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ABSTRACT

We present results from the MOSFIRE Deep Evolution Field (MOSDEF) survey on the identification,
selection biases, and host galaxy properties of 55 X-ray, IR and optically-selected active galactic nuclei
(AGN) at 1.4 < z < 3.8. We obtain rest-frame optical spectra of galaxies and AGN and use the BPT
diagram to identify optical AGN. We examine the uniqueness and overlap of the AGN identified at
different wavelengths. There is a strong bias against identifying AGN at any wavelength in low mass
galaxies, and an additional bias against identifying IR AGN in the most massive galaxies. AGN hosts
span a wide range of star formation rate (SFR), similar to inactive galaxies once stellar mass selection
effects are accounted for. However, we find (at ∼ 2 − 3σ significance) that IR AGN are in less dusty
galaxies with relatively higher SFR and optical AGN in dusty galaxies with relatively lower SFR.
X-ray AGN selection does not display a bias with host galaxy SFR. These results are consistent with
those from larger studies at lower redshifts. Within star-forming galaxies, once selection biases are
accounted for, we find AGN in galaxies with similar physical properties as inactive galaxies, with no
evidence for AGN activity in particular types of galaxies. This is consistent with AGN being fueled
stochastically in any star-forming host galaxy. We do not detect a significant correlation between SFR
and AGN luminosity for individual AGN hosts, which may indicate the timescale difference between
the growth of galaxies and their supermassive black holes.
Keywords: galaxies: active – galaxies: evolution – X-rays: galaxies – galaxies: high redshift

1. INTRODUCTION

Active galactic nuclei (AGN) are the result of ac-
cretion of gas and dust onto the supermassive black
holes (SMBHs) at the centers of galaxies and have been
investigated in numerous studies during the past two
decades (for a recent review of black hole growth see
Alexander & Hickox 2012). Various observational re-
sults have shown evidence for a global connection be-
tween the growth of SMBHs and the galaxies in which
they live. For example, the relatively tight correla-
tion between the SMBH mass and the bulge stellar
mass (e.g. Magorrian et al. 1998) or bulge velocity dis-
persion (e.g. Ferrarese & Merritt 2000; Gebhardt et al.
2000; Kormendy et al. 2011) supports the idea of a close
connection between the growth of SMBHs and their host
galaxies. In addition, the similar evolution of the SMBH
accretion rate density and star formation rate (SFR)
density with redshift indicates a global connection be-
tween AGN activity and the formation of stars in galax-
ies (e.g. Boyle & Terlevich 1998; Silverman et al. 2008;
Aird et al. 2010; Assef et al. 2011). However, the details
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of the coeval growth of galaxies and their SMBHs are not
well understood.
Accretion onto SMBHs releases a tremendous amount

of energy, and thus AGN produce significant radiation
at X-ray, ultraviolet (UV), optical, infrared (IR), and ra-
dio wavelengths. Different studies have used emission at
one or more of these wavelengths to identify AGN and
subsequently investigate the nature of their host galax-
ies (e.g. Kauffmann et al. 2003; Goulding & Alexander
2009; Kauffmann & Heckman 2009; Aird et al. 2012;
Mendez et al. 2013; Azadi et al. 2015; Cowley et al.
2016; Harrison et al. 2016).
One of the most reliable methods of identifying AGN

is X-ray imaging from deep surveys carried out with the
XMM-Newton, Chandra and, more recently, NuSTAR
telescopes (for a recent review see Brandt & Alexander
2015). The X-ray emission from AGN is strong enough to
outshine the X-ray light associated with intense star for-
mation activity and penetrate regions with high hydro-
gen column density (up to NH ≈ 1023−24 cm−2). Thus,
hard-band (2–10 keV) X-ray selection is sensitive to both
unabsorbed and moderately absorbed AGN, and is rela-
tively unaffected by host galaxy dilution.
However, X-ray emission is strongly absorbed by

Compton thick regions with hydrogen column den-
sity of NH > 1.5 × 1024 cm−2 (e.g. Della Ceca et al.
2008; Comastri et al. 2011; Brightman et al. 2014).
Studies of local and non-local AGN samples esti-
mate that 10–50% of the entire AGN population are
Compton thick (e.g. Akylas & Georgantopoulos 2009;
Vignali et al. 2010; Alexander et al. 2011; Lanzuisi et al.
2015; Buchner et al. 2015), demonstrating that such
heavily obscured sources represent a sizable fraction of
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the full AGN population. Also X-ray identification is not
successful in identifying less powerful AGN that are ac-
creting at very low rates (e.g. Gilli et al. 2007; Aird et al.
2012) or AGN residing in less massive galaxies (e.g.
Mendez et al. 2013).
For heavily obscured AGN that cannot be recov-

ered by X-ray imaging, identification at other wave-
lengths may be used. The obscuring dust absorbs
the UV and optical radiation from the central engine
and re-emits thermal radiation at mid-IR (MIR) wave-
lengths (e.g Neugebauer et al. 1979; Rieke & Lebofsky
1981). AGN can thus show a red power-law at MIR
wavelengths in their spectral energy distributions (SED)
(e.g Alonso-Herrero et al. 2006; Donley et al. 2007, 2012;
Mateos et al. 2012), which can be identified with imag-
ing from the Infrared Array Camera (IRAC; Fazio et al.
2004) on Spitzer or with the Wide-field Infrared Sur-
vey Explorer (WISE; Wright et al. 2010). Dust heated
by AGN is warmer than dust heated by star formation
(e.g. Donley et al. 2012), which allows AGN to be distin-
guished from normal star-forming galaxies at these wave-
lengths.
Different selection techniques have been proposed to

separate AGN from the galaxy population in MIR
color-color space (e.g Lacy et al. 2004; Stern et al. 2005;
Assef et al. 2010; Messias et al. 2012; Donley et al. 2012;
Mateos et al. 2012). These methods can identify heavily
obscured X-ray and optical AGN (e.g. Daddi et al. 2007;
Fiore et al. 2008) as well as luminous AGN, regardless of
the obscuration and viewing angle (e.g. Hao et al. 2011).
However, studies show that samples of AGN based on
any of these IR selection techniques suffer from selection
biases such that they mainly identify luminous AGN (e.g
Mendez et al. 2013).
AGN also produce significant radiation at optical wave-

lengths. Broad optical emission lines (FWHM > 2000
km s−1) in unobscured AGN and narrow optical emis-
sion lines in obscured AGN, which arise from gas located
several hundred parsec away from the SMBH (therefore
suffering only from moderate obscuration (e.g. Keel et al.
1994; Kauffmann et al. 2003)), can provide detailed in-
formation about the central SMBH. At low redshifts,
optical diagnostics such as the “BPT diagram” (e.g.
Baldwin et al. 1981), which shows the optical emission
line ratios of [N II]/Hα versus [O III]/Hβ , have been
widely used to identify AGN. Various studies based on
Sloan Digital Sky Survey (SDSS) data indicate that AGN
and star-forming galaxies form distinct sequences on the
BPT diagram with some overlap (e.g. Kauffmann et al.
2003; Kewley et al. 2006; Kauffmann & Heckman 2009,
for a recent review see Heckman & Best 2014). One of
the greatest advantages of this technique is that it can
identify less powerful AGN with low accretion rates that
might be obscured at other wavelengths.
Despite its advantages, there are various issues with

the BPT diagnostics. The narrow optical emission lines
can suffer from significant extinction due to the dust
in the galaxy. Also at higher redshifts it is more diffi-
cult to detect the required lines for the BPT diagram at
high signal-to-noise ratio (as the optical emission lines
shift to the near-IR wavelengths where the terrestrial
background is higher). With AGN and star formation
both being sources of optical emission lines, disentan-

gling the contributions from each of these phenomena
can be another challenge (e.g. Kauffmann & Heckman
2009; Wild et al. 2010; Tanaka 2012). Furthermore, us-
ing the BPT diagram at higher redshifts may require
re-calibration of the lines separating AGN from the star-
forming sequence (e.g. Coil et al. 2015; Shapley et al.
2015).
The selection biases in each identification method

indicate that using a single waveband cannot recover
the full population of AGN (e.g Hickox et al. 2009;
Juneau et al. 2011; Mendez et al. 2013; Trump et al.
2013; Goulding et al. 2014). Many studies have in-
vestigated properties of AGN host galaxies using
multi-wavelength data at low and moderate redshifts
(e.g Klesman & Sarajedini 2012; Mendez et al. 2013;
Goulding et al. 2014; Sartori et al. 2015). To obtain
a better understanding of the properties of AGN host
galaxies requires detailed information at z ∼ 1 − 3, the
epoch of peak of AGN activity; however, current samples
at these redshifts are relatively small.
Studying the host galaxies of AGN—revealing the

types of galaxies that tend to host AGN—can provide im-
portant insights into the physical mechanisms that trig-
ger AGN activity. Furthermore, we can assess whether
AGN appear to have an impact on the galaxies that
they live in, altering their properties compared to the
overall galaxy population. Numerous studies have in-
vestigated the position of AGN in the color-magnitude
diagram, as well as star formation activity, stellar mass,
stellar age or colors of AGN host galaxies at different
redshifts to investigate the impact of AGN activity on
their host galaxies (e.g. Kauffmann & Heckman 2009;
Schawinski et al. 2011; Aird et al. 2012; Rosario et al.
2013; Georgakakis et al. 2014a; Hernán-Caballero et al.
2014; Rosario et al. 2015). It is known that galaxies in
the optical color-magnitude diagram show a strong bi-
modal behavior and can generally be divided into two
populations: the blue cloud of star-forming galaxies and
the red sequence with mainly passive, quiescent galaxies
(e.g. Blanton et al. 2003; Bell et al. 2003; Baldry et al.
2004). Early studies found that the majority of AGN lie
on the red sequence (e.g Nandra et al. 2007; Hickox et al.
2009) and concluded that AGN feedback may be shut-
ting down star formation in their host galaxies. More re-
cent studies, however, highlight the importance of stellar-
mass dependent selection effects (e.g Silverman et al.
2009; Xue et al. 2010; Cardamone et al. 2010; Aird et al.
2012; Hainline et al. 2012). In fact, most of these stud-
ies find that in a sample with matched stellar mass host
galaxies, AGN are equally likely to be found in any host
population.
Using far-IR (FIR) and sub-mm measurements from

