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ABSTRACT

We aim to determine the intrinsic far-Infrared (far-IR) emission of X-ray-luminous quasars over
cosmic time. Using a 16 deg? region of the Stripe 82 field surveyed by XMM-Newton and Herschel
Space Observatory, we identify 2905 X-ray luminous (Ly > 102 erg/s) Active Galactic Nuclei (AGN)
in the range z ~ 0 —3. The IR is necessary to constrain host galaxy properties such as star formation
rate (SFR) and gas mass. However, only 10% of our AGN are detected both in the X-ray and IR.
Because 90% of the sample is undetected in the far-IR by Herschel, we explore the mean IR emission
of these undetected sources by stacking their Herschel /SPIRE images in bins of X-ray luminosity
and redshift. We create stacked spectral energy distributions from the optical to the far-IR, and
estimate the median star formation rate, dust mass, stellar mass, and infrared luminosity using a
fitting routine. We find that the stacked sources on average have similar SFR /Ly, ratios as IR
detected sources. The majority of our sources fall on or above the main sequence line suggesting that
X-ray selection alone does not predict the location of a galaxy on the main sequence. We also find
that the gas depletion timescales of our AGN are similar to those of dusty star forming galaxies. This
suggests that X-ray selected AGN host high star formation and that there are no signs of declining
star formation.

Keywords: Galaxies:active, Galaxies:evolution, Galaxies:nuclei Galaxies:quasars:supermassive
black holes, Galaxies:Seyfert, galaxies:star formation
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1. INTRODUCTION

Quasars, which can be the most luminous non-
transient objects in the known Universe, can
be created through major mergers as one pos-
sible scenario. When two gas-rich disk galaxies
collide and coalesce, the merger fuels a rapid
burst of star formation and triggers a period
of rapid growth of a supermassive black hole
(SMBH) (Sanders et al. 1988; Hopkins et al.
2006). In this scenario, the quasar experiences
an obscured phase, when the optically bright
accretion disk fueling the SMBH is enshrouded
by a thick layer of gas and dust, also known
as the torus, while its host galaxy experiences
higher star formation, also triggered by the
merger (Ricci et al. 2017; Treister et al. 2010;
Perna et al. 2018). The obscured phase is fol-
lowed by the blowout phase when the quasar
launches winds which expel the obscuring dust.
The blowout makes the accretion disk visible in
the optical again, and the host galaxy begins to
quench its star formation (Glikman et al. 2004,
2012). In the major merger scenario, the heav-
ily obscured phases are likely short lived (Glik-
man et al. 2012). Through clustering measure-
ments in Conroy & White (2013) and La Plante
& Trac (2016), the lifetime of quasars is weakly
constrained to be between 10° — 10% yr.

The major merger scenario suggests a connec-
tion between black hole growth and star forma-
tion, mainly through negative feedback quench-
ing star formation. However, this link is obser-
vationally difficult to identify.

For example, Stanley et al. (2017) show no
decrease in star formation rate (SFR) with
AGN bolometric luminosity for a given red-
shift using optically-selected AGN from the
Sloan Digital Sky Survey (SDSS). Schulze et al.
(2019) found that a population of 20 unobscured
quasars at z = 2 have SFRs that are similar to
those of star-forming galaxies (SFGs) based on
ALMA continuum measurements.
et al. (2015) claims the existence of a signifi-

Mullaney

cant AGN population below the main-sequence
of star-forming galaxies. On the other hand, Xie
et al. (2021) find quasars with elevated SFRs
that lie above the main sequence.

Quasars are typically separated into “red”
(obscured) and “blue” (unobscured) classifica-
tions, based on their optical/near-IR colors.
Kirkpatrick et al. (2020) identified a unique
population of quasars, dubbed “cold quasars”.
These objects do not fit neatly into the red or
blue quasar populations. Cold quasars are un-
obscured, quantified through optical colors and
the detection of broad lines in their spectra, that
have a large amount of cold dust present quan-
tified through far-IR emission. This cold dust
allows these quasars to be detected in all three
Herschel /SPIRE bands (250, 350, and 500 pm).
The cold quasar sample exhibits intense SFRs
in comparison to normal star-forming galaxies,
again calling into question whether quasar feed-
back linked with declining star formation.

Studying the properties of the quasar host
galaxies, particularly their SFRs, is difficult.
Selection at different wavelengths can pro-
duce biased samples, especially with obscured
quasars (Hickox et al. 2009; Azadi et al. 2017).
Unobscured quasars are luminous and outshine
their hosts both in the optical and mid-IR mak-
ing characterization of the hosts difficult (Hain-
line et al. 2011; Stern et al. 2012). The optical
Ha emission line frequently used to measure
star formation is contaminated by the quasar
emission (Baldwin et al. 1981; Twite et al.
2012). The submillimeter emission lines that
are used to trace the interstellar medium in
star forming regions can also be contaminated
by the quasar (Kirkpatrick et al. 2019; Iman-
ishi et al. 2016). Therefore, the most robust
tracer of the host galaxy is the far-IR, since
quasars are expected not to substantially heat
dust beyond a wavelength of greater than 100
pum, or roughly 30 K (Mullaney et al. 2011).
The far-IR regime allows us to determine pa-
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rameters overcoming the aforementioned biases
such as SFR, IR luminosity, and dust mass that
describe the host galaxy. However, the limited
lifespan, resolution, and sensitivity of far-IR
observatories create difficulties in acquiring the
necessary observations of quasars. For example,
ALMA can only trace the Rayleigh Jeans tail of
the IR emission. Therefore, it makes it difficult
for observers to determine the AGN’s contribu-
tion to the far-IR emission. Until the launch
of a new far-IR telescope, we must rely on IR
stacking to determine the average properties of
galaxies too faint to be detected individually.
In this paper, we look at parameters that de-
scribe the far-IR properties of X-ray bright, but
IR-undetected active galactic nuclei (AGN). We
distinguish between AGN (Lx < 10Merg/s)
and quasars (Lx > 10* erg/s) for clarity when
comparing to other populations. We note that
IR-undetected AGN in this paper will be the
AGN that are not detected by the Herschel
Space Telescope, although they do have WISE
detections, indicating a significant amount of
hot dust. We seek to compare the host galaxy
properties of IR-undetected AGN with that of
different samples and types of AGN to obtain
a better picture of the evolutionary timeline of
such objects and to constrain the average host
galaxy properties of unobscured quasars. We
use the cold quasar sample in this paper to
make comparisons to confirm their intense host
galaxy properties. In Section 2, we discuss the
Accretion History of AGN survey (AHA; PI M.
Urry) from which we select our sample. We also
discuss our stacking method for Herschel un-
detected AGN, and the SED fitting procedure,
SED3FIT, used for our sample. We discuss in
Section 3 how SFR, dust mass, stellar mass, and
IR luminosity of our sample compare with that
of other obscured and unobscured quasars. In
Section 4, we discuss possible evolutionary sce-
narios of our unobscured quasars, and in Sec-
tion 5 we present our conclusions. Through-

out the paper, we assume a standard cosmology
with Hy = 70 km s™' Mpc™,Quy = 0.3 and
Qp =0.7.

