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ABSTRACT

We present rest-frame far-infrared (FIR) and optical size measurements of AGN hosts and star-forming
galaxies in the COSMOS field, enabled by high-resolution ALMA/1 mm (0”.1-0”.4) and HST/F814W
imaging (~ 0”.1). Our sample includes 27 galaxies at z < 2.5, classified as infrared-selected AGN (3
sources), X-ray selected AGN (4 sources), and non-AGN star-forming galaxies (20 sources), for which
high-resolution Band 6/7 ALMA images are available at 1 mm from our own observing program as
well as archival observations. The sizes and SFR surface densities measured from both ALMA/1 mm
and HST/F814W images show that obscured AGN host galaxies are more compact than non-AGN
star-forming galaxies at similar redshift and stellar mass. This result suggests that the obscured
accretion phase may be related to galaxies experiencing a compaction of their gaseous component,
which could be associated with enhanced central star formation before a subsequent quenching driving
the formation of compact passive galaxies. Moreover, most of the detected and stacked rest-frame FIR,
sizes of AGNs in our sample are similar or more compact than their rest-frame optical sizes, which is
consistent with recent results of ALMA detected sources. This might be explained by the fact that the
dusty starbursts take place in the compact regions, and suggests that the star formation mechanisms
in the compact regions of AGN hosts are similar to those observed in star-forming galaxies observed
with ALMA.
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— galaxies: evolution
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1. INTRODUCTION (e.g., Harrison et al. 2012; Mullaney et al. 2012; Juneau
et al. 2013; Rosario et al. 2013). Furthermore, although
high luminosity AGNs seem to be connected to violent
events (i.e., quasars) and may reside in galaxies more
often involved in major mergers (e.g., Kartaltepe et al.
2012; Treister et al. 2009), the majority of moderate-
luminosity X-ray selected AGNs appear to live mostly
in disk-dominated isolated systems (Mainieri et al. 2011;
Silverman et al. 2011; Fan et al. 2014; Villforth et al.
2014). Also, major mergers do not appear to be the
dominating triggering mechanism for luminous unob-
scured AGN (Mechtley et al. 2016; Villforth et al. 2017).

The processes driving the co-evolution of galaxies and
their super-massive black holes remain a largely debated
issue in extragalactic astrophysics. Specifically, the con-
nection between the formation of stars in galaxies and
the fueling of their central black holes is still not fully
understood. Previous results revealed that X-ray and
optically selected Active Galactic Nuclei (AGNs) reside
in galaxies harboring sustained activity of star formation
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Their morphology should thus be very similar to that of
sources populating the so-called main sequence (stellar
mass vs. SFR; e.g., Brinchmann et al. 2004; Elbaz et al.
2007; Noeske et al. 2007; Daddi et al. 2007; Ilbert et al.
2015; Schreiber et al. 2015; Chang et al. 2015) of star-
forming galaxies (e.g., Gabor et al. 2009; Cisternas et al.
2011; Kocevski et al. 2012), implying that the bulk of
super-massive black hole accretion is likely driven by in-
ternal processes and not by major mergers. Nonetheless,
it is still an open question whether the internal struc-
ture of AGN hosts is comparable or different from that
of normal star-forming galaxies.

Most current studies have focused on samples of star-
forming galaxies. Recent observations from the Ata-
cama Large Millimeter/submillimeter Array (ALMA)
allow us to measure far-infrared (FIR) sizes with high
angular resolution and sensitivity (e.g., Ikarashi et al.
2015; Simpson et al. 2015; Hodge et al. 2016). For size
comparison, it has been discussed that rest-frame FIR
sizes of massive star-forming galaxies are smaller than
their rest-frame optical sizes (e.g., Chen et al. 2015;
Barro et al. 2016; Tadaki et al. 2017; Fujimoto et al.
2017, 2018; Elbaz et al. 2018; Lang et al. 2019). A pos-
sible explanation of the central compact component is a
compact dusty bulge which related to bulge formation in
the center (Fujimoto et al. 2017). Moreover, it has been
discussed that massive galaxies turn out to exhibit com-
pact star-formation (Barro et al. 2016; Elbaz et al. 2018),
and transform into compact quiescent galaxies at z ~ 2
(e.g., van der Wel et al. 2014). There have been several
attempts to estimate FIR sizes for faint submillimeter
galaxies (SMGs Rujopakarn et al. 2016; Fujimoto et al.
2017; Gonzdlez-Lopez et al. 2017), but the uncertain-
ties are still constrained by the small number statistics.
Moreover, it has been discussed that both high sensitiv-
ities and high angular resolutions are required to mea-
sure FIR sizes for less massive objects (Fujimoto et al.
2018). On the other hand, it is still unclear whether the
existence of AGNs affects the structures of their host
galaxies, and whether AGN host galaxies show differ-
ent rest-frame FIR sizes compared to other star-forming
galaxies.

Chang et al. (2017b) investigated AGN and non-AGN
host morphologies through HST/F814W images, and
found that obscured IR-selected AGN hosts are more
compact than normal star-forming sources at a given
stellar mass at z ~ 1. Following that work, in this paper
we resolve the dust emission of AGN host galaxies us-
ing high-resolution ALMA imaging. We show that their
compact sizes are consistent with what we found using
HST/F814W-band imaging, and the FIR (ALMA/ 1
mm) sizes are yet even smaller than the optical sizes.
We compare all available FIR sizes of AGN and non-
AGN hosts in the Cosmic Evolution Survey (COSMOS;

Scoville et al. 2007) field. For comparison, we also mea-
sure the FIR sizes of a control sample of non-AGN
star-forming galaxies in the COSMOS field for which
we find complementary high-resolution ALMA imaging
in the archive. The structure of this paper is as fol-
lows. We describe the data and sample selections in
Section 2. We analyze the physical and structural prop-
erties in Section 3. We discuss the results in Section
4 and summarize in Section 5. Throughout the paper,
we use AB magnitudes, adopt the cosmological parame-
ters (Qn,924,h)=(0.30,0.70,0.70), and assume the stellar
initial mass function of Chabrier (2003).

2. SAMPLES AND OBSERVATIONS
2.1. Our ALMA Observations

Our ALMA Band 7 (275-373GHz) observations
(#2016.1.01355.S) contain ten obscured AGN host
galaxies selected in the infrared (based on identifying
mid-IR power-law signatures which are characteristic of
AGNs as opposed to star-forming dominated sources;
more details in Chang et al. 2017a) at 0.5<z<1.0 in
the COSMOS field. Our targets were selected along
the main sequence within 0.3 dex of star formation, as
well as star-forming sample in the rest-frame UV J plot
(Williams et al. 2009), with stellar masses log M, > 10.5
in a 24um selected sample in the COSMOS field. Re-
liable spectroscopic redshifts are available. In order to
ensure a robust estimate of the dust-obscured star for-
mation, we restricted our sample to Herschel-detected
sources. We confirmed that these objects show compact
F814W-band radial profiles as described in Chang et al.
(2017D).