Herschel and ALMA, many recent studies find that
AGN predominantly live in star-forming galaxies (e.g.
Mullaney et al. 2012; Santini et al. 2012; Harrison et al.
2012; Rosario et al. 2013; Mullaney et al. 2015). How-
ever, Herschel observations are biased towards FIR
bright galaxies. Aird et al. (2012) and Azadi et al.
(2015) use samples of moderate luminosity AGN and stel-
lar mass complete galaxies from the PRIMUS redshift
survey to show that AGN reside in both the quiescent
and star-forming galaxy populations, although galaxies
that are forming stars are 2-3 times more likely to host
an AGN. While these studies find evidence of enhanced
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star formation activity in AGN hosts (compared to the
inactive galaxies with a similar mass distribution), un-
certainties in estimates of SFR (e.g. due to the depth
of the observations, the effects of dust reddening, or cor-
rections for AGN contamination), as well as the various
selection biases inherent to AGN samples, limit our un-
derstanding of the connection between black hole growth
and the growth of galaxies, especially at high redshifts.
A number of studies have investigated whether there

is a correlation between the SFR and AGN activ-
ity in individual galaxies (see, e.g., Azadi et al. 2015,
and references therein). Tracking star formation ac-
tivity only in circumnuclear regions (r < 1kpc),
Diamond-Stanic & Rieke (2012) find evidence of a cor-
relation between the luminosity of nearby Seyferts and
their nuclear star formation and conclude that these pro-
cess are related in the very central regions of galaxies (see
also LaMassa et al. 2013). Tracking galaxy-wide star
formation, studies of moderate luminosity AGN typically
find no significant correlation between SFR and AGN
activity (e.g. Rosario et al. 2012; Mullaney et al. 2012;
Stanley et al. 2015; Azadi et al. 2015), while studies of
the most luminous AGN find a positive trend that could
be driven by major mergers (e.g. Rosario et al. 2012;
Dai et al. 2015; Bernhard et al. 2016). However, rapid
variability in the AGN luminosity can result in scat-
ter, consequently washing out the intrinsic correlation
between AGN luminosity and SFR. Therefore consider-
ing the average AGN luminosity for samples of galaxies
of a fixed SFR, instead of the luminosities of individual
AGN, may be more appropriate for exploring the rela-
tionships between AGN activity and star formation (e.g.
Hickox et al. 2014). In fact, studies investigating average
AGN luminosity in bins of SFR find a positive correla-
tion between AGN luminosity and SFR (e.g. Chen et al.
2013; Azadi et al. 2015; Dai et al. 2015).
Due to the reliability of X-ray AGN identification,

the majority of the studies discussed above use only
X-ray imaging to identify AGN and subsequently as-
sess the properties of their host galaxies using multi-
wavelength data. As noted above, MIR imaging and
optical rest-frame spectroscopy can also identify AGN
that may be obscured at other wavelengths. Optical
spectra in particular can also provide detailed informa-
tion about the gas, dust and stellar populations of the
AGN host galaxies. Until recently such detailed infor-
mation has been only available at low redshifts, but with
the advent of multi-object near-infrared (NIR) spectro-
graphs such as KMOS (Sharples et al. 2013) and MOS-
FIRE (McLean et al. 2012), this information can be ob-
tained at high redshift as well (e.g. Trump et al. 2013;
Genzel et al. 2014; Coil et al. 2015; Harrison et al. 2016).
In this paper we use rest-frame optical spectra from

the MOSFIRE Deep Evolution Field (MOSDEF) sur-
vey (Kriek et al. 2015) taken with the MOSFIRE multi-
object NIR spectrograph on the Keck I telescope to in-
vestigate AGN identification at multiple wavelengths and
their host galaxy properties at z ∼1.37 – 3.80. Consid-
ering data from the first season of the MOSDEF sur-
vey, Coil et al. (2015) found that while the BPT diagram
works well for identifying optical AGN at z ∼ 2, it can-
not provide a complete sample of AGN, as it suffers from
biases against low mass and/or high specific star forma-
tion rate (sSFR) host galaxies. In this paper, with a

larger dataset from the first two years of the MOSDEF
survey, we identify optical AGN using the BPT diagram
and use additional AGN samples selected a priori based
on X-ray and IR imaging data to investigate the selection
biases from each identification method. We explore the
host galaxy properties of these AGN and investigate the
relation between star formation and AGN luminosity in
our sample at the epoch of the peak of both AGN and
galaxy growth.
The outline of the paper is as follows: in Section 2 we

describe the X-ray and IR data used to identify AGN
in MOSDEF, along with the method used for measuring
the optical emission line ratios that is used for identifying
optical AGN. In this section we also provide information
about stellar mass and SFR estimates in our sample. In
Section 3 we present our results on the AGN host galaxy
properties and the relation between AGN activity and
SFR at z ∼ 2. In Section 4 we discuss our results, and we
conclude in Section 5. Throughout the paper we adopt a
flat cosmology with ΩΛ =0.7 and H0=72 km s−1Mpc−1.

2. SAMPLE AND MEASUREMENTS

In this study, we use multi-wavelength data from the
MOSDEF survey to investigate AGN host galaxy proper-
ties at z ∼ 2. We use X-ray imaging data from Chandra,
IR imaging data from Spitzer-IRAC, and rest-frame op-
tical spectra obtained with the MOSFIRE spectrograph
at Keck Observatory to identify AGN. We describe these
datasets below, as well as our methods for fitting the
optical emission lines in our spectra and for estimating
stellar masses and SFRs of AGN host galaxies by fitting
their SEDs.

2.1. The MOSDEF Survey

In this study, we use spectroscopic data from the MOS-
DEF survey (Kriek et al. 2015). This survey uses the
MOSFIRE spectrograph (McLean et al. 2012) on the
10 m Keck I telescope. MOSFIRE provides wavelength
coverage from 0.97 to 2.40 µm with a spectral resolution
of R = 3400, 3300, 3650, and 3600 respectively in the
Y, J, H, and K bands. MOSDEF observations cover a
total area of 500 arcmin2 in three extragalactic fields:
COSMOS, GOODS-N, and EGS from the CANDELS
survey (Grogin et al. 2011; Koekemoer et al. 2011) in ar-
eas with 3D-Hubble Space Telescope (HST ) grism survey
(Brammer et al. 2012) coverage. Along with HST imag-
ing, there is extensive multi-wavelength ancillary data
from other telescopes including Chandra, Spitzer and
Herschel for MOSDEF targets. In this paper we use
data from the first two years of the survey. During this
time observations were also taken in the GOODS-S and
UDS fields, in addition to the main survey fields above,
and these data are included here.
MOSDEF targets span a wide range of redshift from

1.37 < z < 3.80 and when completed, the survey will in-
clude ∼1500 galaxies and AGN. The targets are chosen
from three distinct redshift intervals (1.37 < z < 1.70,
2.09 < z < 2.61 and 2.95 < z < 3.80) to ensure that
the rest-frame optical emission lines fall within windows
of atmospheric transmission. Sources in MOSDEF are
targeted down to limiting HST /WFC3 F160W magni-
tudes of 24.0, 24.5, and 25.0, respectively, at z ∼ 1.5,
2.3, and 3.4 using the 3D-HST photometric catalogs
(Skelton et al. 2014). Target priorities in MOSDEF are
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determined by their brightness and redshift information,
with brighter sources and those with more secure prior
redshift determinations given higher weights. AGN iden-
tified in advance via X-ray or IR imaging are also given
higher targeting weights. In data from the first two years
of the MOSDEF survey, which we use here, we identify
482 galaxies and 55 AGN. Detailed information about
the MOSDEF AGN sample is provided below. The full
details of the survey, data reduction and analysis are pre-
sented in Kriek et al. (2015).

