. The elevated irregular fraction in the most heav-

ily obscured CT population implies that mergers indeed

play a part in boosting the nuclear obscuration (e.g.,

Ricci et al. 2017a; Koss et al. 2018).

However, we notice that in either population (high

NH or high LX), the DISKIRR and IRR classes still

only occupy a small fraction of the total sample. To bet-

ter understand the importance of mergers in triggering

highly obscured AGNs in the context of galaxy evolu-

tion, we split our morphology sample into two subsam-
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Table 3. DISKIRR and IRR fractions for the combined highly obscured and less obscured AGN samples in different NH and
LX bins.

Fraction Total NH < 1023 cm−2 1023 cm−2 < NH < 1024 cm−2 NH > 1024 cm−2 LX < 1044 erg s−1 LX > 1044 erg s−1

fDISKIRR 15+2
−2% 12+3

−2% 16+4
−3% 22+7

−5% 13+2
−2% 26+7

−5%

fIRR 11+2
−1% 8+3

−2% 8+3
−2% 12+6

−3% 10+2
−2% 11+6

−3%
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Figure 11. Comparison of morphology-classification distributions between LX- and z-matched CT and CN AGNs (Left),
between M∗- and z-matched low-LX (i.e., LX smaller than the median X-ray luminosity value at each redshift grid) highly
obscured AGNs and non-active galaxies (Middle), and between M∗- and z-matched high-LX (i.e., LX larger than the median
X-ray luminosity value at each redshift grid) highly obscured AGNs and non-active galaxies (Right), respectively. The 1σ error
bars are derived from the 16th- and 84th-percentiles of the 1000 resampled distributions.

ples based on the median LX in each redshift grid and

construct the M∗- and z-controlled normal galaxy sam-

ple for each population from the S15 GOODS-S dataset.

Their morphology-classification results are then com-

pared with our highly obscured AGNs using the same

classification criteria. The middle and right panels of

Figure 11 show the average morphology-classification

distributions for the 1000 randomly-selected control-

galaxy samples and our highly obscured AGNs in the

low-LX and high-LX regimes, respectively. For the

low-luminosity highly obscured population, the irregular

fraction is indistinguishable from that of control galaxies

in terms of both DISKIRR fraction (20+3
−3% vs. 16+3

−3%)

and IRR fraction (12+3
−3% vs. 13+3

−3%); while for the high-

luminosity highly obscured population, the IRR fraction

(8+2
−2%) is similar to that of control galaxies (9+3

−3%), but

the DISKIRR fraction increases from 12+3
−3% for control

galaxies to 19+3
−3% for luminous highly obscured AGNs.

This, together with the result that the irregular fraction

increases with NH, suggests that galaxy interactions are

more relevant in triggering the most-luminous and the

most heavily obscured (X-ray-selected) AGNs; however,

it may still play a limited role as even for such extreme

populations, the disturbed hosts are still in the minority.

Therefore, although mergers do have the ability to

trigger highly obscured AGNs (e.g., Ricci et al. 2017a;

Goulding et al. 2018; De Rosa et al. 2018; Pfeifle et al.

2019), our result here argues that the statement that

the majority of X-ray-selected highly obscured AGNs

are triggered by mergers is not true. The large fractions

of undisturbed disk and spheroid hosts for our highly

obscured sample shown in Figure 11 implies that secular

processes (e.g., galactic disk instabilities) should be the

predominant triggering mechanism of the current highly

obscured SMBH accretion by fueling cold gas streams to

the central AGNs stochastically (e.g., Schawinski et al.

2012; Kocevski et al. 2012, 2015; Chang et al. 2017b)

5.4. Are Highly Obscured AGNs Experiencing a

Blow-out Phase?