We proposed the standard set-up for single continuum
centered at 343.5 GHz of Band 7 over a 7.5 GHz band-
width. The proposed angular resolution is 0”.1, which
is close to the resolution of the F814W-band imaging.
The array configuration was C40-6 with 40 antennas,
and the proposed rms value is 0.1 mJy/beam per 7.5
GHz. The data were reduced with the Common Astron-
omy Software Applications package (CASA; McMullin
et al. 2007), and the steps of data reduction and cali-
bration were performed with the scripts provided by the
ALMA observatory. The entire map was produced by
the CLEAN algorithm with the TCLEAN task. The final
images are characterized by a synthesized beam size of
0”.12 x 0”7.10 ' as shown in Table 3. One of the ob-
jects (Source name: 972308) is detected, and is shown
in Figure 1 along with the remaining detections from

1 The synthesized beam sizes are slightly different if we use
different weighting. A synthesized beam size of 0”.12 x 0”.10
corresponds to Briggs weighitng with 0.5 robustness parameter in
CASA.
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Figure 1. HST/F814W band images for the 27 detected sources. The green contours show the ALMA band 6/7 intensities
from the 3 to 24 o with a 3 o step. The yellow circles represent the beam size. The white circles are the 2" radii of the optical
objects. The numbers are the COSMOS2015 IDs. The infrared-selected AGNs are labeled as IRAGN, and the X-ray selected
AGNs are labeled as XAGN. Our detected source (972308) is in the blue frame.

Figure 2. Stacked image of the 9 undetected sources. The
background is the HST/F814W image, and the green con-
tour shows the ALMA /1 mm intensities of the 3 o detection.
The yellow circle represents the beam size. The box size is 5
kpcx 5 kpe.

the ALMA archive. The rms value is 0.096 mJy/beam
per 8 GHz bandwidth (~ 0.099 mJy/beam per 7.5 GHz).
For the remaining nine objects, we stacked their imaging
and computed the median values in each pixel to create
a stacked imaging as shown in Figure 2. The peak flux
is 0.09 mJy=+0.03 mJy (3.39 o; rms value is calculated
from the stacked image) >. We also stacked these ob-
jects by STACKER (Lindroos et al. 2015) in the uv plane.
The peak flux is 0.08 mJy=+0.03mJy (2.24 o; rms value
is calculated from the output image of STACKER), which
is consistent with the stacking results from the image
plane. For point sources, nine objects with a rms of 0.1

2 In order to have high signal-to-noise ratio, we used natural
weighting with TCLEAN in CASA. As a result, the synthesized beam
size becomes 0.14 x 0”.12.
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mJy/beam can produce at best a stacked image with a
rms of 0.03 mJy/beam, and given that the stacked signal
is 0.09 the signal-to-noise ratio would be around 3. Our
stacking result from image plane shows slightly large
signal-to-noise ratios, which could be explained by the
extended profile and the beam size. It is not straight-
forward to convert stacked image in the uv plane from
angular scale to physical scale, so we adopted the FIR
stacked image in the image plane in this paper.

2.2. Complementary Sample from the Archive

We searched all available ALMA public data by 2019
May to acquire a complementary sample. We found 27
ALMA detected sources as shown in Figure 1, including
AGNs and non-AGN galaxies in Band 6/7 with angu-
lar resolution smaller than 0”.4 and peak flux values
larger than 3 o at z < 2.5, and the one in our program.
Table 3 shows the properties of these archival data
(#£2013.1.00034.S, #2015.1.00026.S, #2016.1.00478.S,
#2016.1.00735.S, #2016.1.00778.S, #2016.1.01355.S,
#2016.1.01426.S, and #2016.1.01604.S.). The angular
resolution is in the range of 0”.1-0”.4. We simulated
ALMA images by assuming Gaussian profiles, observed
the images by SIMOBSERVE, and analyzed the observa-
tions by SIMANALYZE with similar inputs as our pro-
gram (single continuum centered at 343.5 GHz of Band
7 over a 7.5 GHz bandwidth) in CASA. Then we used
the UVMODELFIT task to fit single component Gaussian
models to the UV data, and calculated the fitted sizes.
We assumed sizes in a range of 0”.10 to 0”.40 (0.8 kpc
to 3.2 kpc at z=1; 0.9 kpc to 3.3 kpc at z=2), as well
as fluxes in a range of 0.25 mJy to 2.00 mJy (signal-to-
noise ratios in a range of 4 to 50 with 300 seconds total
time). For high resolution observations (0”.1-0”.4) close
to our program, the size measurements are increasing
from underestimation to overestimation. The underes-
timation can be caused by over-resolving low signal-to-
noise ratio objects, and the overestimation can be caused
by insufficient resolutions. Nevertheless, the measured
size differences are within 20% of the simulated galax-
ies if the resolution is around 0”.1 to 0”.4. For spa-
tial resolution larger than 0”.5, the size measurements
from UVMODELFIT are getting larger and overestimated
by more than 30% size differences, and the profiles some-
times fail to be fitted, especially for small sources or low
signal-to-noise ratio objects. We also did a simulation
by IMSMOOTH function in CASA to create images with
0”.4 angular resolution for images with 0”.1 angular res-
olution. Most sources (>90%) are well-fitted and their
differences of sizes are within 10%, so we confirmed that

these data can be complementary to our program °. We
matched these sources with the COSMOS2015 catalog
(Laigle et al. 2016). The redshifts we adopted are firstly
taken from the Chandra COSMOS Legacy Survey (14
sources; Salvato et al. 2011; Marchesi et al. 2016; Civano
et al. 2016), then from the COSMOS2015 photometric
redshifts (13 sources; Laigle et al. 2016). Among the
27 sources as shown in Table 3, 13 of them have reli-
able spectroscopic redshifts, 23 of them are detected by
Herschel (S/N > 3 in any Herschel bands), 3 of them
are X-ray selected AGNs, and 3 of them are infrared
selected AGNs according to Chang et al. (2017a).

2.3. SED Fitting Results

We fitted the spectral energy distributions (SEDs) of
these 27 sources from the UV to infrared with an up-
dated version of the MAGPHYS fitting technique (da
Cunha et al. 2008, 2015). The version we used ac-
counts for a possible AGN contribution assuming empir-
ical AGN components from a set of empirical templates
as described in Chang et al. (2017a): Mullaney et al.
(2011, type-2), Richards et al. (2006, QSO), Prieto et al.
(2010, QSO), and Polletta et al. (2007, Seyfert 1). We
included ALMA detections or upper limits in addition
to the photometry in Chang et al. (2017a). The stellar
masses of these 27 sources are all above log M, = 10.5,
which is complementary to our selected sample. It has
been known that the energy balance for UV and FIR in
SED can break down because the dominant optical and
IR emission of these galaxies do not come from the same
physical regions (see Simpson et al. 2017, for a recent
example). Therefore, we calculated the decomposed in-
frared and UV luminosity from the star formation com-
ponent after subtracting the AGN contribution by our
SEDs. Then we calculated the SFRs by the sum of these
decomposed infrared and UV SFRs according to Kenni-
cutt (1998); Kennicutt & Evans (2012). We found that
the SFRs calculated by this method are about 0.17£0.02
dex higher than the original SFRs estimated by SED fit-
ting. However, estimating sizes and estimating SFR are
two different things that do not impact each other, be-
cause the SFR differences for IRAGN (0.204+0.06 dex),
XAGN (0.16+0.04 dex), and the SF (0.1940.03 dex)
galaxies are very close. We also visually inspected the
SED fitting results, and found that the fit quality was
adequate (i.e., no major failures). As a result, we adopt
the estimation above in this paper.

