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ABSTRACT

We present a study of the connection between black hole accretion, star formation, and galaxy mor-
phology at z < 2.5. We focus on active galactic nuclei (AGNs) selected by their mid-IR power-law
emission. By fitting optical to far-IR photometry with state-of-the-art spectral energy distribution
(SED) techniques, we derive stellar masses, star formation rates, dust properties, and AGN contribu-
tions in galaxies over the whole COSMOS field. We find that obscured AGNs lie within or slightly
above the star-forming sequence. We confirm our previous finding about compact host galaxies of
obscured AGNs at z ~ 1, and find that galaxies with 20-50% AGN contributions tend to have smaller
sizes, by ~25-50%, compared to galaxies without AGNs. Furthermore, we find that a high merger
fraction of up to 0.5 is appropriate for the most luminous (log(L;r/Lg) ~ 12.5) AGN hosts and non-
AGN galaxies, but not for the whole obscured AGN sample. Moreover, merger fraction depends on the
total and star-forming infrared luminosity, rather than the decomposed AGN infrared luminosity. Our
results suggest that major mergers are not the main driver of AGN activity, and therefore obscured
AGNs might be triggered by internal mechanisms, such as secular processes, disk instabilities, and
compaction in a particular evolutionary stage. We make the SED modeling results publicly available.

Keywords: galaxies: active — galaxies: star formation — infrared: galaxies

1. INTRODUCTION

One of the most important issues in studies of galaxy
evolution is the connection between the formation of
stars in galaxies and the fueling of nuclear activity.
Star formation arises from the collapse of cold molec-
ular clouds while active galactic nucleus (AGN) activity
is caused by the accretion of matter onto super-massive
black holes. Though star formation and AGN activity
occur on very different scales, AGNs could be involved in
the process of quenching star formation. Previous results
revealed that X-ray and optically selected AGNs reside
in galaxies harboring sustained activity of star formation
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(Harrison et al. 2012; Santini et al. 2012; Mullaney et al.
2012; Juneau et al. 2013; Rosario et al. 2013; Stanley
et al. 2015; Mahoro et al. 2017). Furthermore, although
high luminosity AGNs seem to be connected to violent
events and may reside in galaxies more often involved
in major mergers (Kartaltepe et al. 2012; Treister et al.
2012; Fan et al. 2016), the majority of X-ray selected
AGNs appear to live mostly in disk-dominated isolated
systems (e.g., Cisternas et al. 2011; Kocevski et al. 2012),
implying that the bulk of super-massive black hole ac-
cretion is likely driven by internal processes and not by
major mergers.

While the results reported above have been mostly
drawn from populations of unobscured AGNs accord-
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ing to X-ray observations, it has recently been suggested
that obscured AGNs, which are not well sampled by X-
ray surveys, may reside in different environments. For
instance, Compton-thick AGNs hidden by extreme col-
umn densities (Ny > 10%* ¢cm™2) tend to show a frac-
tion of disturbed morphologies increasing with obscura-
tion (Kocevski et al. 2015; Lanzuisi et al. 2015b). This
suggests that Compton-thick AGNs can be in a phase
of obscured super-massive black hole growth following a
merger event. Current samples of obscured AGNs are
mostly limited to moderate obscuration by X-ray detec-
tions, which are selected from gas column density mea-
surements (Lusso et al. 2011, 2013; Bongiorno et al. 2014;
Merloni et al. 2014; Brusa et al. 2015). Compton-thick
AGNs are found by deep X-ray observations (Brightman
et al. 2014), but the limited field sizes also limit detec-
tions.

Another approach to explore obscured AGNs is from
infrared (IR) observations, which can provide comple-
mentary samples compared to X-ray data (Coppin et al.
2010; Del Moro et al. 2016). IR-selected AGNs can be
identified from their mid-infrared (MIR) power-law emis-
sion using Spitzer/IRAC photometry (Lacy et al. 2004;
Stern et al. 2005; Donley et al. 2012). This technique
can be apphed up to z ~ 2.5, or even higher redshifts
(Messias et al. 2012). Since this approach only relies
on the detection of the dust continuum emission in the
infrared, it can unveil AGNs suffering very strong obscu-
ration in the X-rays, including AGNs even missed by the
deepest X-ray observations obtained to date. A proxy
for obscuration can be inferred using the infrared to X-
ray luminosity ratio (or lower limit if there is no X-ray
detection), where the AGN infrared luminosity can be
estimated using state-of-the-art spectral energy distribu-
tion (SED) fitting techniques as discussed in Mullancy
et al. (2011); Kirkpatrick et al. (2012, 2013); Dale et al.
(2014); Hernan-Caballero et al. (2015 ), Kirkpatrick et al.
(2015). Obscured AGN can then be selected as sources
that are under-luminous in the X-rays relative to their
bolometric luminosity inferred from the infrared (Messias
et al. 2014).

The morphologies of host galaxies have been charac-
terized using two-dimentional surface brightness model-
ing and nonparametric morphology methods, and visual
classification. Virani et al. (2000) found that there are
no significant differences between their control and ac-
tive Seyfert host galaxies in terms of light asymmetries.
Grogin et al. (2005) showed that ~ 150 X-ray AGNs
have bulge-dominated morphologies from their concen-
tration and asymmetry up to z ~ 1.3. Pierce et al. (2007)
found that 94 X-ray selected AGNs with 0.2 < z < 1.2
mostly reside in E/S0/Sa galaxies, while infrared selected
AGNs showed no clear preference for host morphology
from nonparametric measures. Georgakakis et al. (2008)

studied Compton-thick AGN with 0.4 < z < 0.9 and
suggested that a large fraction of post-starbursts and
red cloud galaxies have evidence for at least moderate
levels of AGN obscuration. In order to avoid AGN con-
tamination, Gabor et al. (2009) decomposed ~400 X-ray
selected AGNs into AGN point source and galaxy light at
0.3 < z < 1.0, and found that X-ray-selected AGN host
morphologies span a substantial range that peaks be-
tween those of bulge-dominated and disk-dominated sys-
tems. Bohm et al. (2013) also decomposed ~200 type-1
X-ray AGN images at z ~ 0.7 into nucleus and host com-
ponents, and found that active and inactive galaxies show
similar distributions in nonparametric measures space af-
ter decomposition. Villforth et al. (2014) added simu-
lated AGNs to a stellar mass-matched control sample at
0.5 < z < 0.8 to show that X-ray selected AGN hosts and
control sample galaxies have comparable asymmetries,
Sérsic indices and ellipticities. At higher redshift, Schaw-
inski et al. (2011) considered point source components for
57 X-ray AGN hosts with 1.25 < z < 2.67 and found that
half of the sample are disk-dominated. Simmons et al.
(2012) also chose one or two components models accord-
ing to their fitting residuals and suggested the majority
of X-ray AGN host galaxies are disk-dominated. Fan
et al. (2014) analyzed 35 X-ray selected AGNs at z ~ 2
based on point-source-subtracted images and suggested
that all the distributions of morphological parameters
of AGN hosts are consistent with their control sample.
Rosario et al. (2015) showed that X-ray AGN hosts are
slightly diskier and more disturbed than massive inac-
tive galaxies at z ~ 1, and show a red central light en-
hancement at z ~ 2. They also demonstrated that the
central excess is likely due to the bulge and the two-
component model may underestimate Sérsic index, driv-
ing the main stellar components towards disk-dominated
profiles. Bruce et al. (2016) found that the structural pa-
rameters of X-ray selected AGN hosts are indistinguish-
able from the general galaxy population, but have signif-
icantly higher bulge fractions beyond z ~ 1.5. Villforth
et al. (2017) created a control sample of mock AGN to
compare with 20 optically and X-ray selected luminous
AGNs at z ~ 0.6, and found no enhanced disturbance in
the AGNSs relative to the control sample. According to
these previous studies, the relation between morphology
and AGN activity is till unclear, largely because it de-
pends on sample selection, redshift, and techniques used
to measure morphology and AGN activity.