2. DATA AND STACKING

To uncover a significant sample of high-
luminosity AGN, large volumes of the Uni-
verse must be surveyed. We use data from
the Stripe 82X survey (LaMassa et al. 2013a,b,
2015), part of the multi-wavelength survey
Accretion History of AGN (AHA, PI M.
Urry). Due to the large volume surveyed, the
Stripe 82X survey contains the most X-ray lumi-
nous sources compared to other X-ray surveys
like COSMOS and GOODS-South.

The AHA survey (382X) covers a total of 31.3
deg? of the sky in the Stripe 82 region, con-
sisting of 4.6 deg? and 15.6 deg? from targeted
observations with XMM-Newton in AO10 and
AO13 (LaMassa et al. 2013b, 2016) combined
with 5.6 deg? of XMM-Newton archival point-
ings and 6.0 deg® of Chandra X-ray Observa-
tory archival pointings. In this paper, we fo-
cus on the 15.6 deg? XMM-Newton observations
that are fully overlapped by infrared observa-
tions from the SPIRE instrument on the Her-
schel Space Observatory as part of the Herschel
Stripe 82 Survey (HerS; Viero et al. (2014)).
The HerS survey has a 30 detection limit of
Sasoum = 30 mJy (Viero et al. 2014).

Our parent sample contains 3200 X-ray
sources. Out of this sample, about 70% have
spectroscopic redshifts. For the other 30%, the
photometric redshifts were calculated use the
Le PHARE (Photometric Analysis for Redshift
Estimation) code (see Ananna et al. 2017, for
details of the photo-z calculation). For the
sources with both photo-zs and spec-zs, ap-
proximately 14% have Az/(1 + zgpec > 0.15.
We discuss the potential impact of these over-
estimations in Section 2.2. Figure 1 in Ananna
et al. (2017) shows the layout of Stripe 82 cov-
ered by XMM-Newton.
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Multiwavelength counterpart matching was
done in LaMassa et al. (2016) and Ananna
et al. (2017). The authors match the X-ray
positions to counterparts spanning the UV to
the mid-IR. Both papers used ancillary data
from the co-added Sloan Digital Sky Survey
(SDSS) catalogs (Jiang et al. 2014; Fliri & Tru-
jillo 2016), which reach 2.5 mag deeper than
single epoch data. This increased the likeli-
hood of each X-ray source having an optical
counterpart. The AO13 region of the survey
is also covered by Spitzer Space Telescope (in
3.6 & 4.5 um) through the Spitzer/HETDEX
Exploratory Large Area (SHELA) survey (Pa-
povich et al. 2016) and the Spitzer IRAC Equa-
torial Survey (SpIES; Timlin et al. (2016)). The
entire stripe is also covered by WISE in the
mid-IR and the Vista Hemisphere Survey in
the near-IR (McMahon et al. 2013). We would
like to note that multiwavelength matching is
outside of the bounds of this paper. For more
information on the process of multiwavelength
counterpart matching, please see Ananna et al.
(2017).

2.1. The Herschel Subsample & Cold Quasars

One of the goals of AHA is to measure prop-
erties of the host galaxy such as SFR and IR
luminosity in the most luminous X-ray sources
to investigate the interplay between star for-
mation and black hole growth. The far-IR is
critical because in unobscured luminous AGN,
the host galaxy can be outshone at every other
wavelength (Richards et al. 2006). However,
only 120 of our X-ray sources are detected at
250 pm. We refer to these sources as the Her-
schel subsample. Thirty of these sources meet
our criteria for being unobscured quasars with
Lx > 10% erg/s, Mp < —23, and broad emis-
sion lines in their optical spectra (Kirkpatrick
et al. 2020). Note that the X-ray luminosi-
ties are observed values, calculated directly us-
ing observed fluxes. Due to the extreme in-
frared luminosities (Lig > 101 L), we refer to

these sources as cold quasars because they still
contain a large reservoir of cold dust leading
to high SFRs compared to star forming galax-
ies (Kirkpatrick et al. 2020). The X-ray lumi-
nosities have not been corrected for obscuration
fraction. However, Figure 2 shows that the X-
ray emission in our sample on average is un-
obscured, which makes the obscuration fraction
negligible. For the remaining sources with no
clear IR detection, it is more difficult to charac-
terize the host galaxy.

2.2. Herschel-Undetected AGN

The AO13 region of Stripe 82X that over-
laps with the HerS survey area contains ap-
proximately 3195 X-ray sources (LaMassa et al.
2016). We remove 388 sources that do not have
any robust multi-wavelength counterparts, as
indicated by a counterpart quality of 3 or 4
in the Ananna et al. (2017) photometric cat-
alog. This means that the source has different
counterparts in multiple bands with compara-
ble likelihood ratios, but have different relia-
bility classes. This does not qualify as robust.
Also, a quality flag of 4 means there is a counter-
part in only one band, which does not qualify
as multi-wavelength counterparts. We further
limit the sample to galaxies with a detection
in the WISE W1 band. These are the galaxies
most likely to contain significant dust emission,
and the mid-IR coverage of WISE is necessary
to accurately constrain the AGN emission. We
remove 965 sources which have no WISE W1 de-
tection as they will not have a significant dust
emission present and skew the SED fitting pro-
cess. This leaves us with 1842 sources, 120 of
which form the Herschel sample and are not in-
cluded in the infrared stacking. All removed
sources are evenly distributed over z ~ 0 — 3
and Ly = 10% — 10%erg/s, so their removal
does not present a systematic bias in either of
these parameters.

The far-IR regime is observable using Her-
schel /SPIRE bandpasses at 250, 350, and 500
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Redshift

Figure 1. The X-ray Luminosity and redshift dis-
tribution of our sample and parent population. The
grey dots are every galaxy in AHA (Ananna et al.
2017) that have a multiwavelength counterpart and
lie in the region of Stripe82 covered by HerS (Viero
et al. 2014). We subdivided sources by Lx and
z (dashed lines) and then stacked Herschel/SPIRE
images in bins with more than 50 sources. The col-
ored points show which sources we stacked—these
sources had a WISE W1 detected but lacked a
SPIRE 250 um detection. We also overplot the
120 sources (green triangles) that are detected at
250 pm.

pm.  Although there is no detection for 1722
sources in the Herschel/SPIRE bands, we use
the SPIRE maps to obtain a mean flux for
the Herschel non-detected sample. We sepa-
rated our sources into bins first by the 0.5-10
keV X-ray luminosity. We split sources into
luminosity bin sizes of 0.5dex, from log Ly =
42 — 46 [erg/s|]. We further subdivide by red-
shift in bins of Az = 0.5 for z = 0 — 2 and then
one high redshift bin spanning z = 2 — 3. We
only perform stacking in bins with more than
50 sources, as below this threshold, we are un-
able to obtain a 30 stacking detection. Even
so, in the bin spanning z = 0.5 — 1,log Lx =
43.0 — 43.5 [erg/s|, we were unable to obtain a
detection at a SPIRE wavelength, so we omit
this bin from further analysis. These selection
criteria result in 10 bins, which are illustrated
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Figure 2. Hard X-ray luminosity as a function of
6 pm luminosity. We plot the relationship derived
from local galaxies (gray shaded region)(Lutz et al.
2004), the relationship derived from higher lumi-
nosity, higher redshift sources (dashed line)(Stern
2015), red quasars, the cold quasars, and our
stacked sample. The colors of the stacked sources
match those of Figure 1. This plot tells us that the
X-ray emission we observe in our sources are simi-
lar to that of local galaxies resulting in unobscured
X-ray emission.

in Figure 1. We show examples of the 250 ym
stacked images in Figure 3.