3 For a choice of 1”7.0 (0”.8) simulated images, the differences of
sizes are 40% (30%). Moreover, >90% sources in the range of 0”.8-
1”7.0 fail to be well-fitted in the image plane, and >50% sources
in the range of 07.4-0”.8 fail to be well-fitted in the uv plane.
Considering the simulation and uncertainties of the fitting results,
we decided to have a range of 0”.1-0”.4 as our complementary
sample.
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2.4. Size Measurements

The effective radius in F814W-band is about 3kpc
(~0".4 at z = 0.75) and the FWHM of the HST/F814W
imaging is 0”.09, so high resolution ALMA observations
(<0”.4) are required to resolve the dust distribution at a
complementary angular resolution of the HST imaging.

First, we measured the rest-frame FIR sizes with
the IMFIT task in the image plane, which fitted two-
dimensional elliptical Gaussian components, in CASA
(version 5.1.0). The effective radius by IMFIT is cal-
culated by Re = \/Raa;j X Rarin/2, where Rpzq; and
Rpsin are the deconvolved FWHM major and minor
axis. Then we used the UVMODELFIT task in the uv
plane, which fits a single component source model to the
UV data. We used the flux density and the size mea-
surements obtained by the IMFIT task as the initial val-
ues, and fitted Gaussian models with five iterations by
UVMODELFIT task. The effective radius by UVMODELFIT
is also calculated by the fitted major and minor axis.
We compared the measurements by IMFIT for the im-
age plane and UVMODELFIT for the uv plane. The dif-
ference of the sizes are with a 2% systematic difference
(UVMODELFIT gives lower values). To avoid the question
about the fidelity of the ALMA imaging, we adopted the
size measurements from UVMODELFIT for single objects
in this paper. We also measured the rest-frame FIR
sizes with GALFIT (Peng et al. 2010), assuming galaxy
models with single Sérsic profiles. The sizes measured
from GALFIT are slightly larger (systematic difference
~10%) than the sizes measured from IMFIT. These com-
parisons show that our size measurements are consistent
with each other.

There are 23 out of 27 sources with available
HST/F814W images. We measured the F'814W-band
light distribution of our COSMOS galaxy sample with
GALFIT, assuming galaxy models with the single Sérsic
profiles. Among the 27 sources with reliable redshifts,
2 of them can be found in the Cosmic Assembly Near-
infrared Deep Extragalactic Legacy Survey (CANDELS,
Grogin et al. 2011; Koekemoer et al. 2011) region.
Therefore, we used the single Sérsic profile measurement
of available F'125WW and F160W imaging from van der
Wel et al. (2012) in the CANDELS/COSMOS (Grogin
et al. 2011; Koekemoer et al. 2011) field. The effective
radius from single Sérsic profile represents the rest-frame
optical size.

3. ANALYSIS

We separated the sample between non-AGN star-
forming galaxies (SFGs), X-ray selected AGNs (XAGNs:
Lx(2-10 keV)> 10?2 ergs/s), and infrared selected
AGNs (IRAGNs: using the mid-infrared colors from
the IRAC 3.6, 5.8, 4.5, and 8.0 um; obscured IRAGNS:

type z~1 z ~2

SFG 1.7440.50 (1.62+0.50) 1.2540.73 (1.30£0.39)
XAGN 2.46 (one object) 0.6910.25 (0.7040.24)
IRAGN 0.77£0.50 (0.7610.48) 0.70 (one object)

Table 1. The median (mean) FIR sizes for logM, ~ 11
sources in kpc.

Lir acn/Lx acn > 20), that are identified by previous
work (Civano et al. 2016; Marchesi et al. 2016; Chang
et al. 2017a,b). Figure 3 shows the SFR versus stellar
mass diagrams in the two redshift bins. Most of the
sources in the sample from the ALMA archive are mas-
sive and have high SFRs, and they are in general on
and above the star-forming sequence. Our star-forming
sequences are estimated by the SED fitting results for
NUV —r vs. r — J selected galaxies. We also show the
main sequence relations from Speagle et al. (2014) and
Whitaker et al. (2014). Our SFR estimations are gener-
ally lower than those in the literature by ~ 0.1-0.3 dex
at z~2. The main reason might be selection of the star-
forming sample. With the same sample selection, our
main sequences are very close (<0.1 dex) to the main
sequences calculated by the stellar masses and SFRs in
the COSMOS2015 catalogs. To avoid bias from different
selection criteria, we use the NUV —r vs. r—J selection,
but show the literature in Figure 3 for comparison. The
SFR differences between the various works are more sig-
nificant at the high stellar mass end, so it is important
to compare AGN hosts with non-AGN galaxies using
SFRs derived with the same method. Comparing to the
archival data at z ~ 1, our AGN sample have low SFRs
because they were selected to be within +/-0.3 dex of
the main sequence. This may be the reason why our
sample was mostly undetected with ALMA. The only
one IRAGN at z ~ 1 has lower stellar mass (~0.14 dex)
and higher SFR (~0.20 dex) than non-AGN galaxies.
There is only one IRAGNSs at z ~ 2, with lower stellar
masses (~0.04dex) and lower SFRs (~0.35dex) than the
median of the non-AGN galaxies.

Figure 4 shows the FIR size as a function of redshift
(left), stellar mass (middle), and the distance to the star-
forming sequence (right) as shown in Figure 3. The sizes
of our detected (0.434+0.28 kpc) and stacked (0.90+0.21
kpc) obscured AGN hosts are very compact compared
to those from the archive data (mean=1.76+0.25 kpc
and median=1.674+0.30 kpc at z ~1 and logM, ~ 11).
The uncertainties here and below are estimated from
a bootstrapping analysis. As shown in Table 1, for
log M. ~ 11 sources at z ~1, the median (mean) FIR
sizes of the SFGs, XAGNs, IRAGNs, are 1.74£0.50
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Figure 4. Rest-frame FIR size (effective radius) versus redshift, stellar mass , and distance to the star-forming sequence
according to our SED fitting results. The symbols are the same as described in Figure 3.