Recently, we explored the optical-light radial profile
from a IR-selected sample and found that obscured AGN
hosts at z ~ 1 are more compact than a control sample
of star-forming galaxies at the same stellar mass and red-
shift bins (Chang et al. 2017). Internal secular processes
over long time scales could play a dominant role, but
the potential impact of violent disk instabilities (VDI) in
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gas-rich disks has also been discussed recently in the liter-
ature. Indeed, these VDI are believed to result in highly
clumpy galaxies as frequently observed at z>1. The pos-
sible migration of their giant star-forming clumps toward
their central region could lead to the quick formation of
a dense stellar component (Dekel et al. 2009; Ceverino
et al. 2010), which may also be accompanied by a phase
of gas compaction (Tacchella et al. 2016), producing blue
nuggets (Zolotov et al. 2015), and potentially affecting
the fueling of central AGNs (Dubois et al. 2015).

In this paper, we extend our previous study to a gen-
eral comparison with star formation, AGN fraction, and
obscuration in a complete MIR selected sample. We
compare physical properties of AGN hosts with normal
star-forming galaxies by using both spectral energy dis-
tribution and morphology fitting techniques. Following
the morphology studies in Chang et al. (2017), we quan-
tify the structural parameters of obscured IR-AGN hosts,
and present their visual classification result. The struc-
ture of this paper is as follows. In § 2 we describe the data
and our selection. We present our SED fitting results as
well as the comparison between normal star-forming and
AGN host galaxies in § 3. We present a morphology
analysis of AGN hosts, based on two-dimensional fitting,
nonparametric method, and visual classification in § 4.
The discussion is presented in § 5, followed by summary
in § 6. We use AB magnitudes and the cosmological
parameters (Q7,024,h)=(0.30,0.70,0.70) and adopt the
Chabrier (2003) stellar initial mass function.

2. DATA AND SAMPLE SELECTION
2.1. MIR galaxies and IR AGNs

Our sample is based on a MIR 24 pum selection (S24pm
280 wJy; Le Floc’h et al. 2009) and contains 36,670
MIR galaxies in the Cosmic Evolution Survey (COS-
MOS, Scoville et al. 2007) field. We match all the MIR
galaxies with the COSMOS2015 catalog (Ilbert et al.
2013; Laigle et al. 2016) to get photometry from op-
tical to far-infrared (FIR). There are 30,212 redshifts,
which are firstly taken from the Chandra Legacy Sur-
vey (6.66%; Salvato et al. 2011; Marchesi et al. 2016;
Civano et al. 2016), then available spectroscopic red-
shifts (30.14%), otherwise the COSMOS2015 photomet-
ric redshifts (63.19%; Laigle et al. 2016). We found
that the fraction of outliers (n=2.9%) and accuracy
(cnAMp=0.002) are reliable and good (see Ilbert et al.
2009; Salvato et al. 2011, for more details) by comparing
spectroscopic and photometric redshifts.

We selected IR power-law AGN candidates as sources
according to a color-color selection, which was first intro-
duced by Lacy et al. (2004). In Figure 1, the cross sym-
bols show objects with IRAC F,, flux densities monotoni-
cally rising from 3.6 to 8um. We selected most (>99%) of
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Figure 1. Upper: IR-AGN selection in the color-color
plot at z < 2.5. The cross symbols represent galaxies
with monotonically rising MIR SEDs. The black dots are
our IR-selected AGN according to the red box. The con-
tour shows the major population. The gray coding shows
the AGN fractions of dominant MIR, AGNs according to
SED fitting. Lower: The correlation between AGN di-
agnostic strength (red arrow in the upper plot) and the
MIR contribution of AGNs. We adopt the red box in this
paper. This technique is similar to previous color-color
selections (L07, D12), and consistent with power law or
MAGPHYS AGNs.

these power-law AGNs by avoiding contamination from
normal galaxies and defined a box':

y <222 %z +1.01 (1)
y < 8.67 x x—0.28 (2)
y>—3.33x x+0.17 (3)
y > 0.31 x z —0.06 (4)

where x = ms.8um — M3.6ums Y = M8um — M4.5um, and
Mgum is in AB magnitude. There are 1,085 infrared-

1 We adopted the Classification and Regression Trees method
(Breiman et al. 1984) by scikit-learn (Pedregosa et al. 2011), and
simplified the decision surface according to the contour plot. As
a result, the mean accuracy score (fraction of correct predictions
computed by scikit-learn) is very high (~0.99).



Table 1. Sample size of AGN host galaxies of X-ray se-
lected AGNs (Lx(2-10 keV)> 10%? ergs/s), MAGPHYS
SED AGNs (AGN contribution of MIR luminosity >50%
MIR from SED fitting), and MIR selected AGNs (this pa-
per, D12, and LO7). The columns represent the sample
size of all AGN host and obscured (L;r,acn/Lx acn >
20) IR-AGN host galaxies at z < 2.5.

selection X-ray SED C17 D12 LO7
All 1538 2288 1085 656 3340
obscured 370 620 469 342 612

selected AGNs (IR-AGNs) inside the box at z < 2.5 as
shown in Figure 1. 670 of these 1,085 IR-AGNs are in the
Chandra Legacy Survey catalog (Marchesi et al. 2016;
Civano et al. 2016). For the remaining 460 IR-AGNs,
spectroscopic redshifts are available for 148 of them, and
photometric redshifts are adopted for 267 of them. Our
selection is comparable to previous selections (Lacy et al.
(2004), LO7; Donley et al. (2012), D12) and provides an
up-to-date box according to the latest IRAC measure-
ments. Here we define ‘AGN diagnostic strength’ along
the red arrow in the upper panel of Figure 1. The values
of AGN diagnostic strength are calculated by the pro-
jected value along the peak population of the selected
box. The scales are labeled in the upper panel and shown
in the lower panel of Figure 1. The gray scale shows that
the AGN fractions of dominant MIR AGNs (MAGPHYS
AGN; AGN contribution of MIR luminosity >50% MIR
from SED ﬁtting as shown in the lower panel in Figure 1;
see Section 2.2 for more details about SED fitting) agree
with our selection. The lower plot of Figure 1 shows a
good correlation with the MIR percentage of the AGN
contribution estimated with SED fitting. We show the
sample size with a less strict selection by L04, a stricter
selection by D12, and the X-ray selection from Chan-
dra Legacy Survey with Ly (2-10 keV)> 10%? ergs/s in
Table 1. There are 631 AGNs selected by both X-ray
(~41%) and our infrared (~58%) criterion. In order
to have a simple and consistent selection, we adopt the
color-color selection in this paper. An updated technique
by power law or MAGPHYS AGN will be considered in
future works.