2.2. X-ray AGN Selection

The X-ray AGN in our sample were identified prior
to MOSDEF targeting using the Chandra imaging in
our fields, which had a depth of 4 Ms in GOODS-S, 2
Ms in GOODS-N, 800 ks in EGS and 160 ks in COS-
MOS (at the time of MOSDEF target selection). We use
catalogs generated in a consistent manner as described
by Laird et al. (2009) and Nandra et al. (2015) (see also
Georgakakis et al. 2014b; Aird et al. 2015). Our adopted
Poisson false probability detection threshold (< 4×10−6)
corresponds to reaching hard band flux (f2−10 keV) lim-
its (over >10% of the area) of 1.6 × 10−16, 2.8× 10−16,
5.0× 10−16 and 1.8× 10−15 in the GOODS-S, GOODS-
N, EGS and COSMOS fields, respectively (although we
note that the depths of the Chandra imaging varies sub-
stantially within a field).
We use the likelihood ratio technique to identify

reliable optical, NIR and IRAC counterparts to the
X-ray sources (as described in Aird et al. 2015; see
also Sutherland & Saunders 1992; Ciliegi et al. 2003;
Brusa et al. 2007; Laird et al. 2009). For sources with
multiple counterparts, we choose the match with the
highest likelihood ratio. Finally, we match our catalog
of X-ray counterparts to the 3D-HST catalogs used for
MOSDEF targeting and find the closest 3D-HST match
within 1′′.
For our X-ray AGN, we estimate the rest-frame 2–10

keV X-ray luminosities based on the hard (2–7 keV) ob-
served flux or, if the source is not detected in the hard
band, the soft (0.5-2 keV) observed flux. We assume a
simple power-law spectrum including only Galactic ab-
sorption with a photon index of Γ = 1.9. We do not
correct our X-ray luminosities for intrinsic absorption ef-
fects (local to the AGN). At z ∼ 2.3, only about 10% of
the observed X-ray flux is suppressed at a column density
of 1023 cm−2. Therefore, our estimates of the X-ray lu-
minosity are accurate and larger absorption column den-
sities (NH > 1023 cm−2) are required to significantly
suppress the observed flux at z ∼ 2.
In total, there are 28 X-ray AGN in the current MOS-

DEF sample, 22 of which are detected in the hard band
with X-ray luminosities (LX(2−10 keV)) within the range

of 1043 to 1045 erg s−1. Given the relatively high X-
ray luminosities of these sources, we do not impose any
luminosity cut on the X-ray AGN sample.

2.3. IR AGN Selection

Using hard X-ray (2–10 keV) detections ensures that
our sample is not strongly biased against moderately ob-
scured (NH ∼ 1022−24 cm−2) AGN, however, hard X-
ray radiation cannot penetrate Compton-thick regions
with heavy obscuration (NH > 1024 cm−2). In heav-
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Figure 1. IRAC color-color space for MOSDEF sources, where
criteria from Donley et al. (2012) defined in equations 2 to 4 in the
text are shown in green. The gray points show MOSDEF galaxies,
and the blue diamonds are X-ray AGN identified in section 2.2.
The red points show the sources that fall inside the Donley-defined
wedge and therefore are selected as IR AGN.

ily obscured AGN, the high energy nuclear emission is
absorbed and reprocessed by dust near the AGN and re-
radiated at MIR wavelengths. This re-radiated emission
from dust results in MIR imaging also being useful in
identifying AGN.
Several MIR AGN selection techniques have been

proposed using data from the IRAC (Fazio et al.
2004) on the Spitzer space telescope (e.g. Lacy et al.
2004; Stern et al. 2005; Alonso-Herrero et al. 2006;
Donley et al. 2008, 2012). Depending on the depth of the
data and the redshift of interest, some of these criteria
can suffer from contamination from star-forming galaxies
mis-identified as AGN. In starburst galaxies or galaxies
with older stellar populations and/or higher dust extinc-
tion the stellar bump can mimic the power-law emission
from AGN.
The Stern et al. (2005) criteria, which were empirically

derived from shallow, wide-area Spitzer data, have been
shown to be unreliable at various redshifts (z ∼ 1 and
z & 2.5) (e.g. Georgantopoulos et al. 2008; Donley et al.
2012; Mendez et al. 2013). Here, using IRAC fluxes from
v4.1 of the 3D-HST catalogs (Skelton et al. 2014), af-
ter removing X-ray AGN, we find that ∼10% of the full
MOSDEF sample falls within the Stern et al. (2005) se-
lection region (only ∼38% of these sources are IR AGN
using the Donley et al. 2012 criteria), indicating that
the Stern et al. (2005) selection may be contaminated
by star-forming galaxies at the redshift and depth of our
survey.
Donley et al. (2012) provide more reliable IR AGN

identification criteria, which are designed to limit the
contamination from star-forming galaxies, especially at
high redshift. The robustness of this selection technique
in identifying IR AGN from star-forming galaxies is con-
firmed by Mendez et al. (2013), using a large faint galaxy
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sample at intermediate redshifts. In the Donley et al.
(2012) selection criteria, objects are required to be de-
tected in all four IRAC bands and satisfy the following
criteria in IRAC color-color space:

x = log10

(

f5.8µm
f3.6µm

)

, y = log10

(

f8.0µm
f4.5µm

)

(1)

x ≥ 0.08 and y ≥ 0.15 and (2)

y ≥ (1.21× x) − 0.27 and (3)

y ≤ (1.21× x) + 0.27 and (4)

f4.5µm > f3.6µm and (5)

f5.8µm > f4.5µm and (6)

f8.0µm > f5.8µm (7)

In MOSDEF we identify IR AGN using these criteria,
with some slight modifications. In addition to the detec-
tion in all four IRAC bands, we set a flux limit in each
band that corresponds to a S/N respectively in channels
1 to 4 of 3, 3, 2.4, and 2.1 (see Mendez et al. 2013 for an
explanation of how these limits are derived).
Figure 1 shows the relevant IRAC color-color space of

log(f8.0µm/f4.5µm) versus log(f5.8µm/f3.6µm). The green
solid and dashed lines indicate the criteria defined in
equations 2 to 4, and enclose an area referred to as the
“Donley wedge.” The gray points are galaxies in the
MOSDEF sample and the blue diamonds are X-ray AGN
identified in section 2.2. The red points show the sources
that fall inside the Donley wedge and therefore are se-
lected as IR AGN. There is one red source above the
dashed line that satisfies all the above criteria except for
equation 4. The IRAC photometry for this source in-
dicates a sharp increase in the flux from channel 1 to
4, which is common only in IR AGN. Since none of the
galaxies in MOSDEF lie close to the dashed line, we re-
lax the upper bound on Donley wedge, showing it with
a dashed line in Figure 1 and including this red source
in our IR AGN sample. There are also three sources
inside the Donley wedge that satisfy all the above cri-
teria except for one of the equations 5, 6 or 7, which
require a strictly increasing, red power-law SED in the
IRAC bands. We relax these three criteria such that
any source consistent with an increasing red power-law
within the 1σ errors on the IRAC photometry is classified
as an IR AGN. We note that 32% of the X-ray AGN lie
inside the Donley wedge, which indicates that they are
identified as AGN based on both the X-ray and IRAC
imaging data. In total we identify 27 IR AGN in the
current MOSDEF sample, 9 of which are also detected
in X-rays.

2.4. Spectroscopic Data and Optical AGN Selection

The MOSDEF survey has obtained spectroscopic data
using the MOSFIRE spectrograph, which enables us to
detect emission lines at rest wavelengths of 3700–7000Å
for our sources. These data enable us to use optical di-
agnostics such as the BPT diagram (Baldwin et al. 1981;
Veilleux & Osterbrock 1987) to identify AGN that may
not be detectable with X-ray or IR imaging data. In this
section we describe the emission line fitting procedure we

Figure 2. A flowchart representing the logic of our Gaussian emis-
sion line fitting procedure: In each step we evaluate any change in
χ2 to establish whether the additional components results in an
improved fit (at the 99% confidence level). We first evaluate the
fit to [O III] to determine whether an additional outflow compo-
nent is required. We then evaluate whether the Hα fit requires a
broad component (also including an outflow component if required
by [O III] ). Lastly, we fit Hβ with the same components as Hα .

used for measuring the flux of each line, and the AGN
that are identified with optical diagnostics.