(1.6240.50) 2.46 (one object®, 0.7740.50 (0.764-0.48),
respectively. As shown in Table 1, for logM, ~ 11
sources at z ~2, the median (mean) FIR sizes of the
SFGs, XAGNs, IRAGNs, are 1.25+0.73 (1.30+0.39),
0.69+0.25 (0.70£0.24), 0.70 (one object), respectively.
We find systematically smaller galaxy sizes at z ~2 rel-
ative to the corresponding samples at z ~1. The mea-
surements of HST/F814W images are rest-frame optical
sizes for z ~1 sources but rest-frame UV sizes for z ~2

4 For only one object in the stellar mass and redshift bin, the
uncertainties are not available.

sources (e.g., van der Wel et al. 2014), and color gradi-
ent which shows redder centers should be also taken into
account (e.g., Wuyts et al. 2012). Most importantly, the
number of objects in each sample is limited, especially
for AGN sample. Our IRAGN sample were selected to
be within +/-0.3 dex of the main sequence, so we also
consider log M, ~ 11 SFGs on the main sequence. For
log M, ~ 11 SFGs on the main sequence (the distance to
the star-forming sequence <0.5 dex; a less strict range
because of the limited sample size) at z ~1, the me-
dian (mean) sizes are 1.97£0.44 kpc (1.834+0.49 kpc).
For logM, ~ 11 SFGs on the main sequence (the dis-
tance to the star-forming sequence <0.5 dex) at z ~2,
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sizes.

the median (mean) sizes are 1.26+1.43 kpc (1.27£1.70
kpc). As a result, we find that IRAGN hosts are in gen-
eral smaller than SFGs on the main sequence at a given
stellar mass and redshift bin. However, it is difficult
to find a reasonable parent sample for our sources on
the main sequence because all star-forming galaxies are
above the main sequence and mainly in the starburst
regime. Therefore, future ALMA observations with bet-
ter matched control sample are necessary to expand the
parameter spaces.

Figure 5 shows the histograms of HST/F814W, and
ALMA/1 mm sizes. As shown in Table 2, the mean
(median) optical sizes of the SFGs, XAGNs, IRAGNS,
are 1.95+0.74 (2.16+0.74), 1.58+0.50 (1.56+0.50),

0.42+0.42 (0.41+0.42), respectively. And the mean
(median) FIR sizes of the SFGs, XAGNs, IRAGNS,
are 1.584+0.55 (1.48+0.39), 1.07+0.52 (0.89+0.56),
0.75+0.39 (0.68+0.45), respectively. Considering the
uncertainties of the sizes and the different measurement
techniques as described in Section 2, these numbers im-
ply that the rest-frame FIR sizes of all galaxies seem to
be similar or more compact than their rest-frame op-
tical sizes. In particular, the FIR size(0.90+0.21 kpc)
of our stacked sources is smaller than the optical one
(1.58£0.01). Though there are few IRAGNs, most of
them show both very compact optical and FIR sizes.
The rest-frame optical and FIR sizes of XAGNs are also
relatively small or similar as shown in Figure 5.
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Figure 6. FIR size versus total infrared luminosity, infrared luminosity from star formation and AGN contributions. The black
lines are from Fujimoto et al. (2017). The symbols are the same as described in Figure 3.
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very compact compared to archival ALMA observations, especially for those on the star-forming sequence. The symbols are the

same as described in Figure 3.

There are only two objects in the CANDELS field
as shown in Table 3, and one XAGN is at z~2. The
HST/F160W measurements are better tracers for opti-
cal sizes than the HST/F814W ones at z~2. The cur-
rent data shows that the two sizes in HST/F160W are
comparable but larger than most sizes in HST/F814W.
HST/F160W traces rest-frame the optical size and
HST/F814W traces the UV size for the same object,
so it is difficult to make a direct comparison. We need
size measurements using observations at the same (rest-
frame) wavelength for larger numbers of objects to draw
a statistical conclusion at z ~ 2.

Figure 6 shows the ALMA /1 mm sizes to the infrared
luminosity relation. Our galaxies fall more or less on
top of the Fujimoto et al. (2017) line, but it is dif-
ficult to show a clear relation because of the scatter
and sample size. Here we decompose the AGN and

type HST/F814W size ALMA/1 mm size

SFG  1.95+0.74 (2.1620.74) 1.58-0.55 (1.48+0.39)
XAGN  1.5840.50 (1.56+0.50) 1.07+0.52 (0.8940.56)
IRAGN  0.4240.42 (0.414£0.42)  0.7540.39 (0.68-£0.45)

Table 2. The median (mean) optical (HST/F814W) and
FIR (ALMA/1 mm) sizes in kpc.

star formation components according to the SEDs by
MAGPHYS+AGN as described in Chang et al. (2017a).
Therefore, we are able to derive the infrared luminosity
from the star formation and AGN components, respec-
tively. Because FIR luminosity traces dusts, this de-
composition can separate dust emission of AGNs from
their host galaxies. Figure 6 does not show an obvious
correlation between the FIR size and the IR luminosity
from the AGN component. According to our SED de-
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composition, the AGN contribution in the FIR range is
negligible (<1% of the total flux), so the ALMA/ Imm
sizes are dominated by star-forming populations. There-
fore, the middle panel in Figure 6 is approximate to the
FIR size of hosts versus the infrared luminosity from the
star-forming part. It is possible that there are correla-
tions between the FIR sizes of the AGNs and the in-
frared luminosity from the AGN part. However, deeper
and higher resolution data are required to resolve the
AGN component at lmm with ALMA.

Figure 7 shows the specific star formation rate
(sSFR=SFR/M,) to SFR surface density (Zgrr =
SFR/(wR2), where R, is the rest-frame FIR size)
plots. Because there are more massive and star-forming
sources at high redshifts, it is clear to see that high
redshift sources having higher SFR will naturally im-
ply higher SFR surface density. It’s also mentioned ear-
lier that the sizes were systematically smaller at higher
redshift, which would also increase the surface densi-
ties even at a fixed SFR or a fixed sSFR. At z ~ 1,
the SFR surface density of our obscured IRAGN hosts
are high compared to archived ALMA observations at a
given sSFR. At z ~ 2, the SFR surface density of both
XAGN and IRAGN hosts seem to be similar or slightly
higher than that of SFGs, but the uncertainties of the
SFR surface density are large. In Figure 7, SFR sur-
face densities of our IRAGN hosts are much higher than
SFGs on the main sequence at both z ~ 1. This suggests
that the compactness of IRAGN hosts will be significant
if we have a large control sample of SFGs. Therefore,
more data with high resolution are needed to reach a
statistically meaningful conclusion.