To stack, we follow the methodology outlined
in Stanley et al. (2017), so that we can compare
directly to that sample. We use the positional
coordinates of the optical counterpart for each
source, listed in the Ananna et al. (2017) X-ray
catalog. Because SPIRE images have units of
Jansky /beam, it is straightforward to stack the
central pixels at the location of each source. We
do this for all sources in a given bin and take the
mean. When we stack our sources, we must take
into account the photometric redshifts and their
impact. To determine the significance of over-
estimated redshifts, we estimate the uncertain-
ties through bootstrapping each bin 1000 times.
The results show little to no change in the over-
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Figure 3. We show the results of our stacking method for three representative bins (Bin 1, left; Bin 3,
middle; Bin 10right). The top panels show the 250 pm image resulting from 1000 bootstrapped stacks. The
bottom panels show the resulting histograms, with the mean (red solid line) and standard deviations (blue

dashed lines) marked.

all stack and SED. The final reported flux and
uncertainty is the mean and standard deviation
of the bootstrap trials. We list these fluxes in
Table 1.

We determine which fluxes are significant de-
tections by stacking at random positions within
the SPIRE maps. Following Stanley et al.
(2017), we do this separately for each bin, us-
ing the number of sources within each bin as
the number of random positions to select in the
SPIRE image. We stack 10,000 times for each
bin and calculate the mean and standard de-
viation. The mean represents the bias due to
the confusion limit, which can be significant at
far-IR, wavelengths. However, we find that in
general, po50 = 0.16 mJy, ugs0 = 0.13mJy, and
ts00 = 0.35mJy, which is not significantly el-
evating our stacked fluxes. We consider three
times the standard deviation to be the detection
limit for each bin, and we list these 30 values

in Table 1. If a bin does not reach the 3o level,
then we do not report the flux and instead use
a 30 upper limit in our analysis. At 500 pm, all
bins except one are undetected. It is possible
there is a bias on our fluxes due to clustering,
although we expect any contamination to be at
the 10% level (Wang et al. 2015).

Finally, we test what effect removing the non-
WISE detected sources from our sample has on
the stacked fluxes by restacking the 250 ym im-
ages with the WISE and non-WISE sources. We
list the results in brackets in Table 1. In most
cases, including the non-WISE sources has no
significant effect. In the three most luminous
bins, the non-WISE sources significantly lower
the stacked flux. Bin 7 has a significant in-
crease in flux, likely due to one or two anoma-
lous sources.

We created mean multiwavelength spectral
energy distributions (SEDs) for each bin. We
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Table 1. Herschel Stacked Photometry

Bin zrange Lgs_10kev range No. of Sources # Sa50? 30950 S50 30350 Ss00 30500°
(log erg/s) (mJy) (mJy)  (mJy)  (mJy) (mJy) (mly)

1 0.0-0.5 42.5-43.0 83 [114] 6.77+1.72 [6.64] 5.08 e 4.84 e 5.44
2 0.0-0.5 43.0-43.5 144 [182] 6.224+1.78 [6.03] 3.82 4.4441.35 3.74 4.16
3 0.0-0.5 43.5-44.0 66 [81] 9.93+2.05 [9.52] 5.61 e 5.46 e 5.99
4 0.5-1.0 43.5-44.0 214 [319} 3.814+0.97 [4.07] 3.13 cee 3.06 e 3.41
5 0.5-1.0 44.0-44.5 176 [231] 5.22+1.47 [5.91] 3.50 cee 3.45 e 3.81
6 1.0-1.5 44.0-44.5 169 [277] 6.88+1.29 [5.50] 3.60 4.68+1.09 3.50 3.91
7 0.5-1.0 44.5-46.0 58 [64] 6.78+1.85 [9.57] 5.96 e 5.84 - 6.48
8 1.0-1.5 44.5-46.0 191 [256] 6.77+1.16 [6.72] 3.33 5.63%x1.01 3.23 3.63
9 1.5-2.0 44.5-46.0 223 [348] 6.00+1.08 [4.33] 3.09 6.2940.91 3.04 4.9941.02 3.36
10 2.0-3.0 44.5-46.0 135 [311] 5.8141.20 [4.81] 3.95 4.484+1.23 3.83 4.29

@Listed in brackets are the number of sources the stacked Sos¢ flux if the galaxies without WISE detections are included.

b35 detection limits were determined through stacking at random positions within the SPIRE maps 10,000 times and

calculating the standard deviation of the results. If a bin is not detected, it’s stacked flux falls below this limit.

calculated the mean flux in each filter from the
UV to the mid-IR. In some cases, galaxies would
be missing photometry in a given band. So as
not to bias our data, we created mock photom-
etry when a value was missing. Ananna et al.
(2017) determined photometric redshifts for all
galaxies in AHA by fitting a suite of AGN and
quasar templates. We use the best-fit template,
listed in the Ananna et al. (2017) catalog, scaled
to the available photometry. We then convolved
with the appropriate transmission curve to es-
timate the flux. We included these fluxes along
with the detected fluxes. We again followed a
bootstrap technique and calculated the mean
flux in each bandpass 1000 times, resampling
with replacement each time. The final reported
flux is the mean of the bootstrap trials, and the
uncertainty is the standard deviation. We list
the photometry for each bin in Table 3 in Ap-
pendix A.

The use of mock photometry when it is miss-
ing in a particular band for a particular source
may introduce additional uncertainties. To de-

termine the significance of using mock photom-
etry, we execute the stacking process as before.
However, for this scenario we stack the sources
in each bin for which there are measurements in
each specific band. In Table 4 in Appendix A
we state the number of sources in each bin that
have a detection in each band. After grouping
the new stacks into bins, we determine the aver-
age flux of the stack and compare it to the pho-
tometry obtained from mock photometry. Com-
paring the errors in Table 3 to the flux differ-
ence values in Table 4, we see that when we ex-
clude the mock photometry values, we observe
fluxes that are on average within the errors of
the fluxes obtained using mock photometry. We
note that in Table 4, all sources in a particular
bin were detected in some of the filters. In other
words, no mock photometry was used for these
filter-bin combinations and thus the change in
flux is zero. This, in addition to the results of
bootstrapping shows that using mock photom-
etry has no significant effect to the produced
photometry.
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We stacked all of the photometry in the ob-
served frame of the sources, because the SPIRE
stacking is by necessity done in the observed
frame. We then converted to the rest frame us-

ing the mean redshift of the sources in the bin.
The redshifts are listed in Table 2.