2.2. SED fitting

We fit the spectral energy distributions (SEDs) of all
the MIR-selected galaxies with a custom version of the
MAGPHYS code (da Cunha et al. 2015). MAGPHYS
computes the emission by stellar populations in galaxies
from the UV to near-IR consistently with the emission
from dust at mid-IR and far-IR wavelengths using an en-
ergy balance technique. Our version is a modification of
the high-z extension (da Cunha et al. 2008) that includes
the contribution by AGN emission to the SEDs (MAG-
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Figure 2. Four AGN empirical templates adopted in the
MAGPHYS+AGN SED fitting: low luminosity type-2
Seyfert (template=1, Mullaney et al. 2011), high lumi-
nosity type-2 Seyfert (template=2, Mullaney et al. 2011),
type-1 QSO (template=4, Richards et al. 2006; Prieto
et al. 2010), tyep-1 Seyfert (template=5, Polletta et al.
2007).

PHYS+AGN; da Cunha et al. in prep., Juneau et al. in
prep.). The AGN emission is reproduced using a set of
empirical templates from Mullaney et al. (2011) (type-
2), Richards et al. (2006), Prieto et al. (2010) (QSO),
and Polletta et al. (2007) (Seyfert 1) as shown in Fig-
ure 2. These four templates span in a representative
way the global range of AGN known SEDs; a small but
representative set of templates is chosen to avoid degen-
eracies in the SED fitting. In our AGN sample, most of
them (>80%) can find good fitting results (0 < x4,y <
3). The contribution of the AGN template to the total
infrared luminosity, éaan = LGN /(LASN + LSF ), is al-
lowed to vary between 0 and 1 for each of the templates,
and we allow the fitting code to decide which template
best fits the observations, while marginalizing all param-
eters over different contributions of the AGN component
and the different AGN emission templates. Figure 3 and
4 show examples of an obscured AGN host and a QSO
with high AGN fraction. The SEDs without AGN con-
tribution (gray lines) show the difficulty to fit the MIR
part, which can be well fitted by the SEDs with AGN
component (black lines, which is often plotted beneath
other lines). The estimates of physical parameters of
AGN hosts and the control sample of star-forming (non-
AGN) galaxies are also based on our SED fitting results.

2.3. Obscuration

In order to focus on obscured AGNs by infrared selec-
tion, we use the ratio of AGN luminosity between IR and
X-ray to define obscuration:

LR AGN (5)
Lx acn’

where Lig agn is the AGN luminosity in the IR range (3
- 2000 pm) and Lx, agn is the AGN luminosity from X-



AASTEX OBscURED IRAGNs IN COSMOS 5

14 D= 275452
2l 7 8
12 TN aen=0.96 |
\»< 11 — 4 ]
A
S 10F \—
(o2}
S 9
8 -
(1?_ ................. B I I IT TET RErrpppp A P, II“ .......... —
0.1 1.0 10.0 100.0 1000.0
o A/um [observed—frame]
0 1 T - T
© 1 I
3 05 1 ﬂ ml
o]
S 0 J’I"L JH
‘:El -101 2348 9 10 11 12 1011121314 1011121314
= log(SFR/Mg yr™") log(M./Mo) 10g(Lgyst/Lo) 109(Lustaon/Lo)
.g 1 : : T
B 05 1 ! f
. 1
£ 0 Ay g il
X
3 -1+10-9-8-7 56 78 90 0.5 11 2 3 4 5
log(sSFR) yr™' l0g(Mgyst/Me) P template
14 iD= 543297
2l . 0%
~~ = . -
912 aon=0.70
> 11
A
£ 10F
(@2}
oS 9r
8 —
é_' ............... 1i—II-t-&'¢--*-*----I-t-*--t--’ ......... I +;++¢T ........ : . —
0.1 1.0 10.0 100.0 1000.0
= A/um [observed—frame]
.g 1 T T T T
| i !
§ 0.5 ! | ﬂ l
; |
$ 0 A Ay '
'i_‘l -101 2348 9 10 11 12 1011121314 1011121314
= log(SFR/Me yr") log(M./Mg) 10g(Lgust/Lo) 109(Lgustacn/ L o)
(2]
= 1 T T: il :
o i i i
8 0.5 ! E 1
(o] I 3
‘i_‘l -1+10-9-8-7 56 78 90 0.5 11 2 3 4 5
log(sSFR) yr™" log(Myye/Mo) Fve template

Figure 3. SED fitting with AGN component (orange line). The red points are the photometry and the black lines are
the best-fitting model. The orange line is the AGN component and blue line is the star formation component. The
residuals and histogram of the physical parameters are also shown for the three models. The dash lines are the median
values and the dotted lines are the best-fitting values. They gray lines show SED fitting results without any AGN
component. As described in Figure 2, the numbers of the templates are: 1=low luminosity type-2 Seyfert; 2=high
luminosity type-2 Seyfert; 4=type-1 QSO; 5=type-1 Seyfert.



ray observations. This definition represents the bolomet-
ric luminosity inferred from the infrared relative to the
luminosity in the X-rays. In the upper plot in Figure 5,
we adopt the 90% completeness of the X-ray luminosity
as our upper limit in the X-ray luminosity to redshift plot
(see Figure 7 in Marchesi et al. 2016). Therefore, we can
derive the lower limit of the obscuration and select ob-
scured AGNs as in Equation 5. Here we define obscured
AGNs by Lir aan/Lx,agn > 20 as an arbitrary choice
according to Compton-thick AGNs in Figure 5. There
are 469 obscured AGNs at z < 2.5. This is another ap-
proach to get the obscuration beside pure X-ray spectral
measurement. We also compare our selection technique
with previous obscured or Compton-thick AGNs in Fig-
ure 5. This shows that our selection is reasonable, and
we have a large obscured sample (red arrow) without X-
ray detections.

3. SED RESULTS
3.1. Public Catalog: MIR-selected sources

We provide a public catalog ? for all 36,670 MIR se-
lected galaxies, including AGN information. In Table 2,
we include ID, Ra, Dec, redshift, modeling results from
the preliminary MAGPHYS+AGN, and the public ver-
sion of MAGPHY'S which does not include an AGN com-
ponent. Note that our analyses in this paper are based
on the best redshifts, including private spectroscopic red-
shifts from the COSMOS team; the public version here is
based on the photometric redshifts in the COSMOS2015
catalog (Laigle et al. 2016). We recommend using the
MAGPHYS modeling results for objects with FLAG=1
(20,311 out of 36,670). These are all galaxies with good-
quality SED fits (0 < x4on < 3;0 <z < 2.5).

In parallel, we provide SED fitting results, based on
MAGPHYS (see Chang et al. 2015), in galaxies with
available photometric redshifts (537,173 out of 1,182,108
sources) over the whole COSMOS field.

