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ABSTRACT
We study the relationship between the X-ray luminosity and star formation rate (SFR) in a sample of far-

infrared(FIR)-detected active galactic nuclei (AGNs). This IR-bright AGN sample consists of 828 objects
in 0.2< z < 2.5, and spans four orders of magnitude in LX = 1042∼46erg s−1. We calculated the SFR from
the AGN-removed IR luminosity based on spectral energy distribution (SED) fitting. We observe a strong
correlation betweenLAGN and SFR, after removing the redshift effect. We notice that binning the sample
by SFR instead of LAGN results in a stronger correlation, consistent with the shorter timescale and larger
amplitude for AGN variability than star formation. The AGN’s Eddington ratios and SMBH masses do not
have a significant effect on the correlation. We find a constant ratio between the SFR and the black hole
accretion rate (BHAR) regardless of redshift or SMBH mass around log(SFR/BHAR)= 2.82± 0.04, with a
scatter of 0.57. Inclusion ofz < 0.2 andz > 2.5 IR-bright AGNs yields consistent flat slopes, indicating little to
no redshift effect. This constant mass accretion ratio coincides with the accumulated mass ratio between SMBH
and host stellar mass in the local universe. Our results support the secular evolution picture, where the SMBH
are growing at a relatively constant rate with the host galaxy, possibly from a common gas supply,regardless of
the level of accretion activity or the mass of the SMBH.
Subject headings: galaxies: active — galaxies: star formation — infrared: galaxies — X-rays: galaxies

1. INTRODUCTION

One of the outstanding questions in galaxy formation and
evolution is how the central engine of a galaxy, the su-
permassive black hole (SMBH), interacts with and influ-
ences the host galaxy. A general connection has been con-
firmed by several empirical correlations between the SMBH
mass (M•) and the luminosity, mass, and stellar velocity
dispersion of the host, both locally and at high redshifts
(e.g. Kormendy & Richstone 1995; Ferrarese & Merritt 2000;
Merloni et al. 2003). A constant ratio has been found be-
tween M• and the bulge mass (Mbulge), confirmed by sev-
eral studies to be log(Mbulge/M•)∼2.9±0.5 (Magorrian et al.
1998; Merritt & Ferrarese 2001; McLure & Dunlop 2002;
Marconi & Hunt 2003), or log(Mbulge/M•) ∼2.3±0.3, after
correcting the M• values by galaxy types (Kormendy & Ho
2013). Despite tremendous progress on the demographic
studies of SMBHs, it is still under debate whether, and if
so, how the SMBH regulates the host galaxy formation. Dif-
ferent scenarios, sometimes resulting in opposite predictions,
exist. For instance, theories and simulations have suggested
that active BH accretion will suppress and eventually shut
down star formation by heating or expelling the cold gas in
the host, via a process of ‘feedback’ (e.g. Silk & Rees 1998;
Di Matteo et al. 2005; Bower et al. 2006; Hopkins et al. 2006;
Debuhr et al. 2012). At the same time, competing theories
of in tandem BH and galaxy growth, via accretion and star
formation, are also prevalent (e.g. Springel et al. 2005). The

1 Caltech-Infrared Processing and Analysis Center, 1200 East Califor-
nia Boulevard, Pasadena, CA 91125, USA; ydai@caltech.edu

2 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street,
Cambridge, MA 02138, USA

3 CNRS, UMR7095, Institut d′Astrophysique de Paris, F-75014, Paris,
France

4 UPMC Univ Paris 06, UMR7095, Institut d’Astrophysique de Paris,
F-75014, Paris, France

5 Harvard University, 60 Garden Street, Cambridge, MA 02138,USA

latter is supported locally by the tight correlations between
the black hole and galaxy spheroid mass (Kormendy & Ho
2013), the cosmic evolution of total star formation rate (SFR)
and BH accretion rates (BHARs) up toz =3 (Silverman et al.
2008; Madau & Dickinson 2014), and by the cold flow model
of inflowing cosmological cold gas supplies, especially forthe
high z universe (e.g. Bournaud et al. 2011).

Recent studies have tried to directly trace the global prop-
erties of AGNs and the host galaxies via correlations between
BHAR or AGN luminosities traced by X-ray luminosities
(LX) and SFR or IR luminosities. Given the differences in
spatial scales between AGN (∼100pc) and star formation (up
to tens of kpc), any observed correlation would indicate intrin-
sic connections (Alexander & Hickox 2012; Kormendy & Ho
2013). Different correlations (or lack of) have been in-
ferred by different groups. Earlier results based on X-ray
and sub-mm observations have found a significant corre-
lation betweenLX and SFR (orLFIR) at LX > 1044erg s−1

for z ∼1 AGNs, but no evidence of correlation at lower
z or lower luminosities (Lutz et al. 2010). Later studies
using X-ray andHerschel observations confirmed and ex-
panded these results. UsingHerschel PACS data, Shao et al.
(2010) noticed little dependence ofLFIR on LX at z > 1 and
LX < 1044erg s−1, and strongly correlatedLX and SFR lo-
cally and in luminous AGNs. Similarly, several studies have
confirmed these two-fold relations based on X-ray selected
AGNs with PACS detection and stacks: a positive correla-
tion betweenLX and the specific SFR (sSFR, SFR over stel-
lar mass) at LX > 1043erg s−1 and z > 1, but no correlation
at lower redshifts or lower luminosities (Rovilos et al. 2012);
overall uncorrelatedLX and far-IR luminosities (L60µ m) at
0 < z < 2.5, but an enhanced SFR at LX > 1045erg s−1 at
z < 1 (Rosario et al. 2012); an overall lack of SFR enhance-
ment in AGN hosts at 0.3< z < 2.1 in optically selected
broad-line AGNs (quasars, Rosario et al. 2013b), and in X-
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ray selected AGNs at 1042< LX < 1044erg s−1 from 0< z <3
(Mullaney et al. 2012a). A strong SFR decrease in power-
ful AGNs and X-ray quasars was found by Page et al. (2012)
and interpreted as AGN feedback that suppresses star forma-
tion in the host. Analysis of a larger sample showed that
this result was related to limited sample size and cosmic vari-
ance (Harrison et al. 2012) and that the mean SFRs were con-
stant over a broad range of X-ray luminosities. Recent stud-
ies have also found suppressed star formation in X-ray se-
lected quasars (Barger et al. 2015)and in z <0.05 Seyfert
galaxies and LINERs (Shimizu et al. 2015).Common in-
terpretations of these phenomena yield two different mech-
anisms at high and low AGN luminosities. Major mergers
dominate the luminous end, triggering simultaneous BH ac-
cretion and starburst episodes. Secular evolution is responsi-
ble for the majority of galaxies with moderate nuclear activ-
ity, where non-merger driven star formation is happening in
step with the SMBH accretion, possibly fueled by the same
gas reservoir (e.g. Shao et al. 2010; Mullaney et al. 2012b).
Evidence of such coeval formation has also been found in
massive galaxies regardless of the level of SMBH accretion
(Podigachoski et al. 2015).

Studies of various galaxy populations have found AGNs
lying mostly along the star formation galaxies main se-
quence (MS, e.g. Noeske et al. 2007; Elbaz et al. 2007, 2011;
Pannella et al. 2009; Rodighiero et al. 2011),with AGNs
residing mainly in MS hosts exhibiting similar SFR
and stellar mass to inactive star forming galaxies, or
showing enhanced average SFR only in a small frac-
tion (<10%) of, or for a short period of time among
AGN hosts (e.g. Santini et al. 2012; Mullaney et al. 2012a;
Rovilos et al. 2012; Rosario et al. 2013a,b). Moreover,
positive correlations have been found between theLX
or BHARs and SFR regardless of AGN luminosity (e.g.
Symeonidis et al. 2011; Rovilos et al. 2012; Chen et al. 2013,
2015), and betweenLAGN and circumnuclear SFR in local
Seyfert galaxies (Diamond-Stanic & Rieke 2012). Recently,
Matsuoka & Woo (2015) investigated a large sample of op-
tically selected type 2 AGNs atz < 0.22 and also found a
positive linear correlation between infrared luminosity (LIR)
based onAKARI or Herschel photometry andLAGN based
on emission lines. A positive correlation suggests two pos-
sible scenarios of AGN/SF coevolution: either a strong cold
gas inflow is fueling the black hole accretion and galaxy star
formation simultaneously, or a merger-triggered nuclear star-
burst with strong accretion occurs during the early encounter
(Hopkins 2012).