2.3. Fitting SEDs with SED3F1T

We perform SED decomposition on our pho-
tometry with the SED-fitting code SED3FIT
(Berta et al. 2013) to estimate parameters such
as dust mass, stellar mass, IR luminosity, IR
AGN contribution, and star formation rate.

SED3FIT performs SED fitting with a com-
bination of three different components: stel-
lar emission, dust emission from star forma-
tion, and a possible AGN accretion disk and
torus. It does not include nebular emission
lines. SED3FIT is a modified version of the
fitting routine MAGPHYS (da Cunha et al.
2008) built to model AGN contribution, which
MAGPHYS does not natively include. The
model libraries for the three components used in
SED3FIT begin with stellar population emission
spectra computed using the Bruzual & Char-
lot (2003) or Bruzual (2007) models including
the effects of dust attenuation as prescribed by
Charlot & Fall (2000). The second compo-
nent uses the emission of dust, computed by
da Cunha et al. (2008). Lastly, using the Fritz
et al. (2006) models, the AGN SEDs consists of
isotropic emission of the central source. This
emission consists of power laws in wavelengths
of 0.001 - 20 pgm. The torus models take into
account a range of dust geometries and radii.
Some of the emission of the AGN is either ab-
sorbed by the toroidal obscurer and re-emitted
at IR wavelengths (1-1000 pm) or scattered by
the same medium. The default set of mod-
els used in SED3FIT includes 10 torus mod-
els and randomly samples the optical /IR library
1000 times each. SED3F'IT also uses a Chabrier
(2003) initial mass function (IMF).

We performed fits for our 10 stacked SEDs,
which are shown in Figure 4. We list the mod-
eled properties Ligs_1000um, stellar mass (M,),
dust mass (Mgyst), bolometric luminosity (Lpo),
and SFR in Table 2. The dust mass is estimated
as is done in da Cunha et al. (2008) summing up
the mass contributions from the warm dust in
stellar birth clouds, warm dust in the ambient
interstellar medium, and the cold dust in the
interstellar medium. What is interesting is that
not all fits required an AGN component, despite
this being an X-ray selected sample. In par-
ticular, Bins 3 and 4 achieve good fits without
including an AGN component. The increasing
contribution of the AGN to the optical emission
is clearly seen as the X-ray luminosity of each
bin increases.

In addition to performing fits using SED3FIT,
we also performed fits using another rou-
tine: XCIGALE (the X-ray Code Investigating
GALaxy Emission) (Yang et al. 2020). For
a quick comparison on the results of the two
routines, we invite the reader to look through
Appendix C.

After fitting the Herschel undetected sample,
we also fit the SEDs for our cold quasars and
full Herschel subsample, which have individual
detections with SPIRE, using SED3FIT to allow
for a more robust comparison between the two
samples. This is in contrast to the method used
in Kirkpatrick et al. (2020) to calculate SFRs
(see Appendix B for details on how the differ-
ent fitting methods compare), but it produces
consistent results.

We note that simulations show that in ex-
treme cases, the AGN can account for all of the
far-IR /submm heating (McKinney et al. 2021).
Likewise, AGN can account for dust-heating at
70-100 pm—a regime attributed to star forma-
tion by most of the models in SED3FIT (Tad-
hunter et al. 2007; Symeonidis et al. 2016). This
is mostly a concern for our more luminous bins,
and the modeling of our cold quasars. However,
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Table 2. Stacked SED Properties

Bin mean Lx (0) mean z (o) Lo Lir M, Maust SFR AGN ctr.  Reduced x?2
(log erg/s) (log erg/s) (log Lg) (log M) (log M) (Mg /yr) to Lzo—100um
Bin 1 42.77 (0.13)  0.28 (0.09) 44.26 11.20 +£ 0.25 11.39 £ 0.38 7.12 £ 0.17 23.16 + 10.21 0.041 0.81
Bin 2 43.24 (0.14)  0.37 (0.08) 44.79 11.30 £ 0.09 11.68 + 0.90 7.57 + 0.28  8.51 £ 3.66 0.374 0.28
Bin 3 43.71 (0.15)  0.40 (0.09) 45.32 11.17 £ 0.10 11.47 £ 0.14 7.88 £ 0.28 20.54 + 94 0.01 0.57
Bin 4 43.78 (0.14)  0.73 (0.13) 45.42 11.51 +£ 0.02 11.18 £ 0.18 8.49 £ 0.18 8.79 + 0.42 0.005 3.51
Bin 5 44.22 (0.13)  0.81 (0.12) 45.91 11.75 £ 0.04 10.88 + 0.21 7.86 + 0.18 64.84 + 9.01 0.011 2.97
Bin 6 44.28 (0.14)  1.20 (0.14) 45.98 12.05 £ 0.05 10.05 + 0.04 8.49 + 0.29 125.2 £+ 10.5 0.003 1.95
Bin 7 44.76 (0.23)  0.83 (0.13) 46.47 12.15 £ 0.05 12.06 +£ 0.80 8.06 + 0.35 340.5 + 41.4 0.003 0.27
Bin 8 44.76 (0.21)  1.28 (0.14) 46.50 12.25 + 0.08 10.09 + 0.42 8.71 £ 0.18 21.82 + 11.46 0.001 1.08
Bin 9 44.88 (0.27) 1.72 (0.14) 46.63 12.19 £ 0.06 11.22 + 0.34 8.66 + 0.17 85.05 £+ 25.05 0.004 0.42
Bin 10 45.11 (0.27)  2.35 (0.27) 46.91 1258 £ 0.10 11.12 + 0.14 8.65 & 0.35 753.6 £ 142.9 0.004 0.52

NOTE—The uncertainties in X-ray luminosity and redshift are listed in parentheses and are derived from the distribution of sources in each

bin.

our cold quasars and high redshift bins have
significantly more dust than low redshift AGN,
on which those results are based. Further, in
Kirkpatrick et al. (2020), the cold quasars were
modeled with a template from Kirkpatrick et al.
(2012) that has more far-IR AGN heating in it
than any other existing, empirical AGN tem-
plate (Lyu & Rieke 2017). Appendix B demon-
strates that the SFRs of these extreme sys-
tems are consistent whether applying Sed3F'it
or the (Kirkpatrick et al. 2012) template. Simi-
larly, for the stacked bins, the SED3FIT and X-
CIGALE results are largely consistent, despite
the inclusion of the X-ray in the X-CIGALE fit-
ting.

3. RESULTS

3.1. Star formation rate and AGN bolometric
luminosity

First, we explore whether we see any correla-
tion between the growth of the stellar popula-
tion and the build-up of black hole mass. Ex-
amining the bolometric luminosity of the AGN
component will serve as a proxy for black hole

growth, as this parameter can be converted
to black hole accretion rate assuming a radia-
tive efficiency. In Figure 5, we plot the ra-
tio of SFR extracted from the SED fitting and
bolometric luminosity as a function of redshift.
The bolometric luminosity was determined from
Los_10key using the bolometric correction in
Hopkins et al. (2007) for both our sample and
the Stanley et al. (2017) sample.