2.4.1. Optical Emission Line Flux Measurements

In order to use optical diagnostics to identify AGN in
our sample, we need to measure the Hβ , [O III] , Hα ,
and [N II] emission lines. We fit Gaussian functions to
the observed lines using the MPFIT nonlinear least-square
fitting function in IDL (Markwardt 2009), using the error
spectra to determine the errors on the fit. We simultane-
ously fit [O III] λ5008 with [O III] λ4960 , and Hα with
[N II] λ6550 and [N II] λ6585 . We fix the continuum to
be flat, with no slope, and allow up to 0.15% freedom
to the centroid of the expected narrow and broad lines
wavelength. We require the same physical component
(i.e., narrow line, broad line) to have the same FWHM
and velocity offset in each line, as determined from the
line with the highest S/N. We fix the spacing between
the [O III] λ4960 and [O III] λ5008 forbidden lines and
fix their relative normalizations to a ratio of 1:3 (as well
as for the [N II] λ6550 and [N II] λ6585 lines). For each
source we consider four different models for the emission
line profiles, with various components, as described be-
low.
In model 1, we fit each line with a single Gaussian func-

tion with the same centroid velocity and FWHM which
is required to be <2000 km s−1, representing the nar-
row emission line component. In model 2, we fit each
line with a narrow Gaussian component and addition-
ally for Hβ and Hα include a broad Gaussian component
(FWHM >2000 km s−1) representing emission from the
AGN broad-line region. In model 3, we fit each line with
two Gaussian components, one narrow line component
as above and a second component with a FWHM <2000
km s−1 and a negative velocity offset (−500 < v < 0 km
s−1) relative to the narrow line component, representing
an outflow that could be driven by an AGN (Leung et al.
2016 in preparation). The FWHM and centroid velocity
of the outflow component is fixed to be identical for all
of the emission lines. In model 4, we fit each line with
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Figure 3. Examples of MOSDEF spectra and the multiple-component fitting procedure for four AGN in our sample (the IDs are from
v4.1 of the 3D-HST catalogs). The overall fit is shown in blue, while the individual Gaussian components are shown in different colors:
red for the narrow component, green for an outflow, and cyan for a broad component. The error spectra are shown with dotted green
lines, while vertical dotted gray lines show the rest frame wavelength of the emission lines we fit. The top row shows an AGN where only
a narrow Gaussian component is required to all of the lines. The second row shows an AGN that requires an additional broad component
to Hβ and Hα . The third row shows an AGN with a clear outflow component, detected in the [O III] and Hα lines. The fourth row shows
an AGN that requires both an outflow component (seen in [O III] λ5008 ) and a broad component. Sources that have a broad Hα and/or
Hβ component with the S/N > 3 are excluded from our analysis in Section 3, as we can not reliably probe their host galaxy properties.

narrow and outflow components, and additionally allow
for a broad component with an identical FWHM (>2000
km s−1) to the Hβ and Hα lines.
In each model we evaluate any change in reduced χ2

to establish whether the additional components result in
an improved fit at confidence level of 99%. Figure 2 is a
flowchart that shows the order of our fitting procedure.
We first evaluate the reduced χ2 from model 1 to model

3 for the [O III] line to see if the additional outflow com-
ponent has improved the fit. If so, we then evaluate the
Hα fit from model 3 to 4 to see if an additional broad
component improves the fit. If the [O III] line is well
fit with only a narrow component, we then compare the
Hα fit in model 1 with model 2 to see whether the addi-
tional broad component improves the fit.
To find the minimum width of the Gaussian compo-
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Figure 4. The BPT diagram for MOSDEF AGN and galaxies. Left: Pink circles show AGN identified with X-ray and/or IR imaging,
with arrows showing 3σ limits for AGN for which all four relevant optical emission lines are not detected in MOSDEF. Dark blue triangles
show MOSDEF galaxies (with > 3σ detections of all four relevant optical emission lines). The contours and grayscale show the location
of SDSS sources in this plane. The cyan line is the empirical criteria from Kauffmann et al. (2003) that indicates the division between
star-forming galaxies and AGN in SDSS. The dark green line is the theoretical prediction from Kewley et al. (2013) of the maximum line
ratios expected for starburst galaxies, in the absence of an AGN. The magenta line is the theoretical prediction for identifying AGN by
Meléndez et al. (2014). Here we use this line to identify optical AGN in MOSDEF, as this line most cleanly separates known X-ray and/or
IR AGN from galaxies in our sample. Right: Similar to the left panel but here MOSDEF AGN are shown using different colors that indicate
the wavelength used to identify them as AGN. X-ray AGN are shown in blue, IR AGN are shown in red, and optical AGN (identified as
lying above the Meléndez et al. (2014) line) are shown in green. The AGN that are identified using more than one wavelength method are
shown with multiple colors. The MOSDEF galaxies with > 3σ detections of all four of the necessary emission lines are shown in gray.

nents, we identify sky lines in each wavelength filter for
each source, fit them with a single Gaussian component,
and use their average width as the minimum width of
the narrow line fits. This sets the minimum width for
the velocity dispersion of 2.5 Å in the observed H band
and 3.5 Å in the observed K band, which at z ∼ 2.3
corresponds to ∼ 45 km s−1 and ∼ 48 km s−1 respec-
tively in H and K bands. The minimum width for the
broad Gaussian component is set by the upper limit on
the FWHM (< 2000 km s−1) of the narrow lines.
Figure 3 illustrates examples of MOSDEF spectra for

four different AGN in our sample, with the best fit result
of our multiple-component fitting procedure. The overall
fit is shown in blue, and the individual components are
shown in different colors. The top panel shows an AGN
where a narrow Gaussian component is the best fit to all
the lines. The second panel shows an AGN with a narrow
component for all lines and an additional broad compo-
nent to Hβ and Hα . The third panel shows an AGN with
a significant outflow component for both the [O III] and
Hα lines, in addition to the narrow component. In the
last panel in addition to the outflow component (seen
in the [O III] λ5008 line), the Hα fit improves with an
underlying broad component.
In our spectral fits, we find that four AGN (identi-

fied at both X-ray and IR wavelengths) require a broad
Hα and/or Hβ component with the S/N > 3. Since we
can not reliably probe the host galaxy properties of these
AGN, we exclude them for the analysis in Section 3. We
keep these sources in our sample for the purpose of iden-
tifying optical AGN below in Section 2.4.2, but we do not
consider the contributions from the broad optical emis-
sion lines.
We note that for all sources where the best fit included

an outflow component, we visually inspected the HST
imaging to determine whether they might be merger can-
didates; in these cases the “outflow” component might
not be from an outflow, but from a merger event. We
identified six sources (ID = 28202, 26028, 22299, 16339,
9183, 3146 in v4.1 of 3D-HST ) with two potential nuclei
that indicate that the host galaxies of these AGN may be
undergoing merger events. Since it is not clear which of
the two components has the detected AGN, and since the
photometry of the two components will often be blended
for these sources, we exclude them from the analysis of
AGN spectral or host galaxy properties in this paper.
Of the 28 X-ray AGN in our sample, four are merger
candidates, while from the 27 IR AGN, two are merger
candidates.

2.4.2. Optical AGN Sample

We use the fluxes from our line fitting procedure to
measure the [N II]/Hα and [O III]/Hβ line ratios, re-
quired to place sources on the BPT diagram. We do not
include broad components in these fluxes. We correct the
flux of the narrow components of the Hβ and Hα lines
for underlying stellar absorption, using the best-fit SED
models to the multi-wavelength photometry (for more
details see Reddy et al. 2015). This correction results in
an average change of ∼ 0.01 and ∼ 0.06 dex respectively
in log([N II]/Hα) and log([O III]/Hβ) line ratios on the
BPT diagram and thus has a small effect on our sample.
Figure 4 shows the BPT diagram for MOSDEF AGN

and galaxies. In the left panel, AGN identified at either
X-ray or IR wavelengths are shown with pink circles; the
remaining MOSDEF sources (with > 3σ detections of
all four of the necessary emission lines) are shown with
blue triangles. We note that there are galaxies with < 3σ
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Figure 5. A Venn diagram showing the number of AGN in our
sample identified at different wavelengths; the full sample contains
55 AGN (and 482 galaxies). The overlapping regions show the
number of AGN selected at multiple wavelengths. This diagram
shows our detected AGN sample and is not corrected for observa-
tional biases such as the depth of the data at each wavelength.

detections that are not shown in this panel. For the X-ray
and IR selected AGN, since they are already identified as
AGN with reliable methods we require a significant (>
3σ) detection of at least one of the two lines required for
each ratio. If the other line is not significantly detected,
we use the 3σ limit on the flux to determine the limit on
the line ratio (indicated by the arrows in Figure 4). For
the 40 X-ray and/or IR detected AGN in our sample, we
are able to place 24 AGN on the BPT diagram (including
those with limits).
For comparison, we show the location of SDSS sources

with contours and grayscale in this panel. The cyan
line is the empirical demarcation from Kauffmann et al.
(2003) that shows the division between star-forming
galaxies and AGN in SDSS. The dark cyan line is the
theoretical prediction from Kewley et al. (2013) of the
maximum line ratios expected in starburst galaxies, in
the absence of an AGN. We also show in magenta the
theoretical prediction for the lowest line ratios allowed
by AGN of Meléndez et al. (2014).
Sources that lie between the Kauffmann et al. and

Kewley et al. lines are often referred as “composite”
sources, in that their line ratios can have contribu-
tions from both star formation and AGN activity. For
sources to the right of the Kewley et al. (2013) line, such
high line ratios can only be due to AGN activity (e.g.
Shapley et al. 2015). We note that the galaxies in our
sample lie above the main locus of star-forming galax-
ies in SDSS in log([O III]/Hβ) and/or log([N II]/Hα)
(by a median offset of ∼ 0.1 dex, see Coil et al. 2015;
Shapley et al. 2015). This offset has been seen in other
studies of high redshift galaxies (e.g. Yabe et al. 2012;
Masters et al. 2014; Newman et al. 2014; Steidel et al.
2014). Applying a luminosity limit to the SDSS sample
that is comparable to the limit for high redshift galaxies
reduces this offset somewhat (Juneau et al. 2014) but as
shown in Coil et al. (2015) the offset does not completely
disappear.
Figure 4 shows that the Kauffmann et al. (2003) line

may not be as reliable as a means of separating galaxy
and AGN populations at z ∼ 2 as at z ∼ 0. On the
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Figure 6. The redshift distribution for the 55 AGN and 482 galax-
ies in the MOSDEF sample. The distribution for each identification
technique is shown with a different color. AGN identified at multi-
ple wavelengths are counted in each distribution and can therefore
be represented multiple times in this figure.