At first glance, the inconsistent, sometimes contradictory
results are confusing. Nevertheless, these differences may
arise from the different selection criteria for the varioussam-
ples and different methods of analysis. For instance, studies
comparing SFR with observed instantaneousLX could result
in different conclusions from those using averageLX . A flat or
non-correlation may become significant and positive if aver-
age instead of instantLX is used (Azadi et al. 2015), while
the inclusion of upper limits seems to flatten the observed
trend (e.g. Stanley et al. 2015). Other factors that could mask
a real correlation between AGN and SF properties include:
the AGN evolutionary stages, be it before, during, or after the
merging process; the shorter variabilities of AGNs as com-
pared to SFR, and the different Eddington ratio (ER) distribu-
tions (Hickox et al. 2014; Volonteri et al. 2015b; Stanley etal.
2015). The different observed correlations may also arise
from the different ways of projecting the sample: LX and

SFR are not as strongly correlated when binned by AGN lu-
minosity or BHAR then binned by SFR—a result that can be
explained by the shorter timescales of AGN variability (e.g.
Hickox et al. 2014; Chen et al. 2015; Volonteri et al. 2015a).
On the other hand, the way of measuring SFRs could also in-
troduce systematics. Earlier studies depended on monochro-
matic luminosities, usually single-bandHershcel PACS or
SPIRE photometry, to estimate the SFR, whereas more evi-
dence has shown that the AGN emission could extend to rest-
frame λ >50µm and significantly alter the intrinsic far-IR
SED (e.g. Dai et al. 2012). It is necessary to carry out careful
SED-based AGN/SF decomposition to achieve a reliable SFR
estimate.

The aim of this paper is to test the above scenarios us-
ing a statistically significant sample of IR-bright AGNs de-
tected in both X-ray and FIR, and with known redshifts.
This sample is selected from the 11 deg2 X-ray Multi-Mirror
Mission (XMM)-Newton Large Scale Structure (XMM-LSS)
field. In Section2, we describe the multi-wavelength data and
the AGN selection; In Section3 we calculate theLIR, SFR,
SMBH mass, and Eddington ratios; We then summarize and
discuss our results in Section4 followed by a summary (Sec-
tion. 5). In this work, we assume a concordance cosmology
with H0=70 km s−1 Mpc−1, ΩM=0.3, andΩΛ=0.7.

2. THE SAMPLE

We selected a sample consisting only of AGNs detected in
both X-ray and FIR, with redshifts and multi-wavelength pho-
tometry for SED and luminosity estimates.

We started with the 10 ks XMM-LSS X-ray deep full ex-
posure catalog (XLSSd, Pierre et al. 2007; Chiappetti et al.
2013, C13). The flux limits (50% detection probability)
are 3× 10−15erg s−1(0.5-2keV) and 1× 10−14erg s−1(2-
10 keV) over nominal survey pointing.We restricted our
sample to the 2,399 objects with redshift information,
which consists of 75% of the total 3,194 hard X-ray de-
tected objects in the field. The remaining 795 objects have
no z estimate due to the non-uniform multi-wavelength
coverage of the field. We did not limit our sample to point-
sources,as extended morphologies have also been reported
to be common in IR-detected quasars (Dai et al. 2014). For
50% (1,190) of the hard X-ray targets, spectroscopic redshifts
(spec-z) are available from a. the SDSS-BOSS DR126 catalog
(943, within a matching radius of 6′′ ); b. various publications
(2297, for detailed list of reference see Melnyk et al. (2013),
M13); c. an MMT-Hectospec redshift survey based on 24µm
priors (18, a similar survey is described in detail in Dai et al.
(2014)). In parenthesis are the numbers of unique spectra in
these catalogs. For the 301 objects with both BOSS and M13
spectra, the redshifts are consistent in>97% cases, and the
spec-z from BOSS was used. The remaining 50% (1,209 ob-
jects, excluding the ones with spec-z) have photometric red-
shifts (photo-z) from the XMM-LSS photo-z catalog (M13),
which used the identical XMM X-ray catalog as the prior.

We then matched the 2,399 hard X-ray targets to the Her-
MES DR3 and DR2 catalogs8 (Roseboom et al. 2010, 2012;
Oliver et al. 2012; Wang et al. 2014) and identified 929 AGNs
with both hard X-ray (2-10 keV) and 250µm (> 3σ ) de-
tections. The HerMES XMM-LSS SWIRE field covers

6 http://skyserver.sdss.org/dr12
7 not counting the 301 objects with SDSS spectra
8 http://hedam.lam.fr/HerMES/
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18.87 deg2 and has a sensitivity of 6.6 mJy (3σ ) at 250µm
(Wang et al. 2014). A matching radius of 10′′, between the
6 ′′ PSF for XMM and the 18′′ PSF for Herschel-SPIRE1,
was chosen to maximize the matching counts while minimiz-
ing random associations. Therest frame hard band X-ray lu-
minosity (derived from 2-10 keV, hereafter referred to asLX)
was determined assuming a photon index of Gamma=1.7 and
NH(Gal) = 2.6e20cm−2 (C13). WecorrectedLX for intrin-
sic obscurationbased on redshift and the observed hardness
ratio (HR), with HR= (H − S)/(H+ S), where H and S are
the count rates in the hard (2-10 keV) and soft (0.5-2keV)
bands, respectively.We applied a simple correction for
Galactic and intrinsic obscuration to the rest frame LX .
We first determined the intrinsic neutral hydrogen column
density (NH) based on the HR andz of each source using
the PIMMS tool9, assuming the spectral form described
above, and then applied the corresponding obscuration
correction to the observed X-ray flux where possible. We
did not correct for sources with HR < -0.5 as their spec-
tra are softer than the assumed spectrum. For the 139
sources undetected in the soft band, no upper limits for
the soft-band X-ray counts were available, so we adopted
the observed X-ray flux as a lower limit for these obscured
sources. These lower limits are treated as detections in the
analysis and their impact on the observed relation will be
discussed in Sec.4. Table1 summarizes the redshift and
luminosity distributions of our sample. The absorption cor-
rectedLX are listed in Table2. The method used to calculate
the IR luminosity will be described in Section.3.

In this study, we focused on the 828 far-IR detected
X-ray AGNs with LX ≥ 1042erg s−1 and at 0.2 < z < 2.5
(main sample). A total of 34 objects with LX < 1042erg s−1

were rejected. Out of statistical concerns, from the with
LX ≥ 1042erg s−1 objects, we also removed 36z< 0.2 objects
and 31 2.5< z < 4.2 objects from the final sample. We will
use these low and highz targets as a supplementary sample
for comparison in the discussion section. Because of the re-
quirement of IR detection, hereafter we will refer to this main
sample as IR-bright AGNs. Since not all AGNs are active in
the IR with high dust mass and SFR (see Sec.3.1), on an aver-
age basis, the IR-bright AGNs are found during a stronger star
formation phase than their IR-undetected counterparts with
comparableLX . Among the IR-undetected AGNs, a fraction
of them will be the ‘normal’, dust-expelled AGNs with lim-
ited star formation (e.g.LIR,SF < 43 erg s−1). These non-star
forming AGNs would be referred to as ‘IR-quiescent’ AGNs
in the following sections. TheLX in this sample ranges from
1042.0 to 1045.6erg s−1, with a median of 1044.1erg s−1. About
61% of the sample has an HR< -0.2 (X-ray unobscured,
e.g. Szokoly et al. 2004). In the spec-z subsample, 57% show
broad emission lines (optical type 1). Combining these two
samples we found that overall 66% of the sample is unob-
scured.