According to Table 2 the SFRs of our stacked
sample range from 8 M, /yr to 750 M, /yr keep-
ing in mind that the lower SFRs come from a
low redshift and the higher SFRs from higher
redshifts. Using these values and the bolometric
luminosities of the stacked sources, we see that
the ratios follow a flat trend as the redshift in-
creases from 0.5 in Figure 5. More importantly,
this flat trend comes from the linear correlation
between the two parameters shown in Figure 6,
which will be discussed momentarily.

Because different selection methods can be
biased towards different physical parameters
(Alexander & Hickox 2012), we compare our
X-ray selected quasar sample with a sample of
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Figure 4. The SEDs created from using SED3FIT. Stars are the mean photometry and triangles indicate
upper limits. Different components are represented by different colors. The SFR of the source is specified
in the legend. We also plot the residuals of the observations with the best-fit SED model.
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optically selected unobscured AGN from SDSS
whose SEDs were also constructed via stacking
of Herschel images (Stanley et al. 2017). This
optically-selected sample is limited to broad-
line spectroscopic AGN, and 94% of the sample
has WISE detections. Our X-ray selected sam-
ple includes a mix of spectroscopic, photomet-
ric, broadline, and narrow-line sources, and has
a WISE detection rate of 66%. Nevertheless,
we find that the two samples span a consistent
range of SFR/ Ly, with redshift.

More interesting is the fact that the Her-
schel subsample also spans a similar range
in SFR/Ly, with redshift as the Herschel-
undetected sample. The general increase in
SFR/ Ly over cosmic time indicates that the
black hole growth is slowing relative to stel-
lar growth. This is particularly noticably at
z < 0.5. At z = 1 — 2, the star formation
rate and bolometric luminosity are correlated,
which is echoed in the relatively flat distribu-
tion of SFR/ Ly, at those redshifts. In contrast
to the other samples, the cold quasar sample
exhibit intense SFRs. On average, they have
ratios a factor of 10 higher than our Herschel-
undetected sample.

Red quasars are another population of AGN
worthy of comparison. Red quasars are lu-
minous quasars that are moderately obscured
(Ay ~ 1 —5) by a cold absorber along their
line of sight to the quasar itself, which usu-
ally resides in the host galaxy (Urrutia et al.
2012). Urrutia et al. (2012) selected 13 of these
dust reddened quasars between a redshift of
0.4 < z < 1.0 and followed up this sample
with the Advanced Camera for Surveys Wide
Field Camera on Hubble Space Telescope (HST)
as well as the MIPS and IRS on board the
Spitzer Space Telescope. Red quasars still show
broad emission lines in the rest-frame optical
and their continuum is still dominated by the
quasar rather than the host galaxy. Urrutia
et al. (2012) measured the SFR through multi-

wavelength SED modeling and determined the
bolometric luminosity by integrating over the
quasar components. In Figure 5, we see that
the red quasars occupy a broad range of ratios
within their narrow redshift range. The differ-
ing ratios between the red and cold quasars in-
dicate that these sources are unlikely to be part
of the same parent population, which would be
the case if geometry was the dominant mecha-
nism driving the differences in SED emission or
if they were probing different, narrow phases of
the AGN life cycle.

While Figure 5 can tell us a bit about how
the ratio evolves with redshift, it is not obvious
whether there is a correlation between the SFR
and the bolometric luminosity in our stacked
sources. For a direct comparison between the
two parameters we plot the SFR as a func-
tion of bolometric luminosity in Figure 6. This
time our points are color coded by their mean
redshift. Observing Figure 6, not considering
the redshift, we see a roughly linear trend be-
tween the two parameters for our stacked sam-
ple. When we consider the redshift, it can be
determined that as the redshift increases, we ob-
serve an increase in both the bolometric lumi-
nosity and star formation, which is what we ex-
pect to see. Similar to Figure 5, the cold quasars
have more intense SFRs on average compared to
the rest of the samples. This is an explanation
as to why the ratios are much higher in Figure

D.

3.2. Dust Masses & X-ray Luminosity

We now examine the dust masses of AGN,
which are linked to the interstellar medium
and reservoir available for fueling star forma-
tion. Figure 7 shows the relationship between
X-ray luminosity and dust mass for our stacked
bins, the cold quasars, and the Herschel subsam-
ple. At a given redshift and X-ray luminosity,
the stacked samples exhibit lower dust masses
compared to the Herschel subsample and cold
quasars. This result is expected since Herschel
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Figure 5. SFR/Lbol is plotted as a function of redshift for the stacked samples (filled stars) compared to the
cold quasar sample (open triangles), the Stanley et al. (2017) data (filled crosses), the Herschel subsample
(open circles), and the Urrutia et al. (2012) data (open X’s). The stacked sources are color coded by the bin
color in Figure 1. The stacked sources seem to follow the same downward trend as all other samples except

for the cold quasars. The cold quasars have much higher ratios despite their intense luminosities.

luminosity correlates closely with dust mass.
The non-WISE sources likely have even lower
dust masses than the stacked bins. Figure 7 il-
lustrates that at z>0.5 X-ray luminosity is not
correlated with dust mass, as the stacked and
Herschel samples span quite different ranges.
Dust mass typically traces the cold gas reser-
voir (Groves et al. 2015; Scoville et al. 2016). It
seems, then, that the global amount of galactic
gas available for fueling stellar growth does not
have a direct, predictable impact on the central
gas fueling black hole growth.

4. DISCUSSION

The evolution of a galaxy is commonly under-
stood through the main sequence of galaxies,
which involves a tight relationship between SFR
and stellar mass that is exhibited by most star-
forming galaxies (Elbaz et al. 2007; Noeske et al.
2007). Galaxies are categorized in terms of two
different modes of star formation: a “normal”
mode such as a galaxy on the main sequence,
and a starburst mode (short-lived, highly star-
forming galaxies above the main sequence), with
the former being most associated with local
disk galaxies and the latter with ultra/luminous
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Figure 7. Dust mass as a function of the X-ray
luminosity for the stacked samples (filled symbols)
compared with the Herschel subsample (open cir-
cles) and the cold quasars (open triangles). The
samples are color coded by their median redshift.
The dust masses of the stacked sources are smaller
compared to the Herschel detected samples giving
us some information about the ISM of our sample.

infrared galaxies and/or high-z sub-millimeter
galaxies (Kartaltepe et al. 2012; Chang et al.
2018; Kirkpatrick et al. 2019). Normal star-
forming galaxies have gas depletion time scales
(Taep) that are greater than that of starburst
galaxies. When the gas depletion reaches the
point to where there is little to no gas remain-
ing, star formation slows to a halt. This process
is known as quenching. As the star formation
in a galaxy shuts down, it leaves the main se-
quence. Because our sample is undetected by
Herschel, it comes into question whether our
stacked sources are on the main sequence or
not. If AGN are indeed linked with quenching,
we may expect to find quasars below the main
sequence.