4. DISCUSSION
4.1. Compact Rest-Frame FIR and Optical sizes

We used high resolution ALMA images to measure
the rest-frame FIR sizes, and compared the dust maps
with the HST optical images for non-AGN star-forming
galaxies, X-ray selected AGNs, and IR selected AGNs.
We found that the rest-frame FIR sizes of IRAGN
hosts are as compact (<1kpc) as their rest-frame optical
sizes, which suggests that they are indeed compact star-
forming galaxies which have nuclear activities due to
compaction (e.g., Zolotov et al. 2015; Dubois et al. 2015;
Tacchella et al. 2016). It is possible that the detected
sources may be more concentrated galaxies than unde-
tected ones because we may not detect galaxies that are
too extended in the high-resolution ALMA observations
given the sensitivity limit. However, we apply the anal-
yses equally to AGN and non-AGN galaxies, so the con-
clusion would not be changed. A possible explanation
might be that obscured AGNs are triggered in compact
galaxies. Such compact profiles could also be explained

if obscured AGNs are caught at a special moment when
their host galaxies still harbor intense star formation
but simultaneously experience a phase of compaction,
as what was recently suggested from simulations of gas-
rich galaxies undergoing violent disk instabilities. The
possible migration of their giant star-forming clumps to-
ward their central region could lead to enhanced AGN
fueling (Bournaud et al. 2012; Tacchella et al. 2016;
Dubois et al. 2015) as well as to the quick formation
of a dense stellar component (Dekel et al. 2009; Cev-
erino et al. 2010). According to Tacchella et al. (2016),
post-compaction blue nuggets are expected to be found
above the main-sequence ridge. Most of the archival
sources seem to be biased on the higher side of the main
sequence and above, so there is an important selection
effect here when comparing the samples. Our sources
were selected to lie on the MS relation within +/- 0.3
dex (Figure 3), so by selection, they do not have the
same bias toward higher SFR. That might also explain
why they do not lie in the expected blue nugget loca-
tion. The lack of comparison sample at the same stellar
mass, SFR, and redshift bin might be also the reason
why we did not see much higher SFR surface density of
our obscured AGNs in Figure 7. Our results may im-
ply that the dusty star formation of AGN hosts happens
in compact regions, and forms the stellar component of
the host galaxy. However, more FIR data with better
matched control sample are needed to confirm the sim-
ulation predictions.

4.2. FIR versus Optical Sizes in AGN Hosts

It has been found that the rest-frame FIR sizes are
in general smaller than the rest-frame optical sizes (e.g.,
Barro et al. 2016; Tadaki et al. 2017; Fujimoto et al.
2017, 2018; Elbaz et al. 2018), which can be explained by
compact dusty starbursts. Though the size estimation
can be sensitive to the measurement methods, model
profiles, and initial values (e.g., Fujimoto et al. 2018;
Elbaz et al. 2018), the main results of our analysis do
not change even if we use different ways to measure the
sizes. We cross-matched our sample with Fujimoto et al.
(2018), who showed consistent size measurement with
previous ALMA results (Simpson et al. 2015; Tkarashi
et al. 2015; Hodge et al. 2016; Barro et al. 2016; Ru-

jopakarn et al. 2016; Tadaki et al. 2017; Gonzélez-Lopez

et al. 2017). We found 20 matches out of our 27 sources.
Among them, there is no significant difference (sys-
tematic difference ~0.0540.10kpc; our value is smaller
but close to Fujimoto et al. (2018)) in between our
size estimation with UVMODELFIT and their FWHM es-
timated with the UVMULTIFIT task of CASA. Moreover,
Elbaz et al. (2018) show that the semi-major axis from
uv (UVMODELFIT in CASA) and image (GALFIT) planes
agree with only a 5% systematic difference. There-
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fore, our size measurements should be robust against
those of other size measurement methods. A more so-
phisticated analysis might be performed with GALFIT
(e.g., bulge-disk decomposition for the PHIBSS2 galax-
ies; Freundlich et al. 2019; Tacconi et al. 2018), but
more HST/F160W images or higher resolution ALMA
images (~ 0”.1) of the complementary sample at z < 1
are required. Our results show that the rest-frame FIR
sizes of both AGN and SFG seem to be similar or more
compact than their rest-frame optical sizes. This may
suggest that the star formation mechanisms in the com-
pact regions of AGN hosts are similar to those of other
ALMA detected sources. However, more detected AGN
hosts with ALMA observations are needed to confirm
this result.

4.3. SFR Surface Densities of Obscured IRAGNs

Our galaxies fall more or less on top of the Fuji-
moto et al. (2017) line, but it is difficult to show a
clear relation because of the scatter and sample size.
Our measurements are also above the maximum SFR
surface density (~1000Moyr—'kpe 2 as shown in Fig-
ure 7) which was estimated by Simpson et al. (2015).
The decomposed TRAGN luminosity may imply that
AGN activity has little influence on the FIR sizes. How-
ever, more high-resolution imaging from future ALMA
observations are required to show a statistical result.
On the other hand, the median SFR surface density
of the obscured AGN hosts is more than two times
higher than those of other ALMA-detected sources at
logM./Mg ~ 11 and z ~ 1. This implies that ob-
scured AGN host galaxies may be in a transition phase of
compact star-forming galaxies, and may evolve to com-
pact quiescent galaxies at later time (Zolotov et al. 2015;
Dubois et al. 2015). The obscured black hole accretion
phase may be related to galaxies experiencing a com-
paction of their gaseous component, which could play a
key role in the final quenching mechanisms driving the
formation of passive red sources. Nevertheless, there
are still very few complementary samples with matched
stellar mass, SFR, and redshift. Most of the archival
ALMA observations focus on massive galaxies above the
star-forming sequence. Therefore, future high-resolution
ALMA observations would be crucial to investigating
further about these compact AGN host galaxies.

5. SUMMARY

In this paper, we have investigated rest-frame FIR and
optical sizes of non-AGN star-forming galaxies, infrared
selected AGNs, and X-ray selected AGNs at z < 2.5
by using high-resolution ALMA (0”.10-0”.85) and HST
imaging (~ 0”.1) in the COSMOS field. Our main find-
ings are as follows.

1. The sizes measured from both ALMA/1 mm and

HST/F814W images show that obscured AGN
host galaxies at z~1 are more compact than star-
forming galaxies at a given redshift and stellar
mass.

2. Most detected rest-frame FIR sizes of the sources
are similar or more compact than their rest-frame
optical sizes, which is consistent with recent results
for ALMA detected sources. This can be explained
by the fact that the dusty starbursts take place in
the compact regions, and suggests that the star
formation mechanisms in the compact regions of
AGN hosts are similar to those taking place in
star-forming galaxies with no evidence of an AGN
at their center.

3. The decomposed TRAGN luminosity may imply
that AGN activity has little influence on the FIR
sizes. However, more high-resolution imaging from
future ALMA observations are needed to confirm
this result.

4. The median SFR surface density of the obscured
AGN hosts is higher than those of other ALMA-
detected sources at log M, /Mg ~ 11 and z ~ 1.
This implies that obscured AGN host galaxies may
be in a transition phase of compact star-forming
galaxies, and may evolve into compact quiescent
galaxies at later time.

5. Future high-resolution ALMA observations would
be crucial to investigating further about these
compact AGN host galaxies.