The sample of 828 X-ray selected IR-bright AGNs spans
a redshift range of 0.2< z <2.5, with a median and mean
of z =1.07 and 1.14, respectively.About half (467, 56%)
of the sample have an LX ≥ 1044erg s−1; and the rest (361,
44%) are at 1042≤ LX < 1044erg s−1, confirming their AGN
nature. About 60% of the sample (483) have spec-z (383 from
BOSS, 38 from MMT, and 62 from M13), and the remaining
345 objects have photo-z from M13. The multi-wavelength

9 http://cxc.harvard.edu/toolkit/pimms.jsp

data associated with the X-ray sources were adopted from the
2XLSSdOPT catalog from C13. A matching radius of 6′′

(PSF for XMM) was used between the X-ray catalogs and
the GALEX, CFHTLS, SWIRE (Lonsdale et al. 2003), and
UKIDSS catalogs. A detailed description of the matching of
X-ray sources to their counterparts can be found in C13.

2.1. Selection Effects

Figure1 plots thez and luminosity distribution of the IR-
bright AGN sample, color coded by their rest-frameLX . Since
the sample is flux-limited, the IR-bright AGNs are unavoid-
ably affected by the Malmquist bias, especially in regions
with no overlap between different colors. The IR-bright
AGNs share similarLX luminosity distribution with the parent
sample (Figure.1, inset), indicating an intrinsicLX distribu-
tion of the hard X-ray targets regardless of their FIR active-
ness. This is consistent with other results (e.g. 3C samples,
Podigachoski et al. 2015), where the far-IR detection rate is
also unrelated to the radio source type (i.e. orientation).The
redshift distribution, on the other hand, shows a higher frac-
tion of IR-bright AGNs at 0.2< z < 0.6 than the parent sam-
ple. This is due to the requirements of both far-IR detection
and available redshift estimates based on the optical data.As
a result of the latter, at higherz, fainter objects fall below the
flux limits, and will not be detected. Since the lowz targets
are dominated by type 2 sources and more affected by obscu-
ration, and at the highz, the source numbers are low, we de-
cided to focus on the intermediate redshift range of 0.2< z <
2.5.

It is clear that the z∼2 sample is systematically∼2-3 dex
more luminous than the z<0.5 objects. This increase inLX
is consistent with the evolution of L* in the AGN luminosity
function (e.g. Croom et al. 2009; Ranalli et al. 2015), indicat-
ing that we are sampling the same portion of the AGN lumi-
nosity function throughout the redshift range. This is alsotrue
for the SFR indicatorLIR,SF, as the SFR density also increases
by 1-1.5 dex fromz =0 to z =2, comparable to the luminosity
increase in Figure.1.

Finally, thez requirement introduces another selection ef-
fect to the sample, since both spec-z and photo-z determina-
tion require optical spectra or photometry. As a result, the
Eddington ratio (ER) distribution is not homogeneous across
redshift but is biased against low ER, less luminous targets,
especially at highz. We will discuss this selection effect in
more detail in Section.3.2. These selection effects must be
kept in mind when interpreting the results in Sec.4.

3. ANALYSIS

3.1. IR luminosity, SFR, and Dust mass

We estimated the total IR and far-IR luminosities
(L8−1000

IR ,L30−1000
FIR ) based on the rest-frame SEDs for the IR-

bright AGNs. The SEDs are constructed from optical to the
FIR bands: u*, g’,r’,i’,z’ (CFHTLS); J, H, K (UKIDSS); 3.6,
4.5, 5.8, 8.0µm (SWIRE-IRAC); 24, 70, 160µm (SWIRE-
MIPS); 250, 350, 500µm (HerMES).For the Herschel data,
total errors (including confusion noise) were used in the
fitting procedure. We adopted the T−α −β model from
Blain et al. (2003), where T is the dust temperature,β is the
emissivity index, andα the power-law index. This method fits
the SED longwards of 5µm without any presumptions of the
heating source, be it AGN or star formation. Instead of a pure
modified blackbody (MBB) on both the Rayleigh-Jeans and
Wien tails, a power-law function (fν ∝ ν−α B(ν,Tdust)) was
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used in the mid-IR (5-10µm) Wien side to account for contri-
butions from warmer dust. HereB(ν,Tdust) is the blackbody
Planck function. We adoptedβ = 2.0 (Priddey et al. 2003)
and allowα to vary. This additional term is then matched to
the MBB component at a transition point, where the two func-
tions have equal zeroth and first order derivatives. The transi-
tion wavelengths vary from case to case. The corresponding
peak dust temperature ranges from 5 to 100 K, with a median
around 30K.

Utilizing the X-ray data, we developed a 3-step method to
decompose the AGN and star formation contributions in the
FIR regime. Step 1 is to estimate the AGN contributed IR lu-
minosity from the X-ray luminosity. This correlation is based
on the assumption that the X-ray, especially in the hard band,
and mid-IR are both dominated by AGN emission. Here we
chose 6µm to enable extrapolation into the far-IR regime be-
cause AGN SEDs may vary significantly longwards of the rest
frame 10µm for different AGN populations. For instance, in
Dai et al. (2012) we found a variation on the order of 1.5 dex
between IR-detected and IR-undetected AGNs. Several pub-
lished relations exist regarding the X-ray to 6µm correlations
for AGNs with LX in the range of 1041−46erg s−1, for both
obscured and unobscured populations (e.g. Lutz et al. 2004;
Gandhi et al. 2009; Fiore et al. 2009; Lanzuisi et al. 2009;
Mateos et al. 2015; Stern 2015). In this work we adopted
the recent results from Stern (2015): logL(2− 10keV) =
40.981+1.024x−0.047x2, whereL(2−10 keV) is in units of
erg s−1, and x=log(ν Lν (6µ m)/1041erg s−1). This relation is
consistent with earlier work at the fainter end and extends to
the LX > 1045erg s−1 regime that is covered by this sample.

In step 2, we converted the X-ray based 6µm luminos-
ity (L6) to the AGN IR (LIR,AGN) and bolometric luminosi-
ties (LAGN) using an AGN template that extends to rest-frame
1000µm (Dai et al. 2012, D12). The D12 mean SED tem-
plate was chosen because it was constructed with detailed FIR
SED information with SPIRE detections and stacks10, while
earlier work, e.g. Richards et al. (2006, R06) extrapolatedbe-
yond rest-frame 95µm as no data were available at the time.
Since the AGN contribution to the rest-frame FIR is an unset-
tled question, in this study we adopted the mean SED based on
the stacks of∼300 SPIRE-undetected quasars. This is likely
an underestimate for the small subsample of AGN-starbursts
(∼10% of all quasars according to D12). Compared to the
extrapolation of the R06 template, the D12 conversion factors
are<0.1 dex and<0.2 dex lower between 6µm luminosity
and total IR and FIR luminosities. These differences are 10
times smaller than the intrinsic scatter of a few dex in both
templates and can be considered consistent. In summary, fac-
tors of 1.0 and 2.5 were used to convert L6,AGN to LFIR,AGN
and LIR,AGN, respectively; and a factor of 8.0 was used to con-
vert theLX based L6 to the AGN bolometric luminosityLAGN.
Combining the flux error, SED fitting error, and the intrin-
sic uncertainty of the conversions, a typical error ofLAGN
is≥30%.