Blueshifted absorption lines detected in AGNs have

been widely interpreted as an indicator of outflowing

materials (e.g., Gibson et al. 2009; Filiz Ak et al. 2013;

Li et al. 2019a), which have long been served as crucial

ingredients in the evolutionary models that are respon-

sible for transforming AGN types (i.e., from type 2 to

type 1 or X-ray obscured to unobscured) and quench-

ing star formation (see, e.g., King & Pounds 2015 for

a review). A possible way to study whether our highly

obscured AGNs are experiencing a blow-out phase and

may eventually become unobscured AGNs is to inves-

tigate whether they are in the “forbidden” outflow re-

gion in the NH vs. λEdd diagram as defined in Fabian
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Figure 12. NH vs. λEdd plane for highly obscured AGNs.
The typical uncertainty in λEdd is estimated to be ∼ 0.8
dex. The long-lived and forbidden regions defined in Fabian
et al. (2008) are separated by the black line. The green and
magenta curves (derived by assuming typical SEDs for low-
and high-λEdd AGNs while calculating the boost factor A,
respectively) represent the minimum λEdd values that are
required to blow out the surrounding dusty materials in the
Liu & Zhang (2011) anisotropic radiative feedback model.
Inset: Distributions of log λEdd for CT and highly obscured
CN AGNs.

et al. (2008). To obtain λEdd, X-ray luminosity is con-

verted into bolometric luminosity (Lbol) using the Lusso

et al. (2012) luminosity-dependent conversion factor in

the form of

logLbol /LX = 0.230x+0.050x2+0.001x3+1.256, (5)

where x = logLbol − 12. The black-hole mass is ob-

tained by scaling the total stellar mass using the re-

lation proposed by Sun et al. (2015) that is param-

eterized as logMBH/M∗ = −2.85. The MBH calcu-

lated from this method will inevitably suffer large un-

certainties, but we note that it is still possible to ob-

tain the average MBH information for our sample, as

various studies have observed a positive correlation be-

tween MBH and M∗, albeit with large dispersions (e.g.,

Merloni et al. 2010; Sun et al. 2015; Reines & Volonteri

2015). The λEdd is then calculated as Lbol/LEdd where

LEdd = 1.26 × 1038 (MBH /M�) erg s−1. The typical

uncertainty in λEdd is ∼ 0.8 dex, which is estimated

by combining the typical uncertainties (i.e., the median

value of the whole sample) from the LX (∼ 0.25 dex)

and the M∗ (∼ 0.05 dex) measurements, as well as the

scatters of the LX − Lbol (∼ 0.2 dex; Lusso et al. 2012)

and MBH −M∗ (∼ 0.3 dex; Sun et al. 2015) relations.

The NH vs. λEdd relation is plotted in Figure 12,

where the distribution of λEdd is also shown. It can be

seen that the bulk of our sources are now in the long-

lived region (e.g., Raimundo et al. 2010; Ricci et al.

2017b). As pointed out by Liu & Zhang (2011), for

the effective Eddington ratio λ = AλEdd below a criti-

cal value of 7/18, where A is the boost factor of radi-

ation pressure owing to the presence of dust, the grav-

itational force will always defeat radiation pressure in

all directions, hence the dusty materials will not be

blown out. Adopting the boost factor A calculated by

Fabian et al. (2008), we derive the critical λEdd that

a radiatively-driven outflow can be launched as a func-

tion of NH and display the results in Figure 12. The

majority of our sources are located in the left side of

the critical curves, suggesting that their current ob-

scuring materials are long-lived in all directions given

their instantaneous λEdd. Given that these sources have

smaller log λEdd (–1.5), log sSFR (–9.6/yr) and larger

logM∗ (10.7 M�) than those sources on the right side

of the critical curves with the corresponding values of

–0.2, –8.6/yr and 10.2 M�, respectively, they may have

already evolved to a less active phase in terms of both

star formation and BHAR, thus their obscuring mate-

rials are likely to survive from the feedback events and

they will remain X-ray obscured, instead of transform-

ing to X-ray unobscured AGNs. However, simulations

have shown that λEdd can vary by orders of magnitude

on timescales of ∼ 105-106 yrs (e.g., Novak et al. 2011;

Yuan et al. 2018). Therefore, we cannot rule out the

possibility that once a new cycle of significant SMBH ac-

cretion is being triggered (e.g., through mergers), these

obscuring materials may be cleared out and an unob-

scured AGN may be revealed along our LOS.

6. CONCLUSIONS AND DISCUSSIONS

In this work, by using a large sample of X-ray-selected

NH > 1023 cm−2 AGNs (294 sources at z = 0 − 5)

and the wealth of spectroscopic and photometric data

available in CDFs, we have carried out a systematic

multiwavelength study of highly obscured AGNs that is

supplementary to our previous X-ray spectral and long-

term variability analyses (see paper I), aiming at ex-

amining whether highly obscured AGNs are the missing

link in the merger-triggered SMBH-galaxy coevolution-

ary models.