other hand, using the Kewley et al. (2013) line, which
demarcates a pure sample of AGN, results in a highly
incomplete and restricted AGN sample. In fact, the ma-
jority of the X-ray or IR detected AGN in the MOSDEF
sample lie below the Kewley et al. (2013) line. As dis-
cussed in Coil et al. (2015), the Meléndez et al. (2014)
line can be used to more reliably separate galaxies and
AGN in MOSDEF. The left panel of Figure 4 shows that
the vast majority of the X-ray and IR detected AGN in
our sample lie above this line, while the majority of the
other MOSDEF sources lie below this line. Therefore in
this study we identify all sources with line ratios that are
above this line as optical AGN.
The right panel of Figure 4 shows the BPT diagram

for MOSDEF sources, using the above classification of
AGN at different wavelengths. For AGN that are iden-
tified using multiple wavelengths, we use multiple col-
ors based on their identification methods. MOSDEF
galaxies with at least 3σ detections in all four lines
are shown with gray triangles. We emphasize that in
addition to the four sources above the Meléndez et al.
(2014) line in the left panel of Figure 4 which we iden-
tify as optical-only AGN, there are 11 sources with 3σ
detections in both Hα and [N II] λ6585 without reliable
Hβ and [O III] λ5008 detections. We also classify these
sources as optical AGN due to their high log([N II]/Hα),
which is greater than -0.3.
Using a UV-selected galaxy sample, Steidel et al.

(2014) find a larger offset for star-forming galaxies in
the BPT diagram, compared with local samples. Using
the Meléndez et al. (2014) line to identify optical AGN
in their sample would lead to a larger AGN fraction than
in the MOSDEF sample and may lead to more contami-
nation by star-forming galaxies in their sample. Instead,
a more strict criterion of log([N II]/Hα) > −0.3 could be
used. In the MOSDEF sample, however, using this cut
results in only four sources being removed from the opti-
cal AGN sample and therefore does not change any of our
conclusions. Since the Meléndez et al. (2014) line pro-
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vides the cleanest separation between known AGN and
galaxies in the MOSDEF sample, we use it here. We also
note that it is unlikely that the integrated light of many
of our sources to be dominated by shocks, which could
potentially also move sources above the Meléndez et al.
(2014) line.
For the sample used here, there are 40 X-ray and/or IR

AGN, of which 21 are also identified as optical AGN. In
addition, there are 15 sources classified as optical AGN
that are only identified as AGN through optical diagnos-
tics. In total, there are 55 AGN in the MOSDEF sample.
Figure 5 is a Venn diagram illustrating the number of
AGN identified at different wavelengths in our sample.
We use ellipses instead of circles in the Venn diagram, so
that the areas are proportional to the number of AGN
identified with each method.
Figure 6 illustrates the redshift distribution for AGN

and galaxies in our sample. Each color represents the
redshift distribution for a different identification tech-
nique, and as a single AGN can be detected at multi-
ple wavelengths it can contribute to more than one his-
togram in this figure. While our AGN span a wide range
of redshifts, they strongly peak at z ∼ 2, due to the MOS-
DEF target selection. We note that we cannot identify
optical AGN at z > 2.6, as at these redshifts the Hα and
[N II] λ6585 lines fall beyond the observed wavelength
coverage of our MOSFIRE spectra.

2.5. Stellar Mass and SFR Estimates

To measure the SFR and stellar mass of the AGN
host galaxies, we use SED fitting, which is a widely
adopted method for estimating physical properties of
galaxies. We use the FAST stellar population fitting code
(Kriek et al. 2009) with the multi-wavelength photom-
etry from 3D-HST (Skelton et al. 2014) and the MOS-
DEF spectroscopic redshifts. We adopt the Conroy et al.
(2009) Flexible Stellar Population Synthesis (FSPS)
models, along with a Chabrier (2003) stellar initial mass
function (IMF), the Calzetti et al. (2000) dust redden-
ing curve and use a fixed solar metallicity. We consider
delayed exponentially declining star formation histories,
Ψ ∝ t exp (−t

τ
), where t is the time since the onset of

star formation and τ is the characteristic star formation
timescale and is within the range of 0.1 < τ < 10 Gyr.
FAST searches over a grid of models and uses χ2 fitting
to determine the best fit solution (Kriek et al. 2009).
There is one AGN (identified at both X-ray and optical

wavelengths) in our sample that is not fully spatially cov-
ered by the CANDELS imaging in the COSMOS field,
such that the photometry is underestimated at the CAN-
DELS wavelengths; therefore we do not include this AGN
when presenting results from SED fits in this paper.
Light from the AGN may contribute to the observed

SED, particularly at UV and IR wavelengths, which can
impact our estimates of the SFR and stellar mass of the
host galaxy. The Wien tail of the blackbody radiation
from dust grains near the SMBH can be fit with a red
power-law at mid-IR wavelengths. Therefore, to take
into account any possible contribution from the AGN,
we subtract power-laws with varying slopes and normal-
izations in both the UV and mid-IR from the observed
photometry and re-run FAST on the remaining flux. We
then choose the fit with the lowest reduced χ2 as the
best fit across all of the possible inputs (including no
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Figure 7. The observed photometry (dark blue) and power-law
subtracted photometry (light blue) for two AGN in the MOSDEF
sample. The green line shows the power-law subtracted from the
original photometry at rest-frame wavelengths < 1 µm, and the red
line shows the power-law subtracted from the original photometry
at rest-frame wavelengths > 1 µm. The top panel shows an X-
ray and IR AGN, where subtracting a blue power-law at UV and
optical wavelengths and a red power-law at MIR wavelength results
is a reduced χ2 smaller than the fit to the original photometry.
The bottom panel shows an IR AGN where the best fit requires
subtracting only a red power-law, as shown.

power-law subtraction, i.e., all galaxy light).
To create the grid of power-law SEDs to subtract, for

both UV and mid-IR wavelengths, we allow the normal-
ization to vary from 0 to 100 % in terms of the observed
flux in the U and IRAC channel 3 (5.8 µm) bands. We
assume power-laws of the form Fν ∝ να, where we allow
α to range from 0 to 0.5 for the UV and -5 to -0.5 in the
mid-IR. We note that Ivezić et al. (2002) considered a
wider range of the optical spectral indices, −2 ≤ α ≤ 0.5,
based on the quasars in SDSS sample, but we consider
a more limited range as the AGN in our sample are all
lower luminosity and are type 2 AGN that are not ex-
pected to be dominated by the AGN component in the
optical. We subtract the blue power-law from the pho-
tometry at rest-frame wavelengths < 1 µm.
For subtracting the red power-law corresponding to

AGN contribution at mid-IR wavelengths, we initially
considered slopes within the range of -3 to -0.5, following
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Donley et al. (2012). However, we found that a redder
slope was often needed to describe the observed slope of
the SED for the two reddest IRAC channels (3 and 4)
and thus adjusted our limits to allow for slopes as red as
αIR > −5. We subtract the IR power-laws from the pho-
tometry at rest-frame wavelengths > 1 µm to avoid any
unnecessary subtraction from other bands. The power-
law subtraction allows us to correct for any possible con-
tamination from AGN in our SED-derived host galaxy
properties.
Figure 7 shows two examples of the original 3D-HST

photometry and the power-law subtracted photometry
for an AGN identified at both X-ray and IR wavelengths
(top panel) and an IR-only AGN (bottom panel). The
green line shows the power-law subtracted from the origi-
nal photometry at rest-frame wavelengths < 1 µm, while
the red line shows the power-law subtracted from the
original photometry at rest-frame wavelengths > 1 µm.
In the top panel, subtracting the blue power-law at UV
and optical wavelengths and the red power-law at MIR
wavelengths results in a better fit. For the IR AGN in
the bottom panel subtracting only a red power-law at
MIR wavelengths results in a better fit.
Using this method leads to a more robust esti-

mate of SFR and stellar mass for AGN host galaxies.
Santini et al. (2012) find that for type 2 AGN, stellar
mass estimates derived from pure stellar templates are
within a factor of two of the estimates derived including
both stellar and AGN templates (with a mean difference
of zero). Subtracting the AGN contribution from the
original photometry as we do here leads to a 0.13 dex
decrease in the average SFR and an 0.03 dex (in loga-
rithmic space) decrease in the average stellar mass of the
AGN in our sample.
Here we run the FAST code without using the so-

called template error function, which can be used to ac-
count for any wavelength-dependent mismatch between
the observed photometry of sources and the templates
used (Brammer et al. 2008; Kriek et al. 2009, 2015). We
find that the SFRs and stellar masses estimated from
FAST without the template error function after subtract-
ing power-laws are consistent with those derived from the
original photometry using the template error function;
this indicates our method for estimating SFR and stellar
mass is robust.