In the last step (step 3), we subtracted LIR,AGN from the ob-
served LIR derived from SED fitting, and estimated the SFR
based on the AGN-correctedLIR,SF using the Kennicutt rela-
tion (Kennicutt 1998)11. The average AGN contribution to

10 http://ydai.caltech.edu/templates/
11 Note the definition of FIR in Kennicutt (1998) equals the total IR (8–

1000µm). In this work, IR and FIR refer to the range of (8–1000µm) and
(30–1000µm), respectively.

the total IR luminosity is∼47%, while 20% of the sample
has an AGN dominated (>50%) LIR. The corrected SFR de-
creases by 50% or more for∼20% of the IR-bright AGNs.
As a result of the scatter in theLX − L6,AGN relation, the
uncertainties in LIR,SF and SFR are also higher for objects
with an AGN-dominant IR. The high correction factor val-
ues demonstrate the importance of AGN/SF decomposition
for SFR estimates. On the other hand, the AGN contribution
to the FIR luminosity is significantly lower, with an average
value of 24%. Only 8% of the sample has an AGN domi-
nated FIR. The corrected SFR based onLFIR dropped by an
average of 10% after removing the AGN contribution in the
FIR region (30–1000µm). We compared the AGN-removed
LIR,SF to the total LFIR and found that they are consistent for
>80% of the sources. Therefore we suggest that when AGN
decomposition is not possible, LFIR(30−1000) can be used
as a convenient proxy for the AGN removed LIR,SF. As a
check, we subtracted the average contribution to LX from star
formation using the SFR-LX relation (Ranalli et al. 2003), and
confirmed thatLX is dominated by the AGN: the non-AGN
contribution toLX is<2% in all chosen redshift and luminos-
ity bins.

We then estimated the dust mass (Mdust) of the sample
using the following formula (e.g. Beelen et al. 2006):

Mdust=
Sν0D2

L

(1+ z)kd(ν)B(ν,Tdust)
(1)

wherekd(ν) = k0(ν/ν0)β is the dust absorption coefficient.
Here we usedS250, andkd from Alton et al. (2004). The ma-
jority (80%) of the sample is at logMdust> 108M⊙ (99% at
> 107) similar to the dust-rich quasars detected in the FIR and
(sub)mm (e.g. D12). This value is∼1-2 dex higher than the
dust mass estimated for the PG quasars. Therefore, this IR-
bright AGN sample is dominated by dusty objects, which are
most likely in the process of actively forming stars.Table 2
lists the derived properties of the IR-bright AGN sample.
The full table is available in a machine-readable form in
the online journal.

3.2. SMBH mass, Eddington Ratios, and BHAR

Half of the spec-z subsample have a spectrum of sufficiently
high signal-to-noise to derive reliable virial SMBH masses
(M•). The viral SMBH masses are commonly expressed as
(e.g. Dai et al. 2014):

log(
M•

M⊙

) = a+ b log(
λ Lλ

1044erg s−1 )+ c log(
FWHM

km s−1 ) (2)

where M⊙ is the solar mass, FWHM is the full-width-half-
maximum of the emission line profile, andλLλ is the con-
tinuum luminosities in 1044erg s−1 at 5100 (Hβ , Hα), 3000
(MgII), and 1350 (CIV)Å, respectively. The termλ Lλ is
used as a proxy for the broad line region radius (Kaspi et al.
2000; Bentz et al. 2013). The coefficientsa andb are empir-
ical values based on SMBH masses determined via the rever-
beration mapping method, andc normally has a fixed value
of 2 (e.g. Vestergaard & Peterson 2006). Here we used the
FWHM (in km s−1) of the continuum subtracted emission
line as the line width proxy, and the factor of 2 for coeffi-
cient c exemplifies the virial nature of the broad line region
(M• ∝ Gv2R−1). We adopted the IDL line fitting procedures
as described in Dai et al. (2014, Sec 3) for CIV (0.660, 0.53,
2.0), MgII (0.740, 0.62, 2.0), Hβ (0.672, 0.61, 2.0), and Hα
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(0.522, 0.64, 2.06) lines; in brackets are the parameter (a,b, c)
sets from Vestergaard & Peterson (2006); Shen et al. (2011);
McLure & Dunlop (2004); Greene & Ho (2005), respectively.

From the optical continuum, we also derived the AGN bolo-
metric luminosity LAGN(opt): LAGN(opt) = k × λ Lλ . Here
the coefficient k= 9.3, 5.2, and 3.8, for Lλ at 5100, 3000,
and 1350Å, respectively (Richards et al. 2006, mean SED
for all SDSS quasars). The values of LAGN derived from
the X-ray and optical continuum are linearly correlated with
a slope of∼0.45. The offset in the bolometric corrections
between X-ray and optical is well known (e.g. Wilkes et al.
1994; Hopkins et al. 2007), and could be affected by obscu-
ration and host galaxy contributions especially for the lowz,
low luminosity sources. This correlation remains the same if
only considering the 70% type 1 AGNs of the sample.To be
consistent, in the following discussion the AGN bolometric
luminosity and Eddington ratio (ER= LAGN/Ledd) refer to
the values based on the X-rayLAGN.

For the spec-z subsample, we compared theM• and
AGN bolometric luminosity LAGN from the X-ray in four
fiducial redshift bins (Figure. 2). Diagonal lines show
constant ERs on a log scale. As the redshift increases, the
median ER also increases from 0.09 (0.2< z < 0.5), to 0.14
(0.5< z < 1.0), 0.19 (1.0< z < 1.5), and 0.42 (1.5< z < 2.5),
respectively. This is an observational bias due to the flux lim-
ited nature of the sample. At highz, low mass AGNs are
generally not detectable unless their ERs are high enough that
they lie above the luminosity detection limit. Although such
limits are derived from only half of the spec-z subsample with
reliable M• estimates, it is reasonable to generalize them to
the photo-z sample where the same flux limits that cause the
selection effects also apply. This effect is less prominentat
z < 1.5, where the ER distribution shows a wide span and
scatters into the ER<0.01 region. On the other hand, be-
cause of the optical color selections, the SDSS AGNs are bi-
ased against low mass, star-forming, disk-dominated galaxies
(Trump et al. 2015). Therefore, our SDSS-dominated spec-z
sample is also affected by this bias. Since M• correlates with
the stellar mass of the host galaxy, and therefore the SFR, itis
important to bear these selection effects in mind when inter-
preting the results in Section.4.

We also calculated the BHAR using the hardLX as a proxy
(e.g. Chen et al. 2013):

ṀBH

M⊙ yr−1 = 0.15
ε

0.1
kLX

1045erg s−1 (3)

whereε is the mass-energy conversion efficiency, andk is the
conversion factor betweenLX and the AGN bolometric lumi-
nosity. Here we used a k= 22.4 from (Vasudevan & Fabian
2007, based on local AGNs), and a typicalε value of 0.1
(Marconi et al. 2004). These values were chosen to allow di-
rect comparison with other studies (e.g. Chen et al. 2013).

4. RESULTS AND DISCUSSION

4.1. Correlation between AGN activity and Star
Formation

In Figure 3, we compare theLAGN-LIR,SF relation of the
IR-bright AGNs with references in the literature. Individ-
ual objects are plotted as grey dots (X-ray unobscured or
optical type 1) or circles (X-ray obscured and optical type
2). The black dash-dotted line shows the best-fit correla-
tion without binning with a slope of 0.60±0.03. A consistent
slope within 2σ of 0.65±0.02 is found when thez < 0.2 and

z > 2.5 supplementary sample is included. Our results are in
general agreement with the relations using average values in
Chen et al. (2013, 2015, brown and light green stars in Fig.3)
and Azadi et al. (2015, dark green stars in Fig.3) after tak-
ing the scatter into account. The Hickox et al. (2014) model
(grey shaded area) under-predictsLIR,SF for the luminous IR-
bright AGNs in this sample. But since at highz, our sample
only selects the most luminous objects, inclusion of fainter,
yet still ‘IR-active’ AGNs would lower the averageLIR as
was the case in Chen et al. (2015) where type 2 AGNs were
included (brown stars). Our best-fit correlation overlaps with
the correlation based on average values binned byLAGN (blue
line, See Sec.4.2), and with Xu et al. (2015b, X15, dashed or-
ange line). The selection criteria in X15 is comparable to our
sample as both require detections in X-ray and FIR, except
that X15 has an additional selection based on MIPS 24µ m
flux. The 24µ m flux selection is highly complete for AGNs
(Krawczyk et al. 2013; Dai et al. 2014), which is again con-
firmed by the similar fitting results.