Specifically, we investigate the distributions of our

X-ray sources on various optical/IR/X-ray color-color

diagrams to explore the AGN obscuration properties.

We also perform detailed multi-component SED decom-
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position using the X-CIGALE code (Yang et al. 2020)

to obtain crucial host-galaxy parameters (e.g., M∗ and

SFR). The inclusion of X-ray data and the use of the

clumpy torus model in SED fitting allow us to better

constrain the AGN power and thereby obtaining more

reliable host-galaxy properties. We explore potential

correlations among M∗ and SFR with the direct tracers

of AGN radiation power and obscuration, i.e., the X-ray

luminosity and column density derived from X-ray spec-

tral fitting, in order to search for possible connections

between the growths of SMBHs and their host galax-

ies. The morphology classification is then performed for

the purpose of evaluating the importance of mergers in

triggering highly obscured SMBH accretion. Lastly, we

present our analysis on whether highly obscured AGNs

are sweeping out the surrounding obscuring materials

which may ultimately make them unobscured AGNs.

The primary conclusions emerging from this work are

summarized as follows.

1. The Donley et al. (2012) IRAC color-color dia-

gram can successfully identify a substantial frac-

tion of highly obscured AGNs at logLX (erg s−1) >

44.5. However, the identification fraction dramati-

cally drops to . 20% even for sources with 44.0 <

logLX (erg s−1) < 44.5. The low identification ef-

ficiency for X-ray luminous (logLX > 44.0 erg s−1)

highly obscured AGNs is likely due to that the IRAC-

missed sources have lower dust contents and/or torus

CFs, and are therefore intrinsically fainter in MIR

(logL6µm = 44.1 erg s−1) than the IRAC-selected

ones (logL6µm = 45.1 erg s−1), given that the av-

erage X-ray luminosities for the two populations are

the same (logLX = 44.4 erg s−1; see Section 4.1).

2. A large fraction (84%) of our X-ray highly obscured

AGNs will not be selected as heavily obscured can-

didates using the flux ratio of f24µm/fR > 1000 and

R−K > 4.5 criteria proposed by Fiore et al. (2008),

even for the most-luminous (i.e., LX > 1044 erg s−1)

population (i.e., 70% being missed). This result sug-

gests that the heaviest X-ray obscuration is not equiv-

alent to the extremely large MIR-to-optical flux ra-

tios and the reddest colors, possibly owing to the di-

verse structures of obscuring materials (e.g., different

CFs, gas/dust contents, and NH distribution), com-

plex origins of the LOS X-ray obscuration (e.g., dust-

free BLR gas, dusty torus, disk wind and/or ISM) as

well as galaxy contamination to the observed colors

(see Section 4.2).

3. The 50th-percentile of the SFR distribution

for highly obscured AGN hosts is similar to

that of M∗- and z-controlled normal galax-

ies (∆log SFR50th, agn−galaxy = −0.03+0.12
−0.12), but

the 20th-percentile for the former is char-

acteristically larger than that of the latter

(∆log SFR20th ,agn−galaxy = 0.83+0.17
−0.20). As a result,

the SFR distribution of highly obscured AGNs is

narrower than normal galaxies (i.e., lack of quiescent

hosts), suggesting that the sufficient cold gas supply

that is responsible for maintaining star formation

may also be an important source in fueling highly

obscured SMBH accretion. Furthermore, the 80th-

percentile of the SFR distribution of highly obscured

AGNs is not enhanced relative to control galaxies

(∆log SFR80th, agn−galaxy = −0.30+0.08
−0.07), suggesting

that the presence of X-ray-selected highly obscured

AGNs is not more frequently connected to starburst

activities (see Section 5.1).

4. The multi-variate linear regression and Spearman

partial correlation analyses among LX, M∗, SFR

and z suggest that highly obscured SMBH accretion

(traced by LX) is more fundamentally related to M∗,

which might be a result of the greater gravitational

potentials of massive hosts, being consistent with pre-

vious studies on non-bulge-dominated galaxies (see

conclusion 6). However, highly obscured SMBH ac-

cretion still remains a positive trend with SFR after

M∗ is controlled, albeit at a weaker significance level,

suggesting that at a given M∗, galaxies with sufficient

gas contents which are able to fuel higher SFRs are

also more likely to trigger highly obscured AGNs (see

Section 5.2).