In Figure 8, we show the location of our
stacked galaxies on a plot of SFR vs. M,,
specifying the mean redshift of the stack next
to each data point. We show for comparison
the main sequence using the star-forming main
sequence fits in Schreiber et al. (2015), which
parametrized the evolution of the main sequence
with redshift. The different colored lines repre-
sent the redshift range spanned by our sources
and the symbols are color coded to the rounded
up main sequence line. Any point that has a
mean redshift less than 0.5 will be colored pur-
ple and so on. Figure 8 illustrates where the
stacked sources fall according to the different
main sequence lines. However, just on the ba-
sis of Figure 8, it is not obvious where they lie
compared to the main sequence. We observe
offsets from the main sequence lines for some
of the sources, which makes it difficult to de-
termine if the sources are in the main sequence
region. However, we note that the redshifts for
the main sequence lines are different than the
redshifts for the sources.

We determine the ratio of the source SFR and
main sequence SFR our sources possess by cal-
culating the SFR they would have if they were
on the main sequence using the same equation
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in Schreiber et al. (2015) that was used for Fig-
ure 8. We then take a ratio of the expected SFR
and the value derived from our SED fits. Any-
thing above the main sequence (ratio > 3) is
considered to be a starburst, and anything be-
low (ratio < 0.33) is considered to be quench-
ing. Comparing our sample with the cold quasar
sample in Figure 9, we see that 60% of the
cold quasars lie above the shaded region and
are therefore considered to be starbursts, which
is expected given the extreme SFRs highlighted
in Kirkpatrick et al. (2020). Furthermore, six
of our stacked samples are considered to be on
the main sequence (gray shaded region), three
are considered to be starburst galaxies, and only
one is considered to be quenching. An interest-
ing note from this plot is that the ratio is not
highly dependent on either stellar mass or AGN
bolometric luminosity, but may have a correla-
tion with redshift. As the redshift increases we
see an average increase in the main sequence
residual. Figure 9 suggests that it is difficult
to conclude that quenching is present in X-ray
selected AGN. Nor does X-ray selection alone
predict that a galaxy will be found in a cer-
tain location on the main sequence, as all of our
sources span a wide range. This is in contrast
to what is expected from the major merger sce-
nario which is that there is a specific timeline
for the life cycle of an AGN and IR faint AGN
should have declining star formation (Sanders
et al. 1988; Hopkins et al. 2006; Ricci et al. 2017;
Treister et al. 2010).

Next, we assess the relationship between the
dust mass and stellar mass of our sources and
their consistency with main sequence SFGs.
This mass ratio is roughly a proxy for the gas-
to-stellar mass ratio. We plot this ratio as a
function of the main sequence distance (Figure
9) in Figure 10. Comparing to the dusty star
forming galaxy sample from Kirkpatrick et al.
(2017), the mass ratios are consistent for the
stacked sources. Furthermore, we observe a red-
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Figure 8. Relationship between the SFR and
stellar masses of our stacked sources. Each of
the sources have their median redshift attached
Each colored line on the plot
represents the galaxy main sequence line at the
given redshift using the main sequence equation
(Schreiber et al. 2015). The symbols are color
coded to be the same color as the upper main se-
quence line if the mean redshift falls between suc-
cessive lines. Some sources are offset from their
respective main sequence line.

for comparison.

shift trend with the mass ratio. This is to be ex-
pected since we see an increase in SFR for the
stacked sources at higher redshift.

We also investigate the gas depletion timescale
(Tdep = Mgas/SFR) of our sources to see how
the Herschel undetected sources compare with
dustier galaxies. We plot this quantity as a
function of redshift in Figure 11, where we con-
vert Mgys¢ to Myqs using the relation

10g Minol. gas = 108 Maust + 1.83 (1)

from a study on Stripe82 galaxies at z < (0.2
(Bertemes et al. 2018). We note that the origi-
nal relation includes a very slight dependence on
metallicity, which we have removed, as we can-
not measure this very accrutely for our galaxies.
In their given metallicy range (based on stellar
mass estimates), including a metallicity depen-
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Figure 9. The main sequence ratio for our stacked
sources (filled stars) as a function of bolometric
luminosity compared to the Herschel subsample
(open circles) and cold quasars (open triangles).
The grey region represents the main sequence re-
gion and ranges from 0.33 — 3.0. The sources be-
low a ratio of 0.33 are considered to be heavily
quenched. The majority of the stacked sources lie
on or above the main sequence, which is similar to
the Herschel subsample. This suggests that X-ray
bright AGN show no signs of quenching.

dence would change the molecular gas mass by
at most 9%.

Tdep 18 correlated with redshift, and we find
no significant correlation with AGN bolometric
luminosity, as also seen in (Kirkpatrick et al.
2019). We compare to a sample of IR-selected
dusty star forming galaxies from Kirkpatrick
et al. (2017), the sample of IR-selected AGN
from Kirkpatrick et al. (2019), and 7 gravita-
tionally lensed quasars which are bright in the
submm from Stacey et al. (2020). We see that
on average our stacked sources have similar 74,
compared to the Kirkpatrick et al. (2017) and
Kirkpatrick et al. (2019) samples. The lensed
quasars have faster 74ep, due to their much more
extreme SFRs (SFR~ 1000 My /yr) compared
with the other samples.
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Figure 10. The Dust-to-Stellar Mass ratio plot-
ted as a function of Main sequence distance com-
pared to the Herschel subsample (open circles), cold
quasars (open triangles) and dusty star forming
galaxies from Kirkpatrick et al. (2017) (filled tri-
angles). The grey region represents the main se-
quence region (0.33 - 3.0). We observe the stacked
sources to have mass ratios consistent with SFGs
and a noticeable trend with redshift. We expect
the mass ratio to increase with redshift due to the
increase in SFR for high redshift sources.

Our stacked galaxies span a range of T4ep, with
most sources have 74ep, ~ 100 Myr. We also have
two bins with very long 74, of over 1 Gyr.

Because of the similarities between the stacked
sources and SFGs, it is still difficult to con-
clude that quenching is present, as quenching
typically follows from high star formation ef-
ficiencies and short gas depletion timescales.
This could indicate that the AGN itself is not
responsible for shutting down star formation.
We note here that timescales may influence this
conclusion. X-ray emission traces the instan-
taneous AGN luminosity, while IR-based SFRs
are averaged over the past 100 Myr. Quenching
may be about to set in in these galaxies, but we
would not be able to tell due to the difference in
timescales traced. This is a perennial struggle
in AGN studies.
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Figure 11. Gas depletion timescale as a function
of redshift for our stacked sources (black symbols)
compared to dusty star forming galaxies from Kirk-
patrick et al. (2017) (brown triangles), IR selected
AGN from Kirkpatrick et al. (2019) (turquoise
circles), and gravitationally lensed quasars from
Stacey et al. (2020) (purple plus signs). on aver-
age our stacked SEDs have similar 7 as IR-selected
AGN and star forming galaxies. For some of the
data points, the errors are within the size of the
points.