3.2. AGN Fraction and Obscuration

Figure 6 shows stellar mass, difference of reduced chi-
square values between SEDs of AGN and non-AGN con-
sideration, obscuration as a function of AGN bolometric
fraction (AGN to total luminosity integrated over the
whole SED from optical to far-infrared). The AGNs are
IR selected by the color-color diagram in Section 3.1. For
the control sample, we excluded IR-AGN, MAGPHYS
AGN, X-ray selected AGN host galaxies in the star-
forming galaxies hereafter. Some star-forming galaxies
are dominated by an AGN bolometrically in Figure 6.
It is possible that AGNs were particularly luminous in
the optical, rather than in the IR or X-ray as shown

2 www.asiaa.sinica.edu.tw/~yychang/ca.html

in Figure 4. In this case, we only observed the accre-
tion disk, but not the corona or torus. Nevertheless,
most of the star-forming galaxies (~96%) contain lit-
tle AGN contributions (<10% bolometric AGN fraction).
There are more massive AGN hosts compared to control
sample. Figure 7 also shows that AGNs are in higher
mass galaxies at all redshifts as also found in the lit-
erature (Aird et al. 2012; Bongiorno et al. 2016). The
middle panel shows the reduced chi-square value com-
parison between the SED fitting without and with AGN
components. There is a clear separation between AGN
hosts and normal star-forming galaxies. In general, our
MAGPHYS+AGN SED fitting results work better than
the standard fitting by considering the MIR contribu-
tion. The small reduced chi-square values of high AGN
fraction objects show the importance of including AGN
components. The lower panel shows a slight correlation
between AGN bolometric fraction and obscuration, but
it is difficult to quantify the relation due to the lower
limit of obscuration of non X-ray detected sources. This
could be due to the correlation with AGN luminosity.
This implies that the emission of heavily obscured AGNs
is dominated by the AGN component. The open cir-
cle and lower limit symbols show that many obscured
objects with high AGN fraction are not detected in the
X-ray. In our obscured IR-AGN sample, ~54% of them
are also defined as X-ray AGNs. This is consistent with
Mendez et al. (2013), which shows that the fraction of
X-ray AGN that are IR-AGN selected depends on the
X-ray depth. This suggests that our infrared selection
provides an obscured sample (~46%) which is hidden in
the X-ray observations at the depth of the Chandra data
in COSMOS.

3.3. Comparison with the Star-forming Main Sequence

In order to understand the star formation in AGN
hosts compared to the general galaxy population, we
compare our sample with the star-forming sequence (also
call main sequence; e.g., Brinchmann et al. 2004; El-
baz et al. 2007; Noeske et al. 2007; Daddi et al. 2007;
[Ibert et al. 2015; Schreiber et al. 2015; Chang et al.
2015). The lower star formation might imply AGN feed-
back, the higher star formation could imply that the stel-
lar and black hole components are both growing at the
same time, and similar star formation might indicate that
the AGN does not affect significantly the star formation
properties.

Figure 8 shows star formation sequence plots at differ-
ent redshift bins, based on our SED fitting results. The
black lines represent the star-forming galaxies which are
not classified as IR-AGN, MAGPHYS AGN, or X-ray se-
lected AGNs in our 24 um sample. The dotted black lines
define a rage of +/- 0.3 dex of our star-forming sample.

We defined our own star-forming sequence, rather than
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Table 2. MAGPHYS+AGN output catalog in the COSMOS field.

Column Name Format Unit Column Description

NUMBER LONG - COSMOS2015 index

ALPHA_J2000 DOUBLE deg J2000 R.A. [deg] from COSMOS2015

DELTA_J2000 DOUBLE deg J2000 Dec. [deg] from COSMOS2015

PHOTO_Z DOUBLE - photometric redshift from COSMOS2015

TEMPLATE INT - AGN template; 1: low lum type-2; 2:high lum type-2; 4: QSO type-1 5: Seyfert type-1
MASS_ 2.5 AGN FLOAT log M log stellar mass (2.5th percentile) [MAGPHYS+AGN]
MASS_16_AGN FLOAT log M, log stellar mass (16th percentile) [MAGPHYS+AGN]
MASS_50_.AGN FLOAT log Mg log stellar mass (50th percentile) [MAGPHYS+AGN]

MASS_84_ AGN FLOAT log M log stellar mass (84th percentile) [MAGPHYS+AGN]
MASS_97_5_AGN FLOAT log stellar mass (97.5th percentile) [MAGPHYS+AGN]
SFR_2.5_AGN FLOAT log SFR (2.5th percentile) [MAGPHYS+AGN]

SFR_16_AGN FLOAT log SFR (16th percentile) [MAGPHYS+AGN]

SFR_50_AGN FLOAT log Mo Jyr log SFR (50th percentile) [MAGPHYS+AGN]

SFR_84_ AGN FLOAT log Mg /yr log SFR (84th percentile) [MAGPHYS+AGN]

SFR_97_5_AGN FLOAT log M, /yr log SFR (97.5th percentile) [MAGPHYS+AGN]

AV_2.5_AGN FLOAT - dust attenuation parameter (2.5th percentile) [MAGPHYS+AGN]
AV_16_AGN FLOAT - dust attenuation parameter (16th percentile) [MAGPHYS+AGN]
AV_50_AGN FLOAT - dust attenuation parameter (50th percentile) [MAGPHYS+AGN]
AV_84_AGN FLOAT - dust attenuation parameter (84th percentile) [MAGPHYS+AGN]
AV_975_AGN FLOAT - dust attenuation parameter (97.5th percentile) [MAGPHYS+AGN]
AGNF_2.5_AGN FLOAT - AGN IR fraction (2.5th percentile) [MAGPHYS+AGN]
AGNF_16_AGN FLOAT - AGN IR fraction (16th percentile) [MAGPHYS+AGN]

AGNF 50_AGN FLOAT - AGN IR fraction (50th percentile) [MAGPHYS+AGN]

AGNF_84 AGN FLOAT - AGN IR fraction (84th percentile) [MAGPHYS+AGN]
AGNF_97 5 AGN FLOAT - AGN IR fraction (97.5th percentile) [MAGPHYS+AGN]
LDUST2.5_.AGN FLOAT log dust luminosity (2.5th percentile) [MAGPHYS+AGN]
LDUST_16_.AGN FLOAT log dust luminosity (16th percentile) [MAGPHYS+AGN]
LDUST_50_-AGN FLOAT log dust luminosity (50th percentile) [MAGPHYS+AGN]
LDUST_84_ AGN FLOAT log dust luminosity (84th percentile) [MAGPHYS+AGN]
LDUST_97_5_AGN FLOAT log dust luminosity (97.5th percentile  MAGPHYS+AGN]
LDUSTAGN_2_5_AGN FLOAT log dust AGN luminosity (2.5th percentile) [MAGPHYS+AGN]
LDUSTAGN_16_AGN FLOAT log dust AGN luminosity (16th percentile) [MAGPHYS+AGN]
LDUSTAGN_50_.AGN FLOAT log dust AGN luminosity (50th percentile) [MAGPHYS+AGN]
LDUSTAGN_84_ AGN FLOAT log dust AGN luminosity (84th percentile) [MAGPHYS+AGN]
LDUSTAGN_97_5_AGN FLOAT log dust AGN luminosity (97.5th percentile) [MAGPHYS+AGN]
MASS_2.50 FLOAT log stellar mass (2.5th percentile) MAGPHYS]

MASS_16-0 FLOAT log stellar mass (16th percentile) [MAGPHYS]

MASS_50.0 FLOAT log stellar mass (50th percentile) [MAGPHYS]|

MASS_84.0 FLOAT log stellar mass (84th percentile) [MAGPHYS]

MASS_97.5_0 FLOAT log stellar mass (97.5th percentile) [MAGPHYS]

SFR_2.5.0 FLOAT log SFR (2.5th percentile) [MAGPHYS]