2.6. [O III] Luminosity as a Proxy of AGN Activity

The [O III] emission line traces photoionized gas clouds
in the narrow line region of AGN and is a good proxy for
measuring nuclear activity (e.g. Kauffmann et al. 2003;
Heckman et al. 2005). However, star formation (SF) ac-
tivity can also produce a narrow [O III] emission line,
which can contaminate the signal from the AGN. At
low redshifts, studies have used different methods to at-
tempt to disentangle AGN and SF contributions to the
[O III] emission line (e.g. Kauffmann & Heckman 2009;
Wild et al. 2010; Tanaka 2012). In this section we inves-
tigate whether these methods are applicable to higher
redshift samples and estimate the contribution from SF
to [O III] luminosity in our sample.
Kauffmann & Heckman (2009) and Wild et al. (2010)

use empirical techniques to estimate the contribution of
SF to L[OIII] by measuring the distance of each source in
the BPT diagram from the main locus of star formation.
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Figure 8. Histograms of the distance (in both [N II]/Hα and
[O III]/Hβ ) of each AGN population in the BPT diagram from
the modified version of Kauffmann et al. (2003) line (see text for
details). The top x axis indicates the fractional star formation con-
tribution to L[OIII] , according to Kauffmann & Heckman (2009).
The median distance of our AGN sample is 0.17 dex which cor-
responds to a fractional contamination of ∼33%. The purple line
roughly shows the distance of the Kewley et al. (2013) line, above
which the contamination is less than 20%.

Kauffmann & Heckman (2009) find that the contribution
to L[OIII] from SF varies from ∼50% for sources on the
Kauffmann et al. line to ∼10% for sources above the
Kewley et al line.
Alternatively, Tanaka (2012) use SED fitting to esti-

mate the SFR for SDSS sources, and then convert this
to an Hα luminosity using the Kennicutt (1998) relation,
with an additional power-law as an extinction factor es-
timated at the Hα wavelength. They then fit a relation-
ship to the observed ratio of [O III]/Hα with stellar mass
and estimate L[OIII] from star formation for individual
sources.
However, in our sample at z ∼ 2, estimating the SF

contribution to [O III] is more challenging, as we do
not always have high S/N spectroscopic measurements
of all of the relevant emission lines for all of our AGN.
Initially, we investigated the level of SF contamination
for AGN in the BPT diagram, using the method of
Kauffmann & Heckman (2009). Out of the 55 AGN in
our sample, 31 have sufficient S/N to place them in the
BPT diagram, though one of the two line ratios may be
a limit. For these sources, we measure the distance of
each AGN from the Kauffmann et al. line. However, we
first shift the Kauffmann et al. line ∼ 0.1 dex higher
in log([O III]/Hβ) to account for the overall offset of
the MOSDEF galaxy sample compared to SF galaxies
in SDSS (see Figure 4 and Section 2.4.2 above); though
we note that this shift could be along log([N II]/Hα) as
well (see Shapley et al. 2015; Sanders et al. 2016). Fig-
ure 8 shows the histogram of the distance of each AGN
on the BPT diagram in our sample from this modified
Kauffmann et al. line.
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Figure 9. Left:L[OIII] versus LX(2−10 keV) for X-ray (blue) and optical (green) AGN. The arrows shows an upper limit on LX(2−10 keV) for

sources without X-ray detection. The solid light blue line shows the average log(LX/L[OIII]) (1.40 dex, with 0.44 dex standard deviation)

for X-ray AGN in MOSDEF while the dotted blue line shows the ratio (1.73 dex, with 0.41 dex standard deviation) for a sample of
X-ray selected AGN in Heckman et al. (2005). Right: The distribution of log(LX/L[OIII]) for X-ray AGN and optically selected AGN in

MOSDEF. The solid green histogram indicates log(LX/L[OIII]) for the optically selected AGN with X-ray identification, and the hashed
histogram includes X-ray limits as well.

For the AGN that we can show on the BPT diagram,
we find a median distance of 0.17 dex from the modified
Kauffmann et al. line. This median point (log([N II]/Hα)
= -0.39, log([O III]/Hβ) = 0.36) lies in the Seyfert region
of the BPT diagram, so we use the relevant trajectory
from Kauffmann & Heckman (2009) to find the contri-
bution of SF to the [O III] emission. The top x axis in
Figure 8 shows the fractional star formation contribu-
tion to L[OIII] . The median contribution for our AGN is
∼33%. The purple line in Figure 8 roughly shows the dis-
tance of the Kewley et al. (2013) line. This indicates that
AGN above the Kewley et al. (2013) line should have a
fractional SF contamination of less than 20%.
We also estimate the median SF contamination to

L[OIII] using the method of Tanaka (2012), as described
above and find a median contamination of 30%. How-
ever, using this method we find a prohibitively large scat-
ter which unfortunately indicates that we cannot use this
method to apply a correction for SF on a source by source
basis.
Here, we use L[OIII] as a proxy of AGN activity as the

majority of the [O III] flux is from the AGN (both meth-
ods described above estimate a ∼ 32% contribution from
SF activity). Additionally, almost all of the AGN in our
sample lie in the AGN region of the BPT diagram (for
optical AGN this is by definition), which indicates their
emission lines are dominated by AGN radiation rather
than SF. We do not correct L[OIII] for SF contamination
here, as we cannot apply the Kauffmann & Heckman
(2009) method since it requires reliable detections for
each emission line, and using the Tanaka (2012) method
results in a substantial additional scatter. As we dis-
cuss below in Section 3, any trends that we find with
L[OIII] are also confirmed with LX in our X-ray detected
sample, such that none of our results should be substan-
tially impacted by SF contamination to [O III] .

3. RESULTS

In this section we consider AGN identification at dif-
ferent wavelengths and investigate AGN selection biases

and host galaxy properties for different identification
techniques. We first compare the luminosities of AGN
selected at X-ray versus optical wavelengths. We then
compare AGN host galaxy properties, such as SFR, dust
content and stellar age, to a sample of inactive galaxies
with the same distribution of stellar mass as the AGN
host galaxies. Finally, we investigate the relationship
between AGN activity and SFR in individual AGN host
galaxies at z ∼ 2. We emphasize that for any analy-
sis with [O III] measurements we restrict our sample to
sources with > 3σ [O III] λ5008 detections, which in-
cludes 34 AGN and 374 galaxies.

3.1. The Relationship between X-ray and Optical
Emission

In this section, we address whether we can recover
AGN that are absorbed at X-ray wavelengths by com-
paring LX and L[OIII] measurements for our samples of
X-ray and optical AGN.
The [O III] λ5008 line, as one of the strongest narrow

optical emission lines, provides a robust tracer of AGN
power and (at least at lower redshifts) is less contam-
inated by emission due to star formation activity than
the Hα line (e.g. Heckman et al. 2004; Brinchmann et al.
2004). The hard band X-ray emission is also a robust es-
timator of AGN power and can penetrate regions with
low to moderate hydrogen column densities. However,
X-ray emission will be suppressed in Compton thick or
highly obscured AGN. Low luminosity AGN may also be
missed due to the flux limit of the X-ray data especially
towards the edges of the X-ray pointings.
In Figure 9 (left panel) we show L[OIII] versus

LX(2−10 keV) for X-ray (blue circles) and optically se-
lected (green circles) AGN in MOSDEF. For the op-
tical AGN that do not have X-ray detections in the
hard band, we use the upper limits on LX(2−10 keV) (at
95% confidence level). Here we consider only AGN with
significant [O III] λ5008 detections.6 The blue solid

6 The [O III] line for sources not shown in this figure is not
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line shows the average log(LX/L[OIII]) for X-ray AGN
in MOSDEF. The dotted line shows the measurement of
log(LX/L[OIII]) for an X-ray selected sample at z < 0.2
by Heckman et al. (2005).
We note that the AGN [O III] λ5008 luminosity in our

sample is corrected for dust reddening. To determine the
correction factor, we calculate the color excess from the
Balmer decrement and combine this with the value of the
MOSDEF dust attenuation curve at 5008 Å(Reddy et al.
2015). This correction results in an average increase of ∼
0.17 dex in [O III] luminosity for the AGN in our sample.
The [O III] luminosities from Heckman et al. (2005) are
not corrected for dust reddening. We also note that the
X-ray selected AGN in the Heckman et al. (2005) sample
are detected in the 3–20 keV hard X-ray band, and we
converted their luminosity to LX(2−10 keV) assuming Γ
=1.9.
In the right panel of Figure 9 we show the distributions

of log(LX/L[OIII]) for X-ray and optical AGN samples.
For the X-ray selected AGN in MOSDEF, the average
log(LX/L[OIII]) is 1.40 dex (with a standard deviation
of 0.44 dex). This measurement is consistent with the
average ratio in Heckman et al. (2005) (1.73 dex with
a standard deviation of 0.41 dex), considering the un-
certainties and the lack of the reddening correction in
Heckman et al. (2005). Trouille & Barger (2010) with a
larger sample of X-ray selected AGN at z < 0.85 also
find a similar average log(LX/L[OIII]) (1.46 dex, with 0.6
dex standard deviation), and indicate that the fraction
of X-ray AGN that are not identified in optical diagnos-
tics varies between 20-50% depending on the line used
for classifying optical AGN (Kauffmann et al. 2003 ver-
sus Kewley et al. 2001). Trouille & Barger (2010) argue
that this misidentification could be due to the complex-
ity of the structure of the narrow-line region, which could
result in escape of many of the ionizing photons, and
therefore lower L[OIII] in some sources.