We then take advantage of our large sample size and
consistent measurements to test for the primary relation-
ship. We run partial Spearman rank analysis (PSRA, e.g.
Kendall & Stuart 1976; Akritas & Siebert 1996) between the
X-ray and IR properties. PSRA allows for correlation analy-
sis in the general multivariate case, using a matrix of bivari-
ate Spearman rank statistics as input. PSRA tests for corre-
lations between subsamples of the matrix parameters while
holding constant all other variables in the matrix. To account
for lower limits in our data12 we use the survival analysis
package ASURV (Lavalley et al. 1992) to calculate bivariate
Spearman Ranks for input to multivariate PSRA.

We find a strong correlation betweenLIR,SF and LAGN
(probability of a correlation occurring by chance p< 0.01%).
The PSRA shows that this is primary due to the strong (p<
0.01%) correlation between the luminosities (LIR,SF or LAGN)
andz. However, since the correlation between rest-frame X-
ray flux and SED-based 60µ m flux density is also strong (p
< 0.5%), the observedLAGN- LIR,SF correlation is significant
(PSRA p<0.5%) and real. Although simple bivariate corre-
lation analysis also finds a strong correlation betweenLAGN-
LIR,SF(p<0.01%), the PSRA shows this to be primary due to
the strong correlation between luminosity andz (p < 0.5%),
with the rest-frame hard X-ray flux and 100µ m flux density,
and theLAGNandLIR,SF showing no correlation (p∼9% and
p∼26%, respectively). One possible explanation is that the
dust emitting at rest-frame 60µm is warmer, and thus associ-
ated with the star formation closer to the nucleus, than the dust
emitting at 100µ m. The lack of such correlation for cooler
dust is consistent with the results based on resolved star for-
mation for local Seyfert galaxies (Diamond-Stanic & Rieke
2012). Based on our PSRA (which accounted for the effects
of redshift), we conclude that the correlation betweenLAGN
(or LX) andLIR,SF is significant and real.

We also check the effects of ER and SMBH masses on the
LAGN-SFR relation by binning the data by their accretion effi-
ciencies traced by ER and M• (Figure4). Positive linear cor-
relations are confirmed and do not evolve significantly with
ER or M•. Since the ERs of AGNs are not evolving signifi-
cantly between the present day andz =4 (e.g. Dai et al. 2014),
the observed relations in the ER are not redshift effects. On
the other hand, SMBH mass is well-known to decrease to-

12 X-ray flux and luminosity were treated as lower limits in sources with
HR=1.
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wards lower redshift in optical type 1 AGNs (e.g. Labita et al.
2009; Dai et al. 2014). The mass downsizing effect would
result in higherLAGN at high z, as demonstrated earlier in
Figure.2. The slopes for different bins are not significantly
different (Figure.4). We conclude that the mass and ER of
the SMBH do not regulate the correlation, at least not in a
timescale short enough to affect the observed star formation.

As a side note, we emphasize the importance of AGN
removal in the IR regime when estimating the SFR. In
Figure 3, the 15 detections of X-ray ULIRG/LIRGs from
Symeonidis et al. (2011) have systematically higherLIR than
in our sample. Besides the fact that these are extremely dusty
systems, the IR SED fitting used the Siebenmorgen & Krügel
(2007) SED library, as adopted by Symeonidis et al. (2011),
was based on starburst systems with limited AGN correc-
tion. Similar to Symeonidis et al. (2011), we use the HerMES
data, and find an average AGN contribution to the IR lumi-
nosity of 47%. Without a careful AGN decomposition, it is
unclear whether higher observedLIR is a sign of enhanced
star formation. Another caveat is the choice of SFR indicator.
Many studies estimated the SFR from single rest-frame FIR
photometry, used directly as direct proxy for the star forma-
tion component.As discussed in Sec.3.1, about 20% of the
IR-bright AGNs have an AGN-dominatedLIR(8− 1000µ m)
(10% for LFIR(30− 1000µ m)), so that a single data point
could still over-estimate the SFR, especially atλ < 30µ m,
and in a few special cases atλ > 30µ m. On the other hand,
the overall lower Azadi et al. (2015) averaged SFR in Fig-
ure.3 can also be explained by their different approach of SFR
estimate. They utilized theiSED f it code (Moustakas et al.
2013), which was based solely on the UV and optical pho-
tometry and mainly accounted for unobscured star formation
with no AGN removal. As commented in Azadi et al. (2015,
Sec 2.3), this method yields systematically lower SFR esti-
mates than usingHershel IR data, as the dust extinction and
reprocessed dust emission were not accounted for.

4.2. Binning Effect on the AGN-SFR Correlation

Given the rapid and significant variability of many AGNs
(e.g. Keel et al. 2012), using an instantaneous X-ray lumi-
nosity could lead to large scatter that smears out the intrin-
sic AGN-SF correlation (e.g. Hickox et al. 2014). Several
studies have used the average X-ray luminosities and ob-
served a positive correlation between AGN luminosity and
SFR (Chen et al. 2013, 2015; Azadi et al. 2015). Different
binning criteria would project the intrinsicLAGN-SFR rela-
tion, if any, onto different axes, and alter the observed slope
for any underlying correlations (Volonteri et al. 2015b).We
note that the average values could be biased by the out-
liers in each bin, especially when stacking is used for non-
detections, which is not the case in this work.In our sample
with only detections, the average and median in each lumi-
nosity bin are statistically identical, with a K-S test result of
p = 1.0.

In Fig. 3, we compare the best-fit correlations based on
different binning methods. In red is the averageLAGN binned
by LIR,SF, and in blue is the averageLIR binned byLAGN.
Both show a positive correlation with Spearman’s coefficients
ρ =1.0 (p < 1e−6). The average relation binned byLAGN
(blue line) agrees well with the correlation without binning
(dot-dashed black line). Compared to theLX bins (slope
k = 0.58±0.13), a tighter correlation with a steeper slope is
observed usingLIR,SF bins (k = 1.57±0.09). This is con-
sistent with the variability argument that the star formation

varies more slowly than the AGN, e.g. it can vary by a factor
of 100 on timescales of 100 Myr (Hickox et al. 2014). This
scenario could explain the lack of such correlation when
the sample were AGN selected (e.g. Volonteri et al. 2015b).
Table3 summarizes the average properties in each luminosity
bin.

4.3. Redshift Effect on the AGN-SFR Correlation

Besides the PSRA results discussed earlier, in this sec-
tion we further investigate the redshift effect. As confirmed
by several studies, the SFR in AGN hosts increases strongly
with redshift (e.g. Mullaney et al. 2012a), and it has been ar-
gued that the observed positive correlation betweenLIR,SF
andLAGN is a combination of redshift effect and Malmquist
bias. Figure5 shows the least square linear fit betweenLAGN
and LIR,SF in four fiducial redshift bins: 0.2< z <0.5, 0.5
< z <1.0, 1.0< z <1.5, and 1.5 < z < 2.5. Crosses mark
the hard AGNs with HR=1 (detected only in the hard band),
whoseLX are lower limits. These hard IR-bright AGNs oc-
cupy the same space as the rest of the sample, showing no
systematical difference. A test correction of these objects by
a factor of 2 results in an increase of the normalization factor,
but both normalization and slope of the correlation are consis-
tent within errors. The solid and dashed lines mark the linear
fit in each redshift bin. The IR-bright AGNs distribution is
in general agreement with the Netzer (2009) relation (dashed
line) extrapolated from local type 2 AGNs, but show higher
LIR,SF at low z. Without binning, the correlations betweenLX
andLIR,SF are weak but positive. The Spearman’s tests yield
a rank correlation coefficientρ =0.73 with significance p=0
(ρ =1 or p = 0 indicates a perfectly monotonic relation), in-
dicating a strong correlation from 0.2< z < 2.5 (dash-dotted
line, same as in Figure3). In discrete redshift bins, the corre-
lations are weaker with p= 0.005%, 0.07%, 20.7%, and 1% (z
from low to high). If only considering the unobscured AGNs,
the correlations become weaker, but still significant, withp=
0.5%, 1.6%, 20.7%, and 0.4%. Atz > 1.0 the correlation is
not significant, possibly due to the selection effect discussed
in Sec.2.1. At highz, the range in luminosity is smaller as less
luminous, low ER AGNs fall below the flux detection limits,
making it harder to observe a significant correlation due to the
smaller parameter range, possibly due to the Malmquist bias
discussed in Sec.2.1. The correlations in smaller redshift bins
are flatter and weaker than the overall correlation (Figure.3)s,
consistent with the removal of the redshift effect as shown by
the PSRA results.