We thank the referee as well as J. Freundlich for help-
ful comments and discussions. YYC acknowledge fi-
nancial support from the Ministry of Science and Tech-
nology of Taiwan grant (105-2112-M-001-029-MY3 and
108-2112-M-001-014-), and the Agence Nationale de
la Recherche (contract #ANR-12-J505-0008-01). EdC
gratefully acknowledges the Australian Research Coun-
cil as the recipient of a Future Fellowship (project
FT150100079). This paper makes use of the follow-
ing ALMA data: ADS/JAO.ALMA #2013.1.00034.S,
#2015.1.00026.S, #2016.1.00478.S, #2016.1.00735.S,
#2016.1.00778.S, #2016.1.01355.S, #2016.1.01426.S,
and #2016.1.01604.S. ALMA is a partnership of ESO
(representing its member states), NSF (USA) and NINS
(Japan), together with NRC (Canada), MOST and
ASIAA (Taiwan), and KASI (Republic of Korea), in
cooperation with the Republic of Chile. The Joint
ALMA Observatory is operated by ESO, AUI/NRAO
and NAQOJ. We gratefully acknowledge the contributions
of the entire COSMOS collaboration.



11

‘seoamos (§°,0-T",,0) wormyosal Y31y L/9 pueq YINTY (10mo[) pejosjepun ¢ pue (1oddn) pejosjep Lg jo serntedoid ‘g S[qeRL,

‘se1xe[es NDV-UOU 10 ‘NOHVX ‘NOVYUI (1z) ‘LI4T900HAN Y3 soSewt ww| /yINTY Wosj peinseow s0z1g (0z) *(POA[OAU00OP) LIdWI Y3im soSeur

wwW /YNTY Wody poansesuwt soztg (6T) '(POAJOAUOD) LIWI Y3IM soSew] ww /yNTY WO poinseow sozig (1) (POA[OAUOD) LIAWI U3Im soSewW! MPT8./LSH WOl poinseow sozig (L) LI4TVD U3im soSewt 09T/ LSH Woij
poanseow s0z1g (9T) IIJTYD Yitm soSewt MO9TJ/LSH Woijy poinseow sozIg (GT) "IILTYD Y3m soSewr MFTI84/LSH Woiy poanseowr sozIg (F1) "'SAHJIOVIN Woijy uoljewlse YIS (€7) "UOIyemWIlsd no ueyy I081e] oq ued Ajurejiooun
Teax oy ], ‘sojerdwo) [opowt oy3 uo puadeop yoIiym ‘suorjouny Ajrsusp A3rjiqeqord oY} UWIOIJ 9I¢ SOSSBUW IR[[9IS JO S21jUIRIIOUN oY, 'SAHJIDHVIN WOIJ uorjewi)se ssew Ie[231S (gT) "SOINSOD Ul YJryspax 3sog (I1) 99p SOINSOD
'N/S VNIV (g) "ozis wreoq YIN'TV (P) 'sPueq VINIV (g) oweu odanos YINTY (g) "opoo yoolford yINTV (1) 230N

(01) "1 SOWSOD (6) "AI SOWSOD (8) "LIANI woiy Xnj3 (€40} pojerdequ] (L) “LIdHI woiy xnjy yead YINIV (9)