SFR_16_.0 FLOAT log SFR (16th percentile) [MAGPHYS]

SFR_50_0 FLOAT log SFR (50th percentile) [MAGPHYS]

SFR_-84.0 FLOAT log SFR (84th percentile) [MAGPHYS]

SFR.97.5.0 FLOAT log SFR (97.5th percentile) [MAGPHYS]

AV_250 FLOAT - dust attenuation parameter (2.5th percentile) MAGPHYS]
AV_16.0 FLOAT - dust attenuation parameter (16th percentile) [MAGPHYS]
AV_50_0 FLOAT - dust attenuation parameter (50th percentile) [MAGPHYS]
AV_84.0 FLOAT - dust attenuation parameter (84th percentile) [MAGPHYS]

AV 9750 FLOAT - dust attenuation parameter (97.5th percentile) [MAGPHYS]
LDUST 250 FLOAT log L log dust luminosity (2.5th percentile) [MAGPHYS]

LDUST_16-0 FLOAT log L log dust luminosity (16th percentile) [MAGPHYS]

LDUST_50-0 FLOAT log Lo log dust luminosity (50th percentile) [MAGPHYS]

LDUST_84.0 FLOAT log Lo log dust luminosity (84th percentile) [MAGPHYS]

LDUST 9750 FLOAT log L log dust luminosity (97.5th percentile) [MAGPHYS]

FLAG INT - flag (1=good fits; O=others)

Note: we recommend using the MAGPHYS modeling results for objects with FLAG=1.
These are all 0 < z < 2.5 galaxies with good-quality SED fits (0 < x%4on < 3).

using any literature to avoid biases. We fitted the median

values of the star-forming sequence with a power law and
find

log SFR/ (Mg /yr) = alog M. /(Mg) — b, (6)

where a and b are shown in Table 3. The red lines
represent IR-AGN sample, and the orange lines show
the obscured IR-AGN sample which are defined by our
MIR. color-color plot and obscuration as described in
Section 2. The green lines show X-ray selected AGNs
from Chandra Legacy Survey with Ly (2-10 keV)> 10%2
ergs/s. Figure 9 shows the specific star formation rate
as a function of redshift for two stellar mass bins. We
find that our IR-selected AGN hosts are not significantly
or slightly above the star-forming sequence at z < 1.5.
In Figure 8 and Figure 9, the most massive obscured
IR-AGN hosts could be above the Main sequence at all
redshifts, but most (>70%) obscured IR-AGN hosts at
10.5 < log M. /Mg < 11 are below the star-forming se-

quence at z > 1.5 . In general, X-ray selected AGN hosts
are close to the star-forming sequence at all redshift and
stellar mass bins, which implies that AGN host galaxies
by both IR and X-ray selections are mostly on the main
sequence.

3.4. Additional Parameter Constraints from SEDs

In Figure 10 and Figure 11, we show some key physical
properties of their stacked likelihood distributions from
SED fitting for mass-matched sample, according to the
stellar mass distribution of star-forming galaxies (control
sample). As discussed in Figure 8 and 9, we see slight
differences of the SFRs and sSFRs. As a result, the mass-
weighted ages of AGNs are younger than star-forming
galaxies at z ~ 1 but older at z ~ 2. The AGN frac-
tion and luminosity of IR-AGNs are higher than X-ray
selected AGNs and normal galaxies at all redshifts. In
particular, the obscured IR-AGN sample shows the high-
est AGN luminousity. It is clear to see that the AGN IR,



14
13

12
"
10

log(ALy/Lo)

Likehood Distr. Likehood Distr.

13
12
11
10

log(ALy/Lo)

Likehood Distr. Likehood Distr.
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Figure 5. Obscured AGNs selection. Upper left: X-ray luminosity to 6 pm luminosity from the AGN component.
This plot is comparable to Fiore et al. (2009); Lanzuisi et al. (2015a,b); Perna et al. (2015). The red arrows are
those sources where the upper limit has been calculated using the 90% completeness threshold for X-ray detection
(green line) illustrated in the lower left panel. Upper right: X-ray luminosity to infrared luminosity from the AGN
component. Lower left: X-ray luminosity to redshift plot. Here we define the upper limit (green line and arrows) of
the X-ray luminosity (90% completeness) for IR selected AGNs. The red points represent AGNs that are only selected
by X-ray, and black points are selected both by X-ray and IR. Lower right: The ratio between IR luminosity and
X-ray luminosity from AGN to IR luminosity plot. We choose Lir aen/Lx agn > 20 as IR obscured AGNs (yellow
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fraction and AGN luminosity of the star-forming galaxies 4.1. GALFIT

are significantly different from AGNs. We used both single Sérsic profile and Sérsic+PSF pro-

file measured by GALFIT (Peng et al. 2002, 2010). As

4. MORPHOLOGICAL ANALYSIS described by Chang et al. (2017), a PSF component is a
In this section. we will show the influence of obscu- negligible term, so we focus on single Sérsic fitting results
ration and AGN fraction on morphology. We use the to compare with star-forming galaxies. In Figure 12,

HST/ACS I-band images to study a sample at 0.5 < we find that there is a slight trend between AGN frac-
2 < 1.5 and log M, /My > 10.5. We focus on obscured tion and radius/Sérsic index. AGN hosts seem to be

IR-AGN hosts with Lig acn/Lx.acy > 20 as defined more compact (smaller in radius and larger in Sérsic in-
| § dex) while the AGN fraction is higher. Moreover, AGN

hosts are also more compact than normal star-forming
galaxies. This is consistent with our recent finding about

in Section 2 and discussed in Section 3 (orange lines in
Figure 8, 9, 10, and 11), which ensures that the optical
imaging of the hosts is not affected by AGNs.
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Figure 6.

compact AGN hosts in Chang et al. (2017), which sug-
gested a possible indication of compaction of AGN hosts,
and that a vast majority of obscured AGNs might reside
in galaxies undergoing dynamical compaction. We also
check the relation between obscuration and GALFIT pa-
rameters in Figure 12 and find that there is almost no
correlation (Pearson correlation coefficient <0.1).

In Figure 13, we found radius and Sérsic index as
functions of bolometric AGN fraction: logr = —(0.61 +
0.11) f4+(0.53£0.05) and n = (1.04+0.41) f+(1.10+0.16),
where r is the radius in kpc, n is the Sérsic index, and
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Figure 7. The mass distribution in different redshift bins.
AGNs are in massive galaxies at all redshift bins.

f is the bolometric AGN fraction. According to these
relations, a 20% AGN contribution corresponds to a de-
creased radius by 24% and an increased Sérsic index by
18%, and a 50% AGN contribution corresponds to a de-
creased radius by 50% and an increased Sérsic index by
47%.