We find that Herschel-undetected, X-ray lumi-
nous AGN are still forming stars at rate com-
parable to the Herschel-detected AGN. How-
ever, their gas masses are on average lower than
Herschel-detected sources. In the Herschel-
undetected sources, then, the star formation
must be less obscured than in the Herschel-
detected sources. The far-IR emission is in-
dependent of the emission of the AGN, traced
through Lx and Ly, and obscuration (as our
sample contained a mix of obscured and unob-
scured sources while (Stanley et al. 2017) con-
tained only unobscured sources). Far-IR emis-
sion depends only on the amount of obscuring
dust in the host galaxy itself, surrounding the
sites of star formation. Whatever fueling mech-
anism funnels gas down to the central parsec
around the AGN has apparently little relation
the amount of gas in the host galaxy.

5. CONCLUSIONS

We present a sample of X-ray bright, Herschel-
undetected AGN from the Stripe 82X field. We
binned our sample by their X-ray luminosity
and redshift. Our sources observed have Ly >
10*erg/s and a redshift range of z ~ 0 — 3. We
performed IR stacking using Herschel/SPIRE
maps to obtain a mean IR detection in all three
Herschel bands. We created stacked SEDs from
all of the other photometric filters available for
this sample, ranging from the UV to the mid-
IR. We took those 10 composite photometry
sets and ran them through the SED fitting code
SED3FIT and used the fit results to extract es-
timates of SFR, stellar mass, dust mass, and IR
luminosity. We then compared our findings with
various AGN samples. Our findings include

1. On average, the stacked sources span a
similar range of SFR/Lj, not only as the
optically selected sample but also as the
Herschel subsample.

2. According to Figure 5, we observe a flat
trend between the stellar population and
build up of black hole mass at z>0.5.

3. At z>0.5, X-ray luminosity is not corre-
lated with dust mass suggesting that the
amount of gas available for stellar growth
does not have a predictable impact on the
central gas fueling black hole growth.

4. Despite a smaller dust mass than the
Herschel subsample, the majority of the
stacked sources lie on or above the main
sequence, which is similar to the Herschel
subsample. X-ray selection alone does not
predict the location on the main sequence
a galaxy will be found.

5. With similar 74, values as dusty star
forming galaxies, it is difficult to conclude

the presence of quenching in X-ray se-
lected AGN.



EstiMATING HOST PROP.

When it comes to understanding the far-IR
properties of Herschel undetected, X-ray bright
AGN, there is more work that needs to be done
which requires future sensitive IR space tele-
scopes capable of measuring the ISM in indi-
vidual galaxies. Furthermore, with lower dust
masses, but no signs of quenching, we must be-
gin to explore the properties of the ISM in more
detail.
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APPENDIX
A. APPENDIX A

Table 3. Mean Photometry (mJy)

Filter Bin1 Bin2 Bin3d Bin4 Bin5 Bin6 Bin7 Bin8 Bin9 Bin 10
u 0.205 0.699  0.030  0.007r 0.014 0.010 0.129 0.028 0.024  0.020
(0.154) (0.671) (0.008) (0.002) (0.002) (0.001) (0.071) (0.002) (0.003) (0.003)

g 0.665 0.877  0.066  0.012 0.021 0.011 0.188  0.030  0.028  0.036
(0.466) (0.821) (0.018) (0.003) (0.003) (0.001) (0.105) (0.002) (0.003) (0.008)

T 1.17 1.35 0.158  0.023 0.026 0.015 0.286 0.040 0.030 0.044
(0.82)  (1.21) (0.055) (0.005) (0.004) (0.001) (0.187) (0.003) (0.003) (0.012)

i 1.78 1.50 0.365  0.064  0.037 0.016 0.509 0.042 0.039  0.050
(1.06)  (1.22) (0.175) (0.021) (0.008) (0.001) (0.368) (0.003) (0.004) (0.015)

z 1.80 2.30 0.622  0.134  0.063  0.020 0.737  0.043  0.040  0.059
(0.91) (1.73) (0.336) (0.055) (0.012) (0.001) (0.538) (0.003) (0.004) (0.016)

J 2.36 2.53 0.853  0.238  0.077  0.027 1.40 0.050  0.047  0.063
(1.04) (1.73) (0.501) (0.107) (0.020) (0.001) (1.09) (0.003) (0.005) (0.016)

H 1.84 2.78 0.838  0.247  0.088 0.035 0.943 0.063 0.0564  0.067
(0.72)  (1.93) (0.444) (0.097) (0.021) (0.001) (0.666) (0.004) (0.006) (0.015)

K 1.97 3.53 0.909  0.253  0.104  0.049 1.30 0.070  0.059  0.077
(0.78)  (2.65) (0.446) (0.095) (0.018) (0.002) (0.97) (0.004) (0.006) (0.012)

W1 1.84 5.44 0.696  0.226  0.150  0.084 5.56 0.121 0.087  0.077
(0.85) (4.73) (0.253) (0.067) (0.012) (0.004) (4.90) (0.006) (0.007) (0.007)

W2 1.09 3.13 0.657  0.191 0.175  0.116 3.21 0.197  0.141 0.106
(0.46) (2.61) (0.173) (0.046) (0.014) (0.007) (2.53) (0.012) (0.011) (0.008)

W3 0.715 1.16 1.14 0.514  0.560  0.465 1.85 0.613  0.590  0.551
(0.096) (0.48)  (0.15) (0.027) (0.027) (0.016) (0.55) (0.032) (0.036) (0.034)

W4 2.86 3.29 3.99 2.84 2.81 2.80 4.80 2.92 2.91 2.79
(0.10)  (0.25) (0.36) (0.07) (0.07) (0.06) (0.62) (0.06) (0.08) (0.08)

NoTE—Uncertainties on the fluxes are derived from bootstrapping and are listed in parenthesis. The
filters u, g, i, r, and z are taken from SDSS. The filters J, H, and K are all taken from the VISTA

VHS survey. The filters W1, W2, W3, and W4 are from WISE.
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Table 4. Mean Photometry (No mock) (mJy)

Filter Binl Bin2 Bin3d Bin4 Binb Bin6 Bin7 Bin8 Bin9 Binl0

udet.[AF] 83 140 66 203 152 169 55 180 202 126
0.00] [0.251] [0.00] [0.001] [0.006] [0.00] [0.061] [0.021] [0.01] [0.005]
g det.[AF] 83 143 66 214 156 169 55 180 201 132
(0.00] [0.024] [0.00] [0.00] [0.004] [0.00] [0.076] [0.005] [0.008] [0.011]

r det.[AF] 83 142 66 214 157 169 55 180 205 131
(0.00] [0.035] [0.00] [0.00] [0.006] [0.00] [0.121] [0.001] [0.007] [0.014]

i det.[AF] 82 141 66 214 158 169 55 180 206 133
[0.005] [0.029] [0.00] [0.00] [0.007] [0.00] [0.262] [0.006] [0.005] [0.012]

z det.[AF] 83 143 66 214 161 169 57 182 208 132

(0.00] [0.009] [0.00] [0.00] [0.003] [0.00] [0.025] [0.007] [0.001] [0.009]