ALMA AGN SizEs

NDVHI - - - - - Z2'0Fv'e T'0F8T T'0F6 0L'0 TTevvy ‘0ST LT0GSL - - - 0T°'0XZ21'0 2 LTOSSGL GGE€T0'T°'9T0T
NDVHI - - - - - €0F60 T'0F9°T T'0FL €6°0 €TLLE Cian CT69TTL - - - 0T°'0X21'0 2 T69TTL GGE€TI0'1°'910T
NODVHI - - - - - CO0FT'T TO0FT'T T'0FC 00°T 85066 ian 80895¥ - - - 0T°0XZ1'0 2L 8089S¥ GGEI0'1°910T
NOVYUIL - - - - - T0FL0 TO0FFT T0FL 69°0 6£976 09T GPILTY - - - 0T°0XZT'0 2 SPOLTY 9geT0° 179108
NDVHI - - - - - 0°0F00 T0FTT T0FL TL°0 850T6 iian Cigzaand - - - 0T'0XZ1'0 4 Eizaanid GGETO0'T°910C
NDVHI - - - - - - 0°0F6'T T'0F¢C L6°0 LLVT6 ‘0ST 0670T¥V - - - 0T'0XZ1'0 2 06¥0T¥V GgE€T0'T°'9T0T
NDVHI - - - - - T0FST T°0F8T T'0F€ S9°0 T6V6L Cian 8cosee - - - 0T°'0X21'0 2 8T0S€EE GGE€I0'1°910T
NDVHUI - - - - - T°0F8T T°0FZT 1°0F6 99°0 6£¥6L ‘08T g99¥EE - - - 0T'0XZI0 L S99¥€€ 9geT0 1°9T0C
NOVHUIL - - - - - vO0FvTc TOFET T'0FS 8L°0 T8TYY 6YT  699€9T - - - 0T°0XZT'0 2 695€92 GgeT0° 179108
- T0F9T T0FLT  TO0FET 00FL0 - - 0°0F9'z T0Fe 9L°T GET6L ‘0ST 092086 0S'0F6T'Z ST'OFO0'E 9F61 €€0XLED L  GLEZTEE OIPOZPIW  S'FE000 T'€10T
NDVHI  T0FG0 T0FS0  TO0F90 00Fr0 - 0°0F0°0 0°0F¥'T T0F9 09°0 €508L ‘0ST  80€TL6  T€0FLET 60°0FTE0  6L°G OT'0XZI0 L 80£2L6 9geT0' 179108
NDOVHI 9°0FC'T 9'0F0°2T €0F8T 0°0F90 - €0F1T0 00F%'C 00F¢C GE'T 8VSLL ‘0ST S01696 07 0F19'T 0F08°0 I8¢ 8E'0XLS0 L 99Z8TETOTIIP"ZMO] 7€000°'T°€10C
- 8°0F8'T L'0F6'T voFLT 0'0Fo0'€ - €'0F€T 00FT'C T'0FL €T°'T €9094 6V T 085096 8E€'0FSY'T 0F€L 0 €8'9 8€'0X99°0 L L9G¥TETOTI[P27ZMmO] ¥€000°T°€10C
NODVHI Z'0FL0 2'0F90 T°0Fs'1T 0°0F90 - €0F80 1°0F€C T0FT 09°'T 11269 Cian 0€¥LI6 IT°0F980 0F0L°0 €€€T 6T0X¥e0 L 0€VL16 F0910°1°910C
- T0FL0 T0FL0  00F0T 00F6T - 9°0F€T 00F0€ T'0FO S8°'T 09699 ‘09T 02€T06  LPOFIF'9 8T'0F9S'€ 6661 8I'0X61°0 2 ©ZTOOHALZY 8¥00°1°910¢
- T0FeT T0FET  TOFTT 00FeT - - 1°0F2'T 2 0F6 ¥9'T 16979 09T 692888  TT0FE9'T 0F20'T 00°€% 6E0X6E0 L 69888 F09T0°T°9T0T
- 9°0FVv'C 9°0F9'€ v'oFe€Vv TOFT8 - - T°0F€C T'0F¥ Iv'1T vPIC9 ‘0ST T9LTLR 0L°0F€0V 0F8L0 89 LEOXVS0 L 86E98C T TIIP27ZMO] 7€000°T°€10C
NDVX Z'0FL0 Z'0FS0 T°0F6°0 T°0F9°¢ - 6°GLIFL000F0'E 00F8 Cv'Cc €T8LS 6V T S6STV8 9€°0F8L'T 0F9T'1 cLL LT'OXO0ZTO L ©CZODHLZY 8L¥00°'1°910T
- Z20F91 Z0FLT z0Fo0€ 0'0F¢€T - 8°0F0'C 00FLC T'0FC 80°C TS6S¢ ‘0GT LIOTTIES 0z 0F€eee 0F¥20 96°CT 120XS20 9 VI-STHZIHS 92000°T°ST0C
- VIFVE TIFLY  60FST 00FLT - €0F¢T 00Fre T0F0 12'1 T98SS ‘09T €20TE8  GL0FPT'T OT'0OF9E0 GP'€ 9€0XEG0 L  TEGBIT ITIRO7ZMOL §'FE000 T 10T
- TOFST TO0FLT  TO0FPe 00Fee 0'0F¢e L0FeT T0FET T0FE 9€'T 609€9 ‘09T 90T9T8  E€TOFIS'T 0F98°0 6T'6T 6E0X6E0 L 901918 F09T0°T'9T0T
- T0FTT T0FeT T°0F0'C 0'0F80 - 0'CFT'T 00Fze T'0F¢€ 61°'C 799€¢ ‘0ST CIO0SI8 LE0FO0L9 0FcTL'€ 9T'9C ¥E0XLEO L 00ST9T T TI[e>zplw ¥€000°T°€10C
- S0FST L0FTT 0FVveT T0FS¥ - T'IF8T 00F1'C 1T°0FC €T°'T 999¢¢ ‘0ST CEVILIR €€°0FV9T 0FL6°0 Tv'L 9€°0XZg0 L T888GT EI[P27ZMO[ ‘¥€000°1T°€T0T
- €eF9°0 L'0F9°0  T0F6T - - ¥'2eFETCT 0FI T 1°0F6 G6'T 99%TS ‘0ST 648908  80°0F8F'0 £0°0FEE0 896 TEOXSHO 9 & 9ZIETOFTER FFO00TL S'8LLO0 T'9TOT
NDVX ~ €0F9°0 €0FL0  TOFIT T0F0%T ‘0FT'E L0F6'T T0F80 T0FS 0Z'C ¥EL0S ‘09T 8¥8¥6L  TE€0F60°€ ST'OFLET G6'GT 0€0XEEL0 L  0STPIE SIPOTZPIW  §'FE000° T €T0T
- T0FcTT Z0FTT T0F8'T T°0F¢sC - €' T0TFT'T00FCT T0F¢€ ov'T 9V19¥% ‘OST LST99L 9T'0FTIS'T O0F¥8'0 6€€T 6T°0XE€e0 L LGT99L ‘PO9TO'1°9T0T
- €°0F0¢C €0F9'1 z'0FeT 0'0F8'€ - 9°0F9'C 1T0F0C T'0F¥ ¥¥'1T 6600¢€ ‘0ST LT6699 6T°0FLT'T OF1IV'0 G0'8 6T OX¥E0 L LT6699 ‘PO9T0'1°9T0T
- T'0F¥0 T'0F80 0°0F6°0 T0F0°L - ¥'0F0'T 00F9C 00F8 0%'T 0T€sT 6V T 9¥18C9 S0'0F95°0 OF¥1T'0 L¥V'E€T 60°0XET'0 9 618" SOVd ‘9C¥10°1°910T
NOVX ~ T0F60 T0F80  00F6'0 00FF0 - €'8F0°0 00F0'€ L0F8 €8'T 8G6ET ‘09T 86£SS  €T0F69°T FO'0F99°0 6I°GT 0T'0XIT0 2 9€-AIXD "G€L00°1°9108
- €0FL0 €0F80  TOFOT 00F8%T - 9'0FzT 0°0FvT 0°0F¥ ¥I'T 20990 6YT  TLTP0S  9P'0FE6' S8T'OFELT G9'6 PEOXO0P'0 L  €9Z0ZT ITIRO7ZMOl §'FE000° T €10T
- €0F8T €0F8'1T T0FLT T'0F¢s'e - - T°0F6'T T'0F0 6€°'T €L090 ‘0ST TE€V009 ST'0FEV'T 0F€S'0 G0'€T 6£°0X6E0 L TEV009 ‘PO9TO'1°9T0T
- TOFT'T T0FeT T0FTC ToFT'€ - L0F¥'€ T°0FCC TOFT 0€'T 682S0 ‘0ST 16236V 0T'0FsL'T 0FL0'T €%'9C 6£0X6£0 L 16256V ‘PO9T0'1°9T0T
- eo0Fece €'0F8c eo0Fece 0'0F¥'e - §'0F9'0 1T0F0'C T'0F¢€ S€'T 08806 Cian 986S0% 62°0F€0°C 0F9¢0 ¥0'8 62°0Xge0 L 986S50% ‘FO9T0°1°910T
- ¥0FLT vOFL T £0Fee 00F9E - 9°0Fz'T T0F6'T T'0F¢ Se'T 679¢€8 ‘6¥T  £0609€  0Z°0FG8°0 SO°0FOEL0  L9°G 6Z0X¥PE0 L £0609¢ ‘F0910°1°9108
- TOFV'T TOF8T  TO0FST TO0F9E - - T0F€T T0FC 99'T 1269L ‘09T 80TLTIE  STOFPO'T OFTIL0 T9PT 6E€0X6E0 L 80TLTE "F09T0°1°9T08
NDOVX 8°0FS'C 8'0F¥%'CT g'0FLT 0°0F90 - Z0F¥'T 00FcT 1T0FC V0'T TSEV9 6VT 8066€T TLOFLIC 0F6€0 vg'€ vToXeeo L 9679781907 ZMO] ‘'7€000°T°€T0T
(12) (02) (61) (81) (1) (g1) D) (e1) (g1) (tt)  (om) (8) [ (9) () ) (€) (2) (1)
[ods] [ody] [odsy] [ods] Pdy]  pdy] [;_24On] [On] [80p] [8op] [£rw]  [weoq/Lpw] R
NOYy (AN VINTVy (P)VINTVy C)VINTVy (P)SOVy (B)VINTIVy (F)E0AMy (F)SOVy  ayag *IN z oop SOWSODgy Mg seady eed g ozig weeg pueg ourey ooinog opop 300fo1g