4.2. Nonparametric Morphology Method

We used the Zurich Structure & Morphology catalog
(Sargent et al. 2007; Scarlata et al. 2007) in the COSMOS
field to investigate the relation between nonparametric
methods and AGN fraction/obscuration in the upper plot
of Figure 14. The four nonparametric measures are in-
dividual estimators of galaxy structures: concentration
C, asymmetry A, Gini coefficient G, and second-order
moment of the brightest 20% of galaxy pixels Mag (e.g.,
Conselice 2003; Abraham et al. 2003; Lotz et al. 2004).
We also compared with the Cassata et al. (2007) cata-
log in the lower plot. It is clear that AGN host galaxies
(pink) are significantly different from star-forming galax-
ies (blue/gray). In general, AGN hosts are more compact
and asymmetric compared with normal galaxies. AGN
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Table 3. Fitting parameters of the SFR to stellar mass
plot (main sequence; see also Figure 8) in Equation
6. The uncertainties are estimated by bootstrapping
(N=1000).

redshift a b
star-forming galaxies
0.5<z<10 0.34+0.02 -2.86+0.24
1.0<z< 1.5 042+0.02 -3.304+0.24
1.5 <2<2.0 0.34£0.02 -2.164+0.26
20<2z<25 0.2240.04 -0.80£0.45
IR-AGN hosts
05<z<10 0.53+0.18 -4.76£1.93
1.0<z< 15 0.50£0.18 -4.084+1.93
1.5 <2<20 047£0.13 -3.66+1.36
20<2<25 0.254+0.19 -0.96+2.01
IR-AGN hosts (obscured)
0.5<2z<10 0.35+£0.24 -2.68+2.64
1.0<2z< 1.5 042+0.18 -3.08+1.91
1.5 <2<2.0 0.64£0.19 -5.534+2.08
2.0< z<25 0.00+0.28 1.76+3.08
X-ray AGN hosts
0.5<z<10 0.594+0.10 -5.57£1.08
1.0<2z< 15 0.27£0.08 -1.7940.91
1.5 <2<2.0 040£0.09 -2.824+0.95
20<2z<25 0.2440.14 -0.99£1.48

hosts also have slightly higher Gini coefficient and lower
My than star-forming galaxies but the majority of them
are still not merger-like in the Gini-Msg plot as shown
in Figure 15. The lines here are from Lotz et al. (2008),
which was adopted for 0.2 < z < 1.2 Extended Groth

Strip galaxies. The merger fraction might evolve over
redshifts (Lotz et al. 2011; Peth et al. 2016), but our
control sample also provides a fair comparison. Both
catalogs show that AGN fraction follows the directions
of the offset of structural parameters, that is, AGN frac-
tion is higher while the hosts are more compact, asym-
metric, and bulgier (higher Gini and lower Msy). Ob-
scuration has no strong correlation except that obscured
AGN hosts seem to be more symmetric. This suggests
that the compactness is not sensitive to obscuration in
our sample.

Figure 16 and 17 show the comparison of nonparamet-
ric measures in the mass to SFR plot at different redshift
bins. The Kolmologrov-Smirnov (K-S) tests suggest that
morphology parameters of AGN hosts and normal star-
forming galaxies are indistinguishable in many bins, but
sill show significant differences (Px_g <0.05) in several
bins that we highlight with thick green boxes. Though
the sample size is small in each bin, this implies that ob-
scured AGN hosts do not necessarily have similar struc-
tures as normal galaxies. It might be also linked to our
previous finding of compact AGN host galaxies, and pro-
vide possible constraints on future scenarios.

4.3. Visual Classification

We separated all AGNs (infrared and X-ray selected)
and randomly selected 1000 star-forming galaxies at
z < 1.5 and log M,/Mg > 10 which we classify using
four classes: disk, spheroid, irregular/merger, and point
source (Figure 18). These classes are mutually exclu-
sive, so the classification represents the dominant mor-
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Figure 11. Normalized stacked likelihood distributions of different physical parameters of mass matched star-forming
galaxies (black line), IR-AGN hosts (red), obscured IR-AGN hosts (orange), and X-ray AGN hosts (green line) at
1.5 < 2 < 2.0 and 2.0 < z < 2.5. The thin lines are uncertainties estimated by bootstrapping. See da Cunha et al.
(2015) for more details about these physical properties.
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Figure 12. Radius and Sérsic index of single Sérsic fitting
from GALFIT results at 0.5 < z < 1.5 and log M., /Mg, >
10.5. Here we compare the GALFIT parameters with
bolometric AGN fraction and obscuration for obscured
IR-AGN hosts (red). We also show histograms of ob-
scured IR-AGN hosts (pink) and normal star-forming
galaxies (blue/gray). The purple lines show results of
linear fitting and the error bars represent the standard
deviation in each bin. We only consider detected sources
in the linear fitting for obscuration.
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Figure 13. Here we show radius and Sérsic index as a
function of bolometric AGN fraction. The purple lines
show results of linear fitting and the error bars repre-
sent the standard deviation in each bin. According to
the linear correlation (purple line), a 20% AGN contri-
bution corresponds to a decreased radius by 24% and an
increased Sérsic index by 18%, and a 50% AGN contri-
bution corresponds to a decreased radius by 50% and an
increased Sérsic index by 47%.

phology. All the objects are examined by 6 classifiers
(Y.-Y.C, Y.T,, C-F.L, J.-J.T., WH.-W., N.F.). Fol-
lowing previous subsections, we only focus on the ob-
scured IR-AGN and the control sample at 0.5 < z < 1.5
and log M, /Mg > 10.5 as our earlier work (Chang et al.
2017). Figure 19 shows the classification results. The

error bars in each class represents the 68.3% (1-0) confi-
dence limits, derived by the method in Cameron (2011),
which considers the estimation of confident intervals for
a binomial population with a Bayesian approach. This
shows that the spheroid fraction of AGNs (~ 30%) is
higher than star-forming galaxies (~ 10%). The merger
fraction of obscured AGNs (~ 30%) is lower than that of
the control sample (~ 40%). The sample size is limited to
make small bins of redshift and stellar mass. Neverthe-
less, the results are consistent for objects at 0.5 < z < 1.5
and log M, /Mg > 10.5.

In the upper panel of Figure 20, we find a correla-
tion between total infrared luminosity of obscured AGN
and the merger fraction. For the most luminous AGNs
(log(Lrr/Lg) ~ 12.5), merger fraction can reach up to a
fraction of 0.5. Moreover, the increase of the merger frac-
tion occurs for the whole star-forming population, not
only AGN hosts. The lower panel of Figure 20 shows
that, from our SED decomposition, merger fraction has
no dependence on the AGN infrared luminosity but does
have dependence on the star-forming infrared luminosity.
This implies that the infrared luminosity of star forma-
tion can be responsible for the disturbed features, rather
than the infrared luminosity of AGN. In general, our
obscured AGN hosts have no strong disturbed features,
which implies that the merger features is dominated by
the total luminosity. It might be more difficult to distin-
guish merger features of faint sources. Nevertheless, the
increased merger rate only happens to the most luminous
galaxies for both normal and AGN host galaxies.