To investigate the effect of the flux limits in a given red-
shift range, we calculate the averageLIR,SF in bins of LAGN
for each redshift bracket (Figure.6, left). Despite the over-
all increasing trend, the slopes are not well constrained. We
do not observe an enhanced SF at low AGN luminosity, as re-
ported in previous studies (e.g. Shao et al. 2010; Rosario etal.
2012; Matsuoka & Woo 2015). The observed enhancement
of star formation at highLAGN in Figure.6 is likely affected
by the Malmquist bias as discussed above. An IR-bright
AGN with lower ER would be IR-undetected at highz, and
the inclusion of these objects would flatten the observed cor-
relation. In this study we choose not to stack the IR non-
detections to avoid contamination from ‘IR-quiescent’ AGNs
(See Sec.3.1). Since we do not know the intrinsic distri-
bution of IR-bright and IR-quiescent AGNs, using IR stack-
ing could smear out any intrinsic correlation between AGN
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and star formation with the inclusion of IR-quiescent AGNs.
This could possibly explain the flat or no correlation found
in Stanley et al. (2015), where 75% of the data points are IR
upper limits. In fact, according to simulations, e.g. in merger-
driven models (Hopkins et al. 2006), AGNs are only ‘FIR-
luminous’, aka, IR-bright, for a short period of their lifetime.
Therefore, correlations based on stacked FIR data are likely
biased towards IR-quiescent, normal AGNs, which have lim-
ited or no ongoing star forming, and thus result in a flat or
non-correlation.

In Figure.6 (right) we plot theLAGN in bins ofLIR,SF for the
IR-bright AGNs in different redshift ranges. We confirm that
using theLIR,SF bins results in tighter and steeper correlations,
as discussed in Section.4.2.

4.4. A constant ratio between SFR and BHAR

To test if the correlation evolves with redshift or M•, we
compare the relative strength of star formation and AGN, rep-
resented by the ratio of the AGN-removedLIR,SF andLX . De-
spite the large scatter, we find a constant ratio between the
luminosities (Figure7, top):

log(LIR,SF/LX) = (1.82±0.05)+ (0.03±0.04)z (4)

log(LIR,SF/LX) = (1.97±0.52)+ (−0.01±0.06)M• (5)

with a standard deviation of 0.57 and 0.55, respectively. The
luminosity ratio remains constant fromz =0 to z =2.5, and
does not change with redshift or M•. As noted earlier, at
higher redshift our sample is incomplete to fainter, IR-bright
AGN and thus the intrinsic relation could be flatter. We also
find that at the sameLIR,SF/LX ratio, the AGN contribution
to the total IR luminosity (f= LIR,AGN/LIR, see Sec.3.1 for
details) ranges from insignificant (<0.2) to dominant (>0.5),
confirming the importance of AGN decomposition in the IR
regime. Inclusion of thez < 0.2 andz > 2.5 supplement sam-
ple yields consistent results.

The constant luminosity ratios indicate constant energy out-
put ratios between the SMBH and star formation component,
consistent with the scenario of a common source of gas sup-
ply that feeds the SMBH and host simultaneously. This is
confirmed by the SFR/BHAR ratios (Figure7, middle). Up to
z = 2.5, the IR-bright AGN sample shows a non-zero ratio of:

log(SFR/BHAR) = (2.82± 0.04)+ (0.07±0.03)z (6)

log(SFR/BHAR) = (2.88± 0.41)+ (0.01±0.05)M• (7)

with a standard deviation of 0.57 and 0.55, respectively. Since
the SFR/BHAR vs M• relation is based on the subsample
of type 1 AGNs with a secure M• estimate, we also fit-
ted the SFR/BHAR vs z for the full type 1 subsample and
found a comparable constant ratio of (2.88±0.05), with a
standard deviation of 0.55. ThiṡM ratio (SFR/BHAR) re-
mains flat over redshift and BH mass, and coincides with
the mass ratios found in local galaxies. The ratio in
Eq. 7 is biased by the requirement of a reliable M• esti-
mate, where only luminous, high ER AGNs are included.
The BH-host mass relation is well-established at lowz
to be around log(Mbulge/M•)=2.81±0.36 (Marconi & Hunt
2003), sometimes with higher but consistent values
at log(Mbulge/M•)=2.90±0.45 (Merritt & Ferrarese 2001;
McLure & Dunlop 2002). Since the log(Mbulge/M∗,total) ra-
tio is around -0.15 (Mendel et al. 2014, median for 660,000
SDSS DR7 galaxies). we adopt this value to convert
the BH-bulge relation to log(M∗/M•)=(2.96±0.36) and

log(M∗/M•)=(3.05±0.45) (blue and green dashed lines
in Figure 7), both consistent with the ratio found for
the IR-bright AGNs. It is worth noting that signifi-
cantly different mass ratios have also been reported before,
e.g. log(M∗/M•)=2.6±0.4 (Kormendy & Ho 2013), and
log(M∗/M•)=3.6±0.5 (Reines & Volonteri 2015). The mass
differences arise from the different parent sample used to de-
rive the relation, e.g., Reines & Volonteri (2015) were dom-
inated by local spiral galaxies instead of ellipticals usedin
earlier studies. The different methods used to derive M• also
contributed to the different results, and cannot be compared
directly to our sample. Not all IR-bright galaxies are AGNs,
e.g. only 10-30% of the (ultra-) luminous IR galaxies—
(U)LIRGs—are AGNs according to simulations and obser-
vations (e.g. Fu et al. 2010; Hopkins 2012), and vice versa,
not all AGNs are IR-bright (See also Sec.2). As a conse-
quence, the AGN’s relative life time between the IR-bright
and IR-quiescent phases would result in different accumulated
mass ratios, as the host galaxy stellar mass could be similar
between the IR-detected and IR-undetected populations (e.g.
Santini et al. 2012; Rovilos et al. 2012; Rosario et al. 2013a).
Inclusion of thez < 0.2 andz > 2.5 supplement sample yields
consistent results, indicating limited redshift bias to this con-
stant mass forming ratio.