12 CHANG ET AL.

REFERENCES

Barro, G., Kriek, M., Pérez-Gonzilez, P. G., et al. 2016, ApJL,
827, L32

Bournaud, F., Juneau, S., Le Floc’h, E., et al. 2012, ApJ, 757, 81

Brinchmann, J., Charlot, S., White, S. D. M., et al. 2004,
MNRAS, 351, 1151

Ceverino, D., Dekel, A., & Bournaud, F. 2010, MNRAS, 404,
2151

Chabrier, G. 2003, PASP, 115, 763

Chang, Y.-Y., van der Wel, A., da Cunha, E., & Rix, H.-W.
2015, ApJS, 219, 8

Chang, Y.-Y., Le Floc’h, E., Juneau, S., et al. 2017a, ApJS, 233,
19

—. 2017b, MNRAS, 466, L103

Chen, C.-C., Smail, 1., Swinbank, A. M., et al. 2015, ApJ, 799,
194

Cisternas, M., Jahnke, K., Inskip, K. J., et al. 2011, ApJ, 726, 57

Civano, F., Marchesi, S., Comastri, A., et al. 2016, ApJ, 819, 62

da Cunha, E., Charlot, S., & Elbaz, D. 2008, MNRAS, 388, 1595

da Cunha, E., Walter, F., Smail, I. R., et al. 2015, ApJ, 806, 110

Daddi, E., Dickinson, M., Morrison, G., et al. 2007, ApJ, 670, 156

Dekel, A., Birnboim, Y., Engel, G., et al. 2009, Nature, 457, 451

Dubois, Y., Volonteri, M., Silk, J., et al. 2015, MNRAS, 452,
1502

Elbaz, D., Daddi, E., Le Borgne, D., et al. 2007, A&A, 468, 33

Elbaz, D., Leiton, R., Nagar, N., et al. 2018, A&A, 616, A110

Fan, L., Fang, G., Chen, Y., et al. 2014, ApJL, 784, L9

Freundlich, J., Combes, F., Tacconi, L. J., et al. 2019, A&A, 622,
A105

Fujimoto, S., Ouchi, M., Shibuya, T., & Nagai, H. 2017, ApJ,
850, 83

Fujimoto, S., Ouchi, M., Kohno, K., et al. 2018, ApJ, 861, 7

Gabor, J. M., Impey, C. D., Jahnke, K., et al. 2009, ApJ, 691,
705

Gonzalez-Lépez, J., Bauer, F. E., Romero-Canizales, C., et al.
2017, A&A, 597, A4l

Grogin, N. A., Kocevski, D. D., Faber, S. M., et al. 2011, ApJS,
197, 35

Harrison, C. M., Alexander, D. M., Mullaney, J. R., et al. 2012,
AplJL, 760, L15

Hodge, J. A., Swinbank, A. M., Simpson, J. M., et al. 2016, ApJ,
833, 103

Ikarashi, S., Ivison, R. J., Caputi, K. I., et al. 2015, ApJ, 810, 133

Ilbert, O., Arnouts, S., Le Floc’h, E., et al. 2015, A&A, 579, A2

Juneau, S., Dickinson, M., Bournaud, F., et al. 2013, ApJ, 764,
176

Kartaltepe, J. S., Dickinson, M., Alexander, D. M., et al. 2012,
AplJ, 757, 23

Kennicutt, R. C., & Evans, N. J. 2012, ARA&A, 50, 531

Kennicutt, Jr., R. C. 1998, ApJ, 498, 541

Kocevski, D. D., Faber, S. M., Mozena, M., et al. 2012, ApJ,
744, 148

Koekemoer, A. M., Faber, S. M., Ferguson, H. C., et al. 2011,
AplJS, 197, 36

Laigle, C., McCracken, H. J., Ilbert, O., et al. 2016, ApJS, 224,
24

Lang, P., Schinnerer, E., Smail, I., et al. 2019, ApJ, 879, 54

Lindroos, L., Knudsen, K. K., Vlemmings, W., Conway, J., &
Marti-Vidal, I. 2015, MNRAS, 446, 3502

Mainieri, V., Bongiorno, A., Merloni, A., et al. 2011, A&A, 535,
A80

Marchesi, S., Civano, F., Elvis, M., et al. 2016, ApJ, 817, 34

McMullin, J. P., Waters, B., Schiebel, D., Young, W., & Golap,
K. 2007, in Astronomical Society of the Pacific Conference
Series, Vol. 376, Astronomical Data Analysis Software and
Systems XVI, ed. R. A. Shaw, F. Hill, & D. J. Bell, 127

Mechtley, M., Jahnke, K., Windhorst, R. A., et al. 2016, ApJ,
830, 156

Mullaney, J. R., Alexander, D. M., Goulding, A. D., & Hickox,
R. C. 2011, MNRAS, 414, 1082

Mullaney, J. R., Pannella, M., Daddi, E., et al. 2012, MNRAS,
419, 95

Noeske, K. G., Weiner, B. J., Faber, S. M., et al. 2007, ApJL,
660, L43

Peng, C. Y., Ho, L. C., Impey, C. D., & Rix, H.-W. 2010, AJ,
139, 2097

Polletta, M., Tajer, M., Maraschi, L., et al. 2007, ApJ, 663, 81

Prieto, M. A., Reunanen, J., Tristram, K. R. W., et al. 2010,
MNRAS, 402, 724

Richards, G. T., Lacy, M., Storrie-Lombardi, L. J., et al. 2006,
AplJS, 166, 470

Rosario, D. J., Santini, P., Lutz, D., et al. 2013, ApJ, 771, 63

Rujopakarn, W., Dunlop, J. S., Rieke, G. H., et al. 2016, ApJ,
833, 12

Salvato, M., Ilbert, O., Hasinger, G., et al. 2011, ApJ, 742, 61

Schreiber, C., Pannella, M., Elbaz, D., et al. 2015, A&A, 575,
AT4

Scoville, N., Aussel, H., Brusa, M., et al. 2007, ApJS, 172, 1

Silverman, J. D., Kampczyk, P., Jahnke, K., et al. 2011, ApJ,
743, 2

Simpson, J. M., Smail, I., Swinbank, A. M., et al. 2015, ApJ,
807, 128

Simpson, J. M., Smail, I., Wang, W.-H., et al. 2017, ApJL, 844,
L10

Speagle, J. S., Steinhardt, C. L., Capak, P. L., & Silverman,
J. D. 2014, ApJS, 214, 15

Tacchella, S., Dekel, A., Carollo, C. M., et al. 2016, MNRAS,
457, 2790

Tacconi, L. J., Genzel, R., Saintonge, A., et al. 2018, ApJ, 853,
179

Tadaki, K.-i., Kodama, T., Nelson, E. J., et al. 2017, ApJL, 841,
L25

Treister, E., Urry, C. M., & Virani, S. 2009, ApJ, 696, 110

van der Wel, A., Bell, E. F., Haussler, B., et al. 2012, ApJS, 203,
24

van der Wel, A., Franx, M., van Dokkum, P. G., et al. 2014,
AplJ, 788, 28

Villforth, C., Hamann, F., Rosario, D. J., et al. 2014, MNRAS,
439, 3342

Villforth, C., Hamilton, T., Pawlik, M. M., et al. 2017, MNRAS,
466, 812

Whitaker, K. E., Franx, M., Leja, J., et al. 2014, ApJ, 795, 104

Williams, R. J., Quadri, R. F., Franx, M., van Dokkum, P., &
Labbé, 1. 2009, ApJ, 691, 1879

Wuyts, S., Forster Schreiber, N. M., Genzel, R., et al. 2012, The
Astrophysical Journal, 753, 114

Zolotov, A., Dekel, A., Mandelker, N., et al. 2015, MNRAS, 450,
2327