Considering a sample of optically selected AGN,7

Heckman et al. (2005) find a large scatter in
log(LX/L[OIII]) and identify a population of type 2 AGN
that are bright at [O III] λ5008 but under-luminous in
X-ray. As shown in Figure 9, in MOSDEF we only
identify two AGN with low log(LX/L[OIII]) indicating
the X-ray emission is heavily obscured.
The bulk of optically selected AGN in our sample have

a similar log(LX/L[OIII]) to the X-ray selected sample.
The majority of optically selected AGN with limits on
LX still follow the overall log(LX/L[OIII]) trend and are
consistent with being intrinsically lower luminosity AGN.
Thus at z ∼ 2 the optical selection method is effective
at identifying lower luminosity AGN that may be missed
by X-ray surveys due to the limited (and variable) depth
of the X-ray data. However, deeper X-ray data could
reveal that these sources are under-luminous at X-ray
wavelengths and thus are candidate obscured AGN.
Overall, we find that the relationship between LX and

necessarily low flux; in many cases it is simply impacted by a sky
line. We also note that even if we do not detect [O III] for a given
source, we can still in some cases optically identify it as an AGN,
if it has a high [NII]/Hα ratio.

7 We note that the optical AGN in Heckman et al. (2005) are
selected based on an [O III] λ5008 flux limit rather than the BPT
diagram.

L[OIII] in our sample at z ∼ 2 is consistent with that
of the Heckman et al. (2005) local X-ray AGN sample.
However, only ∼50% of our optically selected AGN are
detected at X-ray wavelengths (see also Figure 5). In
part, this is due to the fact that the X-ray data does not
have uniform depth across our fields, unlike the more uni-
form [O III] sensitivity in the MOSDEF spectra. Thus,
at these redshifts, optical selection may be more effective
at identifying AGN, especially lower luminosity sources,
but does not obviously identify significant populations of
heavily absorbed AGN. We also find that ∼75% of the
X-ray AGN are selected at optical wavelength, indicat-
ing that optical selection is relatively complete but can
miss some AGN that are found by X-ray surveys. This
is mainly due to contamination of the optical spectra at
z ∼ 2 from the sky lines, as we discuss below in Section
4.1.

3.2. AGN Luminosities and Specific Accretion Rates

To further investigate the differences between AGN
samples identified at different wavelengths at z ∼ 2, in
Figure 10 we compare the distributions of AGN lumi-
nosities (left panels), host stellar masses (central pan-
els), and specific accretion rates (right panels) for our
samples of X-ray AGN (blue), IR AGN (red) and opti-
cal AGN (green). In the middle panels, we additionally
show the rescaled histogram of the stellar mass distribu-
tion of our entire galaxy and AGN sample that includes
531 sources in gray. In the top row of Figure 10, we
show only those sources with a significant [O III] flux in
the MOSDEF data (and thus measured L[OIII] ), which
results in a sample of 34 sources. In the bottom row of
Figure 10, we show only those sources with a significant
hard X-ray detection (and thus measured LX ), result-
ing in a sample of 16 sources (after excluding broad-line
AGN and sources with soft band detections only). As
noted above, a single source can be identified as an AGN
at X-ray, IR and optical wavelengths, therefore the same
object can be included in multiple distributions here. By
construction, all sources in the bottom panels are identi-
fied as X-ray AGN, whereas in the top panels we include
sources identified as X-ray and IR AGN where we are
able to measure L[OIII] but do not identify the source as
an AGN based on our BPT diagnostics.
The specific accretion rate (shown in the right panels

of Figure 10) traces the rate of SMBH growth relative to
the stellar mass of the host galaxy, providing an indica-
tor of how rapidly a galaxy is growing its black hole (see
Aird et al. 2012). By calculating specific accretion rates,
we can account for any differences in the stellar masses
of the host galaxies of AGN selected at different wave-
lengths, revealing differences in the types of AGN that
are selected with each method that may not be apparent
from the observed luminosities.
The specific accretion rate is calculated from either the

L[OIII] or LX and is given by

λband =
kbandLband

1.3× 1038 × 0.002
M∗

M⊙

(8)

where kband is the corresponding bolometric correc-
tion. We adopt a single bolometric correction at each
wavelength. At optical wavelengths we use a mean bolo-
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Figure 10. The observed luminosity (left), stellar mass (center), and specific accretion rates (right) distributions of X-ray (blue), IR (red),
and optical (green) AGN with significant [O III] detection in top row and significant hard X-ray detection in the bottom row. The median
values are given in each panel. AGN selected at all three wavelengths in our sample have very similar L[OIII] (and LX ) distributions (left

panels). In the middle panels the gray histograms indicate the stellar mass distributions of our entire sample (galaxies and AGN). The
stellar mass distributions clearly reflect the bias against AGN identification in low mass galaxies.

metric correction of 600 from Kauffmann & Heckman
(2009), which corresponds to the mean correction for
extinction-corrected [O III] λ5008 luminosity (see also
Netzer 2009; LaMassa et al. 2010). For sources with X-
ray detections we use a constant bolometric correction
of kX(2−10 keV) = 25. We also estimated the bolomet-
ric luminosity using the luminosity-dependent bolometric
corrections from Hopkins et al. (2007) and Lusso et al.
(2012) for type 2 AGN, but this does not alter the overall
trends seen in Figure 10 when using a single bolometric
correction. The denominator in the above equation is
chosen such that the units of λband approximately corre-
spond to the Eddington ratio (assuming a single scaling
between SMBH mass and total stellar mass).
For AGN with significant [O III] detections, the me-

dian statistical uncertainties on L[OIII] , stellar mass,
and λ[OIII] are 0.04 dex, 0.10 dex, and 0.12 dex, respec-
tively. For AGN with X-ray detections, the median un-
certainties on LX , stellar mass, and λX are 0.20 dex,
0.07 dex, and 0.23 dex. However, there may be addi-
tional uncertainties in λ[OIII] and λX from the bolomet-
ric corrections (which may depend on Eddington ratio,
see Vasudevan & Fabian 2007) that could result in larger
uncertainties.
We use a Kolmogorov–Smirnov (KS) test to compare

the distributions shown in Figure 10 for the different

AGN selections and assess if there are significant dif-
ferences (requiring a p-value < 0.05, corresponding to a
> 2σ equivalent confidence level). Based on our KS tests,
we find no evidence for significant differences in the dis-
tributions between any two samples, indicating that the
distributions of luminosities, host stellar masses and spe-
cific accretion rates for X-ray, IR, and optical AGN are all
statistically consistent with being drawn from the same
parent population.
However, the lack of significant differences could be

due to our relatively small sample sizes. In Figure 10
there are indications of differences in these distributions,
probed here for the first time at z ∼ 2, that appear
consistent with previously identified selection biases at
lower redshifts (e.g. z ∼ 0.1 − 1: Mendez et al. 2013).
In general, there is a bias against AGN identification in
relatively low mass galaxies. For IR selection there may
be an additional bias against the most massive galaxies
in our sample. IR selection appears to identify AGN
with, on average, lower stellar masses and higher specific
accretion rates i.e., sources where the light from the AGN
dominates over the host galaxy.
X-ray selection is able to probe low specific accretion

rates which may introduce a bias toward higher stellar
mass host galaxies (e.g. Aird et al. 2012, due to the X-ray
flux limits, low specific accretion rate sources will not be
identified in lower mass galaxies). Optical selection—
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Figure 11. Left: SFR versus stellar mass for the full MOSDEF galaxy sample (contours) and X-ray (blue), IR (red), and optically-
selected (green) AGN host galaxies. The purple line shows the relation from Shivaei et al. (2015) for the main sequence of star formation
of MOSDEF galaxies at z < 2.6. Compared to the full galaxy sample, AGN host galaxies span a similar range of SFR but a more limited
range of stellar mass. Right: The SFR/SFRMS distributions in a stellar mass-matched inactive galaxy sample (gray) compared to the
various AGN samples. The median SFR/SFRMS are given for each population. IR AGN appear to be biased towards higher SFR/SFRMS .
Based on the KS test, we find that the IR AGN have a different distribution of SFR/SFRMS (at the > 2σ equivalent confidence level)
compared to either the optical AGN (p = 0.004) or the X-ray AGN (p = 0.02) samples.

a key additional probe with our MOSDEF sample—
appears to identify AGN with similar properties to the
X-ray selected population i.e., down to low specific accre-
tion rates and generally in higher stellar mass galaxies.
Overall, our results show that with optical diagnostics

we are able to identify less powerful, low accretion rate
AGN that may not be identified at other wavelengths (ei-
ther due to obscuration or limited sensitivity). We also
find that IR AGN selection preferentially identifies pow-
erful AGN that are hosted in relatively lower mass galax-
ies, compared to optical and X-ray AGN selection. Each
of these identification methods at different wavelengths
are incomplete and suffer from selection biases, therefore
a combination of identification methods can provide a
more complete picture of AGN properties.