Compared to the literature values for the log(M∗/M•) ratios
(blue and green lines in Figure7), the IR-bright AGN sample
shows a larger scatter. This could be due to one or more of
the following factors: a. uncertainties in the SFR and BHAR
estimates; b. the large variability of the instantaneous ratios;
c. the unknown host galaxy morphology—the sample is not
restricted to bulges and ellipticals, and could include spirals
and other types, which may not share the same mass ratios
(Kormendy & Ho 2013). Actually,the log(Mbulge/M∗,total)
ratio quoted above could possibly underestimate the to-
tal stellar mass, as systematically higher masses have been
reported for AGN hosts than typical SDSS galaxies (e.g.
Kauffmann et al. 2003). But the mean log (SFR/BHAR)
ratio is not affected by the mass estimates and remains
constant regardless of redshift or stellar mass, indicating a
relatively stable nucleus-host connection and favoring the sec-
ular evolution picture where BH and galaxies form via steady
gas accretion. Since the duty cycles could differ significantly
between the AGN phase and the star formation phase, the co-
incidence found in our results indicates that on average, BH
and host galaxy are moving along the same mass ratio planes,
regardless of the level of activity of the galaxy. This suggests
that the same physical processes and the bulge-BH mass rela-
tions hold on an average basis, at least up toz = 2.5 for IR-
bright AGNs. In other words, as long as the host galaxy is ac-
tively forming stars,∼1% of the mass funnels into the nuclear
region and feeds the BH accretion. For young systems after
the IR-bright AGN phase, where star formation has slowed
down or been quenched by possible feedback, the AGN would
continue accreting masses and decrease theM∗/M• for a short
period of time, before the BH accretion slows down and star
formation dominates again. Vice versa, before the IR-bright
AGN phase, due to the generally shorter X-ray duty cycle, the
system would have already accumulated stellar mass and ob-
tained a highM∗/M• value. Adjusting the duty cycles on and
off the IR-bright AGN phase could explain the∼1 dex range
in mass ratios reported in different published studies. Ourre-
sults are in general agreement with Mullaney et al. (2012b),
but with a statistically more significant sample (10× larger)
and a wider redshift coverage. Such results have also been
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predicted by simulations, where the galaxy and BH can be
modulated by torque-limited growth along the bulge-BH mass
plane fromz =4 to z =0 (Anglés-Alcázar et al. 2015).

5. SUMMARY

We constructed a sample of 828 IR-bright AGNs with
LX> 1042erg s−1 at 0.2< z < 2.5 in the∼ 10 deg2 XMM-
LSS field. All targets are detected in both hard X-ray and FIR
and have either spec-z (58%) or photo-z (42%). The majority
of the sources (66%) are unobscured type 1 objects, and 80%
of the sample have dust mass greater than 108M⊙, making it
a dusty, type 1 dominant AGN sample. For these IR-bright
AGNs, we find a weak AGN-SFR correlation after removing
the redshift effects. This correlation is more significant using
the average values binned by IR luminosities than AGN
luminosities. This is consistent with the scenario that the
AGN luminosity varies on a shorter timescale than the SF
in the galaxy. We do not find significant diversity in the
observed correlation for subsets based on black hole mass
or ERs. Constant ratio is observed between the SFR and
BHAR, regardless of redshift or SMBH mass. These findings
support the coevolution picture where IR-bright AGNs are
growing in step with the host galaxy from the same fueling
source at a constant rate, possibly due to the same physical
mechanism. The shutting down of the star formation by

AGN ‘feedback’, if any, takes considerably more time than
the gas depletion time. The mean and standard deviation
of the log(SFR/BHAR) ratio in IR-bright AGNs is∼2.82,
with a scatter of 0.57, consistent with the log(M∗/M•) ratios
found for local galaxies. Inclusion ofz < 0.2 andz > 2.5
IR-bright AGNs yields consistent ratios, indicating limited
redshift effect on this mass accretion ratio. Despite the large
scatter in the distribution of instantaneous log(SFR/BHAR)
ratios, this constant mean ratio observed in IR-bright AGNs
indicates a universal bulge-BH mass relation up toz =2.5.
Our results support a secular evolution picture where both the
black hole and host galaxy are fed by a common gas supply
at a relatively constant rate when the gas is available.
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TABLE 1
THE RANGE OFX-RAY AND IR LUMINOSITIES IN BINS OF REDSHIFT

Redshift bins 0.2< z ≤ 0.5 0.5< z ≤ 1.0 1.0< z ≤ 1.5 1.5< z ≤ 2.5 Total
All Hard Xray & Herschel detected* 137 (49%) 249 (39%) 227 (35%) 215 (36%) 828 (38%)
spec-z subsample 102 151 109 121 483
photo-z subsample 35 98 118 94 345
X-ray Luminosity (logLX , erg s−1)
42.0-43.0 60 4 ... ... 64
43.0-44.0 72 179 43 3 297
44.0-45.0 5 66 181 178 430
> 45.0 ... ... 3 34 37
IR luminosity (logLIR,SF, L⊙)
< 11.0† 66 8 1 2 77
11.0 - 12.0 57 155 41 5 258
12.0 - 13.0 7 74 156 121 357
> 13.0 ... ... 11 54 65

Notes: *: in 2XLSSd overlapping region only. In parenthesisare the percentage in the 2,399 hard X-ray detected AGNs in the same redshift range. †: excluding
the 70 objects whoseLIR is purely from AGN heating.

TABLE 2
DERIVED PROPERTIES FORIR-BRIGHT AGNS*

Xcatname redshift zflag Td α HR NH (int) LX flag LIR,SF SFR logMd
(K) (cm−2) (erg s−1) (erg s−1) (M⊙ yr−1) (M⊙)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
2XLSSd J021809.6-050159 1.275 1 27.2±1.6 2.0±0.1 0.14 5.818e+22 43.60 1 46.36±1.00 1020 9.2±1.4

Notes: (1) Object identification same as in Chiappetti et al.(2013). (2) Redshift of the object. (3) Redshift flag, 1 for spec-z, 2 for photo-z. (4) & (5) Peak dust
temperature and power-law index derived from SED fitting as described in Sec. 3.1. (6) Hardness ratio (HR=(H − S)/(H+ S) ) based on count rates. (7) Intrinsic
column density derived from redshift and HR as described in Sec. 2. If the object is only detected in the hard X-ray, a valueof 1.00e+23+ is assigned. If the
object has an HR<−0.5, noNH correction was made and a value of ‘0’ was assigned. (8) Obscuration corrected rest-frame X-ray luminosity (2-10 keV). (9)
Hard X-ray detection flag as defined in C13, 0 if MOS−pn difference is<20%, 1 between 20% and 50%, 2 above 50%. (10) AGN-subtracted infrared luminosity
(8-1000µm). A value of ‘0’ marks purely AGN driven IR luminosity. (11)SFR derived from (10) using the Kennicutt (1998) relation. Avalue of ‘0’ marks
purely AGN driven IR luminosity. (12) Dust mass derived fromFIR photometry as described in Sec. 3.1. *: Low (z < 0.2) and high (z > 2.5) IR-bright sources
are also included. This table is available in its entirety with a machine-readable form in the online journal.

TABLE 3
DERIVED AVERAGE PROPERTIES IN EACH LUMINOSITY BIN

luminosity range Ndet z range < logLAGN> < logLIR,SF> < logMBH > < ER >
(1) (2) (3) (4) (5) (6) (7)