5. We find no correlation between NH and either M∗ or

SFR, consistent with the prediction from the AGN

unification model (Antonucci 1993). Such a result

suggests that for a significant fraction of our sources,

their high NH values likely result from high inclina-

tion angles, instead of being caused by an intensively

dusty environment as a consequence of violent merg-

ers where an enhancement in SFR is expected when

the absorbing column densities reach the highly ob-

scured regime (e.g., Hopkins et al. 2008). The lack of

a significant correlation with total stellar mass sug-

gests that for the bulk of X-ray selected highly ob-

scured AGNs, the absorbing materials responsible for

the CT-level obscuration are probably confined in the

nuclear region.

6. To examine whether highly obscured SMBH accre-

tion is mainly triggered by mergers, we cross-match

our sample with the Huertas-Company et al. (2015)

galaxy-morphology catalog. We find that 61% of

them have a significant disk component, while only
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27% of them exhibit irregular signatures (9% IRR

+ 18% DISKIRR). The incidence of disturbed mor-

phologies increasing with both LX and NH, which

supports the scenario that mergers are more relevant

in triggering the most-luminous and the most heavily

obscured (X-ray-selected) AGNs. However, mergers

may still only play a limited role as even for such ex-

treme populations, the disturbed hosts are still in the

minority (see Section 5.3).

7. The majority of our sources are located in the sta-

ble long-lived region in the NH vs. λEdd plane de-

fined in Fabian et al. (2008). The fact that long-lived

sources have on average smaller λEdd and sSFR, and

higher M∗ with respect to sources that have matched

NH,LOS but lie in or close to the outflow region sug-

gests that, they may have already evolved to a less ac-

tive phase in terms of both star formation and BHAR,

thus their obscuring materials are likely to survive

from the feedback events and they will remain X-ray

obscured. However, we cannot rule out the possibility

that once a new cycle of significant SMBH accretion

activity is being triggered, these obscuring materials

may be cleared out and an unobscured AGN will be

revealed along our LOS (see Section 5.4).

Overall, our findings suggest that the majority of the

X-ray-selected highly obscured AGNs within the lumi-

nosity and redshift ranges examined here are not the

“missing link” (i.e., dust-enshrouded AGNs likely hav-

ing enhanced star-forming activities, disturbed host-

galaxy morphologies, and strong outflows which may

eventually make themselves unobscured) in the merger-

triggered SMBH-galaxy coevolution and AGN type-

transition models, given the combined evidence of com-

plex origins of their heavy LOS X-ray obscuration, the

similar star formation activity to that of normal star-

forming galaxies, the lack of correlation between ab-

sorbing column densities and SFR, the large fraction of

sources having undisturbed hosts and the fact that the

majority of them are far away from the outflow region

defined in the NH vs. λEdd plane.

However, although our work has provided deep in-

sights into the elusive highly obscured AGN population

by taking advantage of the deepest Chandra surveys,

the current X-ray data are still insufficient. The small

sky coverages of CDFs severely limit the source statis-

tics toward the highest-luminosity end, and the current

detection limit for Chandra is insufficient to probe CT

AGNs that have NH as high as 1025 cm−2. Therefore,

we are still missing the most luminous and/or the most

heavily obscured AGNs which may be most important

to understand the merger models (see Section 5.3). To

improve the current situation, wider X-ray surveys with

similar or deeper depth are necessary. This requirement

is expected to be fulfilled by future Athena (Nandra

et al. 2013) and Lynx (Gaskin et al. 2019) surveys which

can reach detection limits close to (i.e., Athena) or even

deeper (i.e., Lynx) than the current Chandra deep sur-

veys while also achieving much larger survey areas. In

concert with the improved constraints of dust proper-

ties and star formation and AGN activities at IR wave-

lengths by future MIR spectroscopy from e.g., the James

Webb Space Telescope (e.g., Kirkpatrick et al. 2017) and

the SPICA mission (e.g., Roelfsema et al. 2018), we will

be able to better address the issues related to current

studies and have a more profound understanding of the

highly obscured AGN population as well as their role in

galaxy evolution.
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