5. DISCUSSION
5.1. How does star formation requlate AGN activity?

In general, the offsets on the star-forming sequence be-
tween AGN hosts and star-forming galaxies are not sig-
nificant. At z < 1.5, our obscured AGN hosts are slightly
above the main sequence, which seems to be consistent
with previous findings of SFR enhancement in MIR, se-
lected galaxies (Ellison et al. 2016; Azadi et al. 2017).
A possible explanation is that an abundant gas supply
triggers enhanced star formation in an obscured AGN
phase. Moreover, the sSFRs of massive obscured AGN
hosts are also slightly higher than in the control sample
up to z ~ 2.5. However, lack of star-bursting host galax-
ies (i.e., galaxies above the star-forming sequence) of the
obscured sample at 10.5 < log M. /Mg < 11 leads a low
sSFR at z > 1.5. With the mass-matched sample in Sec-
tion 3.4, we can see there is little difference on the star-
formation-heated infrared luminosity among the AGNs
and the control sample. Overall, obscured AGN host
galaxies have slightly higher SFRs, sSFRs, and infrared
luminosities of their star-forming component, which is
consistent with the result in Juneau et al. (2013).
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Figure 14. Morphology parameters: concentration, asymmetry, Gini and Msg at 0.5 < z < 1.5 and log M, /Mg > 10.5.
Here we compare the morphological parameters with bolometric AGN fraction and obscuration for obscured IR-AGN
hosts (red). We also show histograms of obscured IR-AGN hosts (pink) and normal star-forming galaxies (blue/gray).
The upper plot shows the value from Zurich Structure & Morphology catalog (Sargent et al. 2007; Scarlata et al. 2007)

and the lower plot shows the value from Cassata et al. (20(

)7) catalog. The purple lines show results of linear fitting

and the error bars represent the standard deviation in each bin. We only consider detected sources in the linear fitting
for obscuration. In general, AGN hosts are more compact and asymmetric compared with normal galaxies. AGN hosts
also have slightly higher Gini coefficient and lower Msg than star-forming galaxies.

Beside the (specific) star formation rate, other physi-
cal properties from SED fitting are slightly different (low
significance level by K-S test) between AGN hosts and
normal galaxies as shown in Section 3.4. In particular,
the stellar mass weighted ages, attenuation, and infrared
parameters of our obscured samples are significantly dif-
ferent (Px_g <0.05) from normal star-forming galax-
ies. It is natural to see higher infrared luminosity and
AGN fraction for our MIR-selected IR-AGNs. At lower
redshift, obscured AGN hosts seem slightly younger and
more dust attenuated than star-forming galaxies. Owing
to the small offsets, it is difficult to rule out or confirm a
model in which mergers fuel a rapid starburst and a phase
of obscured black hole growth, followed by an unobscured
phase (e.g., Sanders et al. (1988), see Alexander & Hickox
(2012) for a review) due to the small offsets. However, at
z > 1.5, the stellar mass weighted ages of obscured AGN
hosts are significantly different and larger than those of
the control sample. It might be related to the previ-

ous results about the lifetime of strongly clustered ob-
scured AGNs (I]icko\' et al. 2011;
Toba et al. 2017), but we still need further constraints on
ages since ages derived from broad-band photometry are
highly uncertain. Moreover, our SFRs take the averaged
star formation over the last 10% years while AGNs can
be luminous on scales as low as 10° years. It might be
a reason why it is difficult to see significant difference in
location on the main sequence between AGN and normal
galaxies.

DiPompeo et al. 2014;

5.2. Are Obscured IR-AGNs different from X-ray
selected AGNs?

Compton-thick AGNs are hidden by extreme column
densities (Ng = 10%* cm™2) because neutral gas can ab-
sorb X-ray photons. They are believed to provide impor-
tant contribution to the overall cosmic energy budget as
well as constraints on the co-evolution of AGN and galax-
ies. However, the identification of the heavily obscured
AGNs is difficult, and a significant fraction of AGN are
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Figure 15. Gini to My plot at 0.5 < z < 1.5 and log M,/Mg > 10.5. The left plot shows the value from Zurich
Structure & Morphology catalog (Sargent et al. 2007; Scarlata et al. 2007) and the right plot shows the value from
Cassata et al. (2007) catalog. The majority of AGN hosts are not merger-like according to the Gini-Myq classification.

hidden by Compton-thick obscuration (e.g., Ueda et al.
2003; Treister et al. 2009). Our AGN sample is based on
an infrared color-color selection, rather than the widely
used X-ray selection, and we select obscured AGNs by
the ratio between infrared and X-ray luminosity. It pro-
vides a sample of obscured AGNs which is complemen-
tary to a Compton-thick AGN sample selected purely by
X-ray observations.

Suh et al. (2017) found that X-ray type-2 AGN hosts
have similar SFRs compared to the normal star-forming
galaxies. In this paper, we confirmed this result with our
X-ray selected sample, and showed that IR-selected AGN
hosts are not significant different from or slightly above
the star-forming sequence. Besides, the distribution of
physical parameters, such as stellar-mass weighted age,
attenuation, and infrared properties, seems to be differ-
ent for infrared selected AGNs, while the distribution of
X-ray selected AGNs is close to that of normal galaxies.
The differences between AGN types might be interpreted
as different phases in the evolutionary sequence (Hopkins
et al. 2008). Hickox et al. (2009) showed that X-ray se-
lected AGNs are preferentially found in the ‘green valley’
and clustered similarly to normal galaxies, while infrared
selected AGNs reside in slightly bluer, slightly less lumi-
nous galaxies than X-ray AGNs, and are weakly clus-
tered. Moreover, Brusa et al. (2010) discovered an ob-
scured QSO at high-z caught in a transition stage from
being starburst dominated to AGN dominated. Our re-
sults from a MIR selection sample imply that obscured
AGNs can be in a different evolutionary stage than X-ray

selected AGNss.

According to the Gini-Mayg plot in Figure 15 and vi-
sual classification in Figure 20, we did not find a high
merger rate in the whole obscured AGN sample. How-
ever, Figure 20 showed an increasing merger fraction
with infrared luminosity, which is consistent with the
model prediction of Hickox et al. (2014) and many pre-
vious observational results (e.g., Zamojski et al. 2011;
Kocevski et al. 2015; Lanzuisi et al. 2015b; Fan et al.
2016). The high merger fraction of the most luminous
obscured AGN hosts is consistent with recent results by
HST/WFC3 imaging (Kocevski et al. 2015, Donley et
al.), which suggested that Compton-thick AGNs are in
a different phase of obscured supermassive black holes
growth following a merger/interaction event. The little
dependence of merger fraction on the infrared luminosity
from the AGN component implies that the interaction
event is more relevant to the total or star-forming in-
frared luminosity, rather than the AGN infrared luminos-
ity. Moreover, we also find a correlation between merger
fraction and total infrared luminosity for normal galaxies.
It is interesting that star-forming galaxies are more likely
to be in a merger than AGN hosts at log(L;r/Lg) > 11.
A possible explanation is that our obscured AGNs are
selected by infrared with intermediate luminosity. If we
consider their compact features which will be discussed
in the next subsection together, it may suggest that these
obscured AGN hosts are in a special evolutionary stage.
This finding can provide morphological constrains for fu-
ture studies on different types of AGN host in galaxy
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Figure 16. Morphology parameters (concentration and asymmetry) histogram and K-S tests for 12 bins of stellar mass
and SFR, and 3 redshift ranges. The SFR and stellar mass plots are separated to 12 bins according to the boarders

of subplot to show the histogram in each bins.
represents normal star-forming galaxies.
different (Pg_g <0.05).

evolution (e.g., Alexander & Hickox 2012; Goulding et al.
2014). Our results also suggest that the whole obscured
sample, including non X-ray detected sources, shows no
stronger disturbed features compared to normal galax-
ies, and the increased merger fraction may only happen
to the most luminous galaxies.