binned byLAGN

43.0-43.5 13 0.200-0.468 43.34+0.33
−0.43 44.50+1.06

−0.75 6.22+0.13
−0.15 0.09+0.01

−0.01
43.5-44.0 40 0.200-0.670 43.79+0.41

−0.42 44.42+1.57
−1.08 7.66+2.08

−1.47 0.15+0.38
−0.15

44.0-44.5 75 0.205-0.900 44.28+0.42
−0.48 44.97+1.52

−1.87 7.50+1.67
−1.43 0.25+0.56

−0.24
44.5-45.0 120 0.238-1.399 44.77+0.42

−0.46 45.21+1.52
−1.68 8.00+1.35

−1.11 0.10+0.33
−0.09

45.0-45.5 127 0.292-2.023 45.26+0.44
−0.45 45.51+1.11

−1.49 8.17+1.22
−0.77 0.17+0.61

−0.16
45.5-46.0 162 0.480-2.330 45.76+0.44

−0.45 45.93+1.19
−1.68 8.49+0.68

−0.64 0.20+0.38
−0.17

46.0-46.5 152 0.779-2.480 46.23+0.47
−0.43 46.09+1.09

−2.05 8.74+0.94
−0.66 0.34+0.51

−0.29
46.5-47.0 52 0.874-2.456 46.75+0.44

−0.43 46.31+1.00
−1.85 9.21+0.39

−0.35 0.31+0.52
−0.16

47.0-47.5 14 1.655-2.327 47.18+0.42
−0.35 46.56+0.36

−0.57 9.26+0.12
−0.15 0.59+0.10

−0.15
binned byLIR,SF

43.0-43.5 5 0.214-0.290 44.12+0.29
−0.46 43.32+0.15

−0.22 6.85+0.79
−0.79 0.41+0.39

−0.39
43.5-43.0 10 0.200-0.515 43.94+1.04

−0.82 43.86+0.13
−0.33 6.07+0.00

−0.00 0.09+0.00
−0.00

44.0-44.5 52 0.200-1.663 44.31+2.33
−1.01 44.30+0.19

−0.29 7.93+1.46
−1.69 0.08+0.17

−0.08
44.5-44.0 107 0.200-1.275 44.65+1.58

−1.68 44.78+0.22
−0.28 7.73+1.01

−1.66 0.19+0.57
−0.18

45.0-45.5 134 0.225-2.327 45.13+1.81
−1.80 45.27+0.23

−0.26 7.91+0.73
−1.72 0.25+0.60

−0.23
45.5-45.0 186 0.343-2.198 45.57+1.65

−2.14 45.76+0.24
−0.26 8.39+1.36

−1.05 0.21+0.56
−0.21

46.0-46.5 180 0.289-2.381 45.91+1.49
−1.67 46.23+0.27

−0.23 8.67+0.70
−1.19 0.22+0.53

−0.22
46.5-46.0 73 1.078-2.480 46.35+1.02

−1.43 46.72+0.28
−0.21 8.90+0.70

−0.59 0.33+0.51
−0.30

47.0-47.5 9 1.507-2.452 46.52+0.45
−0.79 47.13+0.18

−0.12 9.23+0.45
−0.67 0.27+0.25

−0.23

Notes: *: only one object with M• estimate in this luminosity bin. (1)Luminosity range in ergs−1, (2) number of X-ray and FIR detected IR-bright AGNs,
(3) redshift range for objects in the subgroup, (4) average AGN bolometric luminosity in erg s−1, (5) average IR luminosity from star formation in erg s−1, (6)
average SMBH mass in M⊙ for subsample in the bin with a mass estimate, (7) average Eddington ratio for subsample in the bin with a mass estimate. The errors
in column (4)-(7) indicate therange for the binned objects.



10 Dai et al.

38 40 42 44 46
 log LX (2-10) [erg/s]

0
50

100
150
200
250

nu
m

be
r 

dashed line:
all Hard X-ray targets

01234
050100150200250 

0 1 2 3 4

0

20

40

60

80

100

Histogram Density

0 1 2 3 4
Redshift

42

43

44

45

46

47

48

 lo
g 

L I
R

, S
F 

[e
rg

/s
]

45 < log Lx (erg/s)     
44 < log Lx (erg/s) < 45
43 < log Lx (erg/s) < 44
42 < log Lx (erg/s) < 43

FIG. 1.— The AGN corrected infrared luminosity (LIR,SF) and redshift distribution of the sample of 828 IR-bright AGNs at 0.2< z < 2.5, color coded by theLX ,
as labelled in the legend. In grey we plot the supplement sample of IR-bright AGNs atz< 0.2 and 2.5< z < 4.2 as a reference. Filled circles mark the unobscured
AGNs (X-ray unobscured or optical type 1), which contributes to 66% of the full sample. Open circles are the obscured AGNs(X-ray obscured or optical type 2).
The black curve shows the 3σ detection limit in the FIR, some data fall below the limit because of the AGN correction as described in Sec. 3.1. The rightinset
shows the absorption corrected hard X-ray luminosity LX (2-10 keV) distribution of the sample. The dotted line marksthe luminosity cut at LX = 1042erg s−1.
The LX of this sample spans 4 orders of magnitude from 1042.0−1045.6 erg s−1, peaking at a median of 1044.1 erg s−1. The bottom inset shows the redshift
distribution of the sample, with the dashed line for all 2,399 hard X-ray detections (scaled). Majority (93%) of the sample lies within the redshift range of 0.2
< z < 2.5. The higher frequency of 0.2< z < 0.8 objects in our sample is because the spec-z subsample covers a high fraction of low-z objects; and the decrease
in the number of objects atz <0.2 is due to theLX cut at 1042.0 erg s−1. IR-bright AGNs share a similarz andLX distribution as the parent sample of hard X-ray
detected targets (blue dashed line).
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FIG. 2.— The AGN bolometric luminosity vs. SMBH mass (M•) in 4 fiducial redshift bins for the subsample of IR-bright AGNs with reliable BH mass
estimates (∼50% of the spec-z subsample). Dashed lines mark the Eddington ratios (ERs) at1, 0.1, 0.01, and 0.001, and are labeled by log (ER). Atz < 1.0, the
IR-bright AGN sample has a wide span of ER to ER< 0.01, but at highz, the sample is limited to massive, high ER AGNs. The median ERincreases withz,
from 0.09 (0.2< z < 0.5), to 0.14 (0.5< z < 1.0), 0.19 (1.0< z < 1.5), and 0.42 (1.5< z < 2.5), respectively.
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FIG. 3.— Correlation between theLAGN and LIR,SF for the IR-bright AGNs. In blue is the average LAGN plotted in bins of SFR (LIR,SF), in red is the average
LIR plotted in bins of AGN (LAGN), and in dash-dotted black line is the best fit correlation without binning. Individual IR-bright AGNs are plotted as grey dots as
in Figure. 1. Binning the data by SFR results in a steeper positive correlation, consistent with the shorter AGN variability argument proposed in Volonteri et al.
(2015a,b). The shaded region marks the Hickox et al. (2014) relation at 0.01< z < 3.5. Also plotted are the literature data of IR-bright AGNs:pink stars are the
X-ray and FIR detected AGNs from Symeonidis et al. (2011), green and brown stars are the X-ray and MIR detected AGNs from Chen et al. (2013, 2015), the
dark green green stars are the X-ray obscured AGNs from Azadiet al. (2015). Dashed light green, dark green, and orange lines mark the literature correlations in
Chen et al. (2013), Azadi et al. (2015), and Xu et al. (2015b),respectively. Our results are in general agreement with Chen et al. (2013). The correlations without
binning, binned by LAGN, and from Xu et al. (2015b) overlap with each other. We discussed the relative selection effects and caveats that could cause the different
slopes in Sec. 4.
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FIG. 5.— Correlation betweenLAGN and the AGN removedLIR,SF for the IR-bright AGN sample, color coded by redshift. The filled (open) circles are the
same as in Figure. 1. Objects detected in hard band only (X-ray lower limits) are marked with a cross. The dash-dotted lineis the correlation for the full sample
without binning, as in Figure 3. The solid lines are the linear fit to the data in each redshift bin, and the dotted lines are the same fit for type 1 AGNs only. The
dash line marks the normalized Netzer (2009) relation implied from local type 2 AGNs. Weak positive correlations are observed betweenLAGN andLIR,SF, in
z < 1.0, where atz > 1.0 the correlation is not significant for the full AGN sample, including both type 1 and type 2 objects. The fitted linear slopes are consistent
between different redshift bins except in 1.0< z < 1.5, and among type 1 objects.
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the fitted function marked in each panel. We observe a constant ratio of∼ 1.82 for the luminosity ratios (LIR,SF/LX ) and∼ 2.82 for the mass formation/accretion
ratios (SFR/BHAR). The intrinsic scatter (standard deviation) is 0.57 in the left panel and 0.55 for the right panel, where only type 1 AGNs with M• estimate
are included. Inclusion of thez < 0.2 and 2.5< z < 4.2 supplement sample yields consistent results. In the bottom panels, the dashed blue lines mark the range
of the M∗/M• ratios from Marconi & Hunt (2003), and the dotted green linesmark the range in Merritt & Ferrarese (2001); McLure & Dunlop(2002), which
reported the same values. The slightly increasing slopes inpanel (a) and (b) are due to the selection bias of more luminous objects at highz. Since BHAR is not
affected by the FIR flux limits, any undetected IR-bright AGNs would populate the lower SFR/BHAR region at highz, flattening the slope.