J det.[AF] 83 142 66 202 159 162 58 176 179 112
(0.00] [0.012] [0.00] [0.121] [0.025] [0.001] [0.00] [0.01] [0.011] [0.02]

H det[AF] 83 143 66 197 153 162 56 176 173 112
(0.00] [0.008] [0.00] [0.086] [0.028] [0.001] [0.061] [0.008] [0.014] [0.021]

K det.[AF] 83 141 66 203 158 154 58 171 163 109
(0.00] [0.011] [0.00] [0.093] [0.026] [0.001] [0.00] [0.006] [0.012] [0.023]

W1 det.[AF] 83 144 66 214 176 169 58 191 223 135
(0.00] [0.00] [0.00] [0.00] [0.00] [0.00] [0.00] [0.00] [0.00] [0.00]

W2 det.[AF] 83 144 66 214 176 169 58 191 223 135
(0.00] [0.00] [0.00] [0.00] [0.00] [0.00] [0.00] [0.00] [0.00] [0.00]

W3 det.[AF] 83 144 66 214 176 169 58 191 223 135
(0.00] [0.00] [0.00] [0.00] [0.00] [0.00] [0.00] [0.00] [0.00] [0.00]

W4 det.[AF] 83 144 66 214 176 169 58 191 223 135
(0.00] [0.00] [0.00] [0.00] [0.00] [0.00] [0.00] [0.00] [0.00] [0.00]

NoTE—Because we removed any sources without a W1 detection, all sources in each bin were
detected at W1. Furthermore, all sources that had a W1 detection were also detected in the other
WISE bands. Therefore, mock photometry was not needed for the WISE bands.

B. APPENDIX B

In Kirkpatrick et al. (2020), the SFRs of the Herschel sample were determined through a far-IR
decomposition fitting a single stellar and a single AGN template, where the AGN template allows for
a substantial amount of far-IR heating (Kirkpatrick et al. 2012). The bolometric luminosities were
determined in the same manner as in this paper, by applying a correction to the X-ray luminosity.

Figure 12 shows Kirkpatrick et al. (2020) SFRs in comparison with the SED3FIT values used in this

paper. There is a one-to-one correlation, although the Kirkpatrick et al. (2020) values are generally
higher. The median SFRX?°/SFRSEDPSFIT — 1.7 Both methods take into account the IR AGN
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emission before calculating the SFR. The cold quasars have no such offset. Using the (Kirkpatrick
et al. 2020) values would have the net effect of raising the Herschel sample in Figure 9.
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Figure 12. The star formation rates of the Herschel subsample (Cold Quasars are shown as filled purple
squares). The x-axis is the SFRs determined with the SED3FIT code and the y-axis are the SFRs measured
with a simpler IR decomposition discussed in Kirkpatrick et al. (2020). The SFRs are consistent, with the
Kirkpatrick et al. (2020) rates being slightly higher.
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C. APPENDIX C

In this paper, we used the fitting routine SED3FIT to create best fit models to our stacked SEDs
and extract the parameters needed for this study. To test the robustness of the fits, we also created
best fit models using another fitting routine XCIGALE.

XCIGALE is an updated version of CIGALE which fits SEDs of extragalactic sources (Burgarella
et al. 2005; Noll et al. 2009; Serra et al. 2011; Boquien et al. 2019). It employs physical AGN and
galaxy models, and allows flexible combination between them. However, CIGALE is not able to model
X-ray fluxes, which provides a unique view of AGN (Yang et al. 2020). Therefore, Yang et al. (2020)
builds upon CIGALE and allows it to model X-ray fluxes and improves the fitting from UV to IR
and calls the improved code XCIGALE. It utilizes the a,, — Losgo4 relation, which is derived directly
from observations of unobscured AGN in order to connect the X-rays to the UV (Steffen et al. 2006;
Just et al. 2007; Lusso & Risaliti 2017). This allows the X-ray data to be fit simultaneously with the
other multi-wavelength data. The code allows the input of model parameters. It then realizes the
model SED and convolves the model SED with the filters to derive model fluxes. Then comparing
the models to the observed fluxes, it computes the likelihood for each model. The code supports both
a maximum likelihood analysis and Bayesian-like analysis. In the maximum likelihood analyses, it
picks out the model with the largest likelihood and computes physical properties like SFR and stellar
mass. Bayesian-like analyses involve computing a probability distribution function and deriving the
mean and standard deviation of the physical properties from that.

We compare the SFR, stellar mass, and dust mass parameters taken from XCIGALE (Table 5) with
the parameters taken from SED3FIT. We show all the XCIGALE fits in Figure 13. For a visual
comparison of the SFR and stellar mass, we plot the relationship between the two routine in Figure
14. On average, the stellar mass is consistent between the two routines. The same can be said for
the majority of the SFRs. There are outliers present when comparing the two routines. To mitigate
these, we also include the reduced chi squared value in both Table 2 and Table 5. If we use the values
from xCIGALE instead and make a plot of Figure 9, we see no dramatic change in the results (there
is a simalar scatter, with stacks above, below, and on the main sequence).
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Table 5. Stacked Parameters Using xCIGALE

Bin M, Maust SFR Reduced y?
(log Mg)  (log M) (Mo /yr)
Bin 1 11.71 9.82 0.303 4+ 0.874 3.339
Bin 2 11.96 10.02 6.600 4+ 8.586 0.655
Bin 3 11.56 9.513 37.86 4+ 22.82 0.574
Bin 4 11.37 9.38 26.32 £ 5.90 1.263
Bin 5 10.69 8.57 41.33 + 24.86 0.956
Bin 6 10.04 7.79 101.8 + 50.11 1.046
Bin 7 12.08 10.03 30.69 4+ 15.74 0.265
Bin 8 10.31 8.07 64.34 + 18.169 1.521
Bin 9 10.10 7.86 59.24 £+ 15.57 1.692
Bin 10 10.36 8.11 112.34 £+ 34.06 2.674
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Figure 13. The SEDs created from using XCIGALE. The photometry for each stack are the open purple
circles, and the model predicted fluxes are the filled red circles. Different components are represented by
different colors.
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Figure 14. A comparison between M, and SFR from two different SED fitting routines: SED3FIT and
XCIGALE. In general, M, is consistent among the routines. Overall, the SFR between the two routines is

consistent as well. Using either set of results, we see no dramatic change in the main sequence residuals
(Figure 9).
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D. DATA AVAILABILITY

The data underlying this article are available in Ananna et al. (2017) [doi:10.3847/1538-
4357/2a937ds] and Viero et al. (2014) [doi:10.1088/0067-0049/210/2/22]. The datasets were de-
rived from sources in the public domain: XMM archive (http://nxsa.esac.esa.int/nxsa-web/
#home), SDSS (https://www.sdss.org/drl4/data_access/), HerS (http://hedam.lam.fr/
HerMES/index/download), and WISE (https://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-dd).
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