5.3. Are AGNs triggered by compaction?

In terms of optical morphological interpretation, ob-
scured AGN offer an advantage in avoidance of the PSF
contribution to the optical image. This is consistent with
earlier X-ray results without consideration of AGN con-
)5; Pierce et al. 2007). More
recent studies consider the central nucleus light and show
similar (Bohm et al. 2013; Villforth et al. 2014; Fan et al.
2014) or flatter (Schawinski et al. 2011; Simmons et al.
2012) radial light distribution of AGNs compare to in-
active galaxies. However, recent results also show that
the consideration of AGN contribution can be overesti-
mated and it is difficult to separate the central bulge and
the nucleus light (Rosario et al. 2015; Bruce et al. 2016).

tribution (Grogin et al. 20(

The purple histogram represents AGN hosts and blue histogram
The thick (green) boxes highlight the distributions that are significantly

Therefore, obscured AGNs provide a robust sample to
measure the optical light of host galaxies (Chang et al.
2017). We noted that the majority of our AGN hosts
are at 10.5 < log M, /Mg < 11, and the most significant
difference is also caused by these objects. The different
sample selection and stellar mass range might explain the
different results by Rosario et al. (2015), which showed
the X-ray selected AGNs have slightly diskier light pro-
files than inactive galaxies at z~1 and a red central light
enhancement at z~2. The matched stellar masses and
redshifts ensure an unbiased selection in our sample. As a
sanity check of the selection bias of 24 ym between galax-
ies with and without AGNs, we tested galaxies above a
luminosity threshold at 24 pm by subtracting AGN con-
tribution from the SEDs. This ensures that we remove
a possible population of passive galaxies hosting AGNs,
which are selected at 24 pum because of the accretion
disk emission. We recalculated the size and Sérsic index
dependences with this sample, and still find very similar
results as in Figure 12 and 13, that is, AGN host galaxies
are more compact than normal galaxies.
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Figure 17. Morphology parameters (Gini and Msg) histogram and K-S tests for 12 bins of stellar mass and SFR, and
3 redshift ranges. The SFR and stellar mass plots are separated to 12 bins according to the boarders of subplot to
show the histogram in each bins. The purple histogram represents AGN hosts and blue histogram represents normal
star-forming galaxies. The thick (green) boxes highlight the distributions that are significantly different (Px_g <0.05).

spheroid disk irr/merg point source

Figure 18. Example of morphology class of HST/ACS
imaging in our visual classification: disk, spheroid, irreg-
ular /merger, and point source. The box size is 6” x6”.

From a morphological point of view, we investigated
the two-dimensional surface brightness modeling and
nonparametric methods. The obscured AGN host galax-
ies are smaller, more compact, more asymmetric, and
more bulge-like than the control sample. At z ~1, we
found that a 20-50% AGN contribution corresponds to
a decreased size by 25-50%. The correlation between
AGN bolometric fraction and structural parameters im-
plies that the AGN activity can be the cause of compact-
ness. Besides, the lack of correlation between obscuration
and structural parameters might be a hint that the mor-
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°
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0.0, . . 3
Disk Sph I/M Point
Figure 19. Visual classification for AGNs and star-

forming galaxies at 0.5 < z < 1.5 and log M, /Mg > 10.5.
The error bars represents the 68.3% binomial confidence
limits as described in Cameron (2011). The merger frac-
tion of AGN host is not higher than normal star-forming
galaxies.

phological differences between AGN hosts and the con-
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Figure 20. Upper: Merger fraction from visual classifica-
tion as a function of total infrared luminosity for IR-
AGN hosts (red) and star-forming galaxies (black) at
0.5 < z < 1.5 and log M, /Mg > 10.5. Lower: Merger
fraction in the IR-AGN population as a function of AGN
(orange) and star-forming (blue) IR luminosity obtained
from our SED decomposition. The error bars in each
bin represents the 68.3% binomial confidence limits as
described in Cameron (2011). These two plots show that
merger fraction depends on the total and star-forming
infrared luminosity, rather than the decomposed AGN
infrared luminosity.

trol sample also happens to less obscured AGNs. How-
ever, we still have to be careful to consider the AGN con-
tribution of unobscured sample in future works. More-
over, distribution of structural parameters show signifi-
cant differences at several stellar mass, SFR, and redshift
bins by K-S tests, and we also found higher fraction of
spheroidal-like host galaxies compared to a control sam-
ple of star-forming galaxies by visual classification. This
result confirmed our previous finding in Chang et al.
(2017), that is, obscured AGN hosts are more compact
compared to the control sample.

In the compaction scenario (Tacchella et al. 2016),
galaxies live through one or more blue nugget phases
which a minimum in gas depletion time and a maxi-
mum in gas fraction are reached. As shown in Figure 8
and 9, the most massive and z < 1.5 obscured AGNs

are slightly above the main sequence, which is consistent
with the scenario of the blue nugget phase. The lower
sSFR at 10.5 < log M, /Mg < 11 at higher redshifts can
be explained by the hypothesis that the sSFR fluctuates
down and up several times before it eventually quenches
beyond the green valley (Zolotov et al. 2015). Our re-
sults suggest that this scenario can also happen to z~1
obscured AGN hosts, especially those resulting from in-
frared selections. Since the fueling of central AGNs might
be affected (Dubois et al. 2015), our results of the phys-
ical properties, such as the stellar mass weighted age,
extinction, and dust properties, could also provide fur-
ther constraints on the compaction scenario.

6. SUMMARY

In this paper, we have provided a detailed study of
infrared selected AGNs. We have found that the hosts
of these AGNs are not exactly the same as normal star-
forming galaxies, both from their physical properties and
morphology. We confirm our previous structural results
about obscured AGNs. Our main findings are as follows.

1. IR-AGNs and obscured IR-AGNs are located
within or maybe slightly above the star-forming se-
quence at z ~ 1.

2. Beside SFR, obscured AGNs show significantly dif-
ferent distributions for several physical parameters
from SED fitting, such as stellar-mass weighted
age, attenuation, and infrared properties. This sug-
gests that obscured AGNs can be in a distinct evo-
lutionary stage o X-ray selected AGNs.

3. According to the correlation between bolometric
AGN fraction and the structural parameters, a 20%
AGN contribution corresponds to a decreased ra-
dius by 24% and an increased Sérsic index by 18%,
and a 50% AGN contribution corresponds to a de-
creased radius by 50% and an increased Sérsic in-
dex by 47%.

4. We do not find high merger rates in the whole ob-
scured AGN samples, which includes non X-ray de-
tected sources. However, the merger rate of the
most luminous AGNs (log(L;r/Le) ~ 12.5) can
be up to ~ 0.5. The increasing disturbed features
with infrared luminosity are consistent with previ-
ous finding on Compton-thick AGNs. We conclude
that high merger fraction may only apply to the
most luminous and heavily obscured AGN hosts,
but not to the whole obscured AGN sample.

5. Merger fraction has no dependence on the AGN
infrared luminosity derived from our SED decom-
position. This implies that most obscured AGNs
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might be triggered by internal mechanisms, such as
secular process, disk instabilities, and compaction.

6. We confirm our previous finding about compact ob-
scured AGNs at z~1. Our results of sSFR show
that massive obscured AGNs are slightly above the
main sequence population at z < 2. This im-
plies that they might be in the blue nuggets phase,
and affected by fluctuation in the compaction sce-
nario. The differences of the physical properties
between obscured AGNs and the control sample
may provide further constraints on the compaction
scenario.

7. We make publicly available the SED modeling re-
sults for all available objects in the COSMOS2015
catalog.
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