3.3. AGN Host Galaxy Properties

In this section we investigate the properties of the host
galaxies of our AGN samples in more detail and compare
with a sample of inactive galaxies from MOSDEF.
The MOSDEF galaxy sample spans a wide range in

both SFR (−1 . log( SFR
M⊙ yr−1 ) . 3) and stellar mass

(8 . log(M∗

M⊙
) . 12). From the data in the first two years

of the MOSDEF survey, we identify 481 galaxies with an
average stellar mass of ∼ 1010 M⊙. While the AGN host
galaxies span the full range of SFRs of the galaxy sample,
they span a more limited range in stellar mass (less than
2 orders of magnitude) with an average stellar mass of
1010.6 M⊙ for their host galaxies. The observational
bias against AGN identification (at any wavelength) in
low mass galaxies restricts our AGN sample to relatively
massive host galaxies (e.g. Aird et al. 2012).
Since stellar mass correlates with other physical prop-

erties such as metallicity, age, and SFR of the galaxy,
we construct a stellar mass-matched control sample of
inactive galaxies for comparative analysis with the AGN
host galaxies. To create this sample, we bin the AGN
host galaxies in narrow intervals of ∆ log( M∗

M⊙
) = 0.05

dex and select 50 inactive galaxies from the full galaxy
sample to create a sample with the same stellar mass
distribution as the AGN host galaxies.
In the left panel of Figure 11, we show the SFR ver-

sus stellar mass distributions of AGN (colored points) in
MOSDEF compared to the full galaxy sample (contours).
There is a well known, positive correlation between the
SFR and stellar mass of galaxies, known as the “main
sequence” of star formation (e.g., Elbaz et al. 2007;
Noeske et al. 2007; Karim et al. 2011; Whitaker et al.
2012; Shivaei et al. 2015). The purple line in this fig-
ure shows the relation for the main sequence of star for-
mation, based on SED fitting, for MOSDEF galaxies at
1.4 < z < 2.6 from Shivaei et al. (2015):

log(
SFR

M⊙ yr−1
) = (0.80±0.05)×log(

M∗

M⊙

)−(6.79±0.55)

(9)
Figure 11 shows that AGN exist in galaxies over the

full range of SFR probed by the MOSDEF sample. We
find that the majority of optical and X-ray AGN host
galaxies lie below the main sequence of star formation,
while IR AGN host galaxies are found both above and
below the main sequence.
In the right panel of Figure 11, we show the dis-

tribution of SFR/SFRMS which is the relative offset
of the SFR from the main sequence at the stellar
mass of the host galaxy. We additionally show the
SFR/SFRMS distribution for our mass-matched inactive
galaxy sample. The median SFR/SFRMS for each sam-
ple is given in the figure. The median statistical uncer-
tainty on log(SFR/SFRMS) for AGN is 0.23 dex and 0.34
dex for the mass-matched galaxies. A KS test shows that
the SFR/SFRMS distribution of the AGN host galaxies is
not significantly different from our stellar mass-matched
inactive galaxy sample. We further consider three con-
trol samples of inactive galaxies, each mass-matched with
AGN identified at each wavelength, and compare the
physical properties of individual AGN population with
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Figure 12. The rest-frame U-V versus V-J color diagram, where
contours shows mass-matched inactive galaxies and the blue, red,
and green circles show X-ray, IR, and optical AGN. The dot-
ted magenta line isolates quiescent galaxies using criteria from
Williams et al. (2009), while the dotted cyan line shows the de-
marcation from Kriek et al. (2015) for dividing dusty versus less
dusty star-forming galaxies. Considering the errors in Table 1, the
fraction of AGN in each part is not significantly different than their
mass-matched galaxies. Comparing the fraction of IR and optical
AGN indicates that a higher fraction of IR AGN are in less dusty
star-forming region (at 3.8σ significance) and a higher fraction of
optical AGN are in dusty star-forming region (at 4.2σ significance).

their mass-matched galaxies. We find that the distribu-
tion of SFR/SFRMS for each AGN sample is consistent
with their inactive mass-matched galaxies. Comparing
between the various AGN samples (using KS tests), we
find that the distributions of SFR/SFRMS of X-ray and
optical AGN are statistically consistent with each other.
However, we find the distribution of SFR/SFRMS for IR
AGN is different at (at the > 2σ equivalent confidence
level) compared to the optical AGN (p = 0.004) or the
X-ray AGN (p = 0.02) samples.
To further investigate the host galaxy properties, we

consider the rest-frame U–V versus V–J color diagram
(UVJ color). This diagram is commonly used to dis-
tinguish quiescent galaxies from star-forming galaxies
with different dust content (e.g Williams et al. 2009;
Whitaker et al. 2011; Muzzin et al. 2013). To estimate
rest-frame colors we use the EAzY code (Brammer et al.
2008) by interpolating between the observed photomet-
ric bands (see Kriek et al. 2015), with the AGN contribu-
tions subtracted. In Figure 12 we show our AGN (colored
points) in UVJ space, along with mass-matched MOS-
DEF galaxies (contours). The dotted magenta line in this
figure shows the region isolating the quiescent galaxies,
identified using criteria from Williams et al. (2009):

U − V > 1.3 (10)

U − V = 0.88× (V − J) + 0.69 (11)

V − J < 1.6 (12)

The cyan dotted line shows the demarcation from
Kriek et al. (2015) that divides star-forming galaxies into
those that are red and dusty from those that are blue and
less dusty.

Table 1
The fraction of AGN and, stellar mass-matched galaxies in

different parts of UVJ space

Region AGN
mass-matched
galaxies

quiescent 8% ± 4% 14% ± 4%

less dusty SF 39% ± 7% 49% ± 6%

dusty SF 53% ± 7% 37% ± 6%

Table 1 indicates the fraction of AGN in each region
of UVJ space, compared to the fractions of our mass-
matched galaxy sample that fall in each region. The
errors on the fractions are estimated from bootstrap re-
sampling. Given the errors, there is not a significant dif-
ference between the fractions of AGN and mass-matched
galaxies in different regions of UVJ space.
The location of galaxies in UVJ space depends sen-

sitively on stellar mass; in particular within the star-
forming population, dusty galaxies are more massive (e.g
Williams et al. 2010). Here, we find that AGN have
a similar distribution in UVJ space to a stellar mass-
matched inactive galaxy sample. Figure 12 also shows
that the majority of optical AGN (73%) and X-ray AGN
(72%) are identified in dusty star-forming galaxies, while
the majority of the IR AGN are identified in less dusty
star-forming galaxies (68%).
Considering the sensitivity of the UVJ diagram to stel-

lar mass, and the fact that each AGN population has
a different mass distribution, we compare the distribu-
tion of UVJ colors for each of our three AGN samples to
an appropriately mass-matched galaxy sample. For the
X-ray and IR AGN samples we find that their distribu-
tion in UVJ space is consistent with their corresponding
mass-matched galaxy sample, indicating that the higher
density of IR-AGN in the non-dusty star-forming region
in Figure 12 can be attributed to the lower stellar masses
(on average) of the hosts of IR-selected AGN. The frac-
tion of optical AGN in the dusty star-forming region is
higher than their mass matched galaxies (at 2.9σ signif-
icance), which we discuss below in Section 4.
In Figure 13 we compare the dust extinction and stel-

lar age derived from SED fitting (after subtracting the
AGN contribution) for AGN host galaxies with the mass-
matched inactive galaxies. We illustrate the distribu-
tions of visual extinction (AV ) (left panel) and stellar
age (middle panel) for AGN and mass-matched galaxies.
Additionally, we show the distributions of stellar age for
individual AGN populations in the right panel. The me-
dian values of each distribution are given in the figure.
The median statistical error on AV is 0.40 magnitudes
for the AGN and 0.30 magnitudes for the mass-matched
galaxies. The median error on log(stellar age) is 0.30 dex
for the AGN and 0.13 dex for the mass-matched galaxies.
The full (non mass-matched) MOSDEF galaxy sam-

ple has a median AV =0.5 magnitude and a median stel-
lar age of 108.6 yr, with distributions in AV and stellar
age that are significantly different from the AGN sample.
The median dust extinction and age are very similar in
AGN and mass-matched inactive galaxies populations,
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Figure 13. Left: The dust extinction (Av) distributions; Middle: The stellar age distribution for full MOSDEF AGN (purple) and
mass-matched galaxy samples (grey). The KS test shows that the AGN and mass-matched galaxy samples have statistically similar Av

and age distributions. The median values with the standard errors are given for each population. Right:The stellar age distribution in
each AGN population. IR AGN reside in galaxies with younger stellar population compared to the optical AGN host galaxies at > 2σ
significance (p = 0.02).

and KS tests show that the two populations do not have
statistically different distributions in either parameter.
The similarity of these distributions is not entirely unex-
pected, given that there are strong correlations between
stellar mass and both extinction and stellar age.
We note that stellar age estimation is sensitive to var-

ious parameters in SED fitting, in particular, the star
formation history models. However, the distribution of
τ (the characteristic star formation timescale) for the
MOSDEF AGN is not significantly different from the
distribution of τ for the mass-matched galaxies. We also
find a similar joint distribution in stellar age and dust
extinction between the AGN and mass-matched galax-
ies, in that galaxies with younger stellar populations are
dustier than galaxies with older stellar populations.
In the right panel of Figure 13 we show stellar age

distributions for the separate AGN populations in our
sample and find a median stellar age of ∼ 1.3 Gyr, 630
Myr and 1 Gyr, respectively, for X-ray, IR and optical
AGN. KS tests show a 2σ (p=0.02) significance level dif-
ference in their age distributions that is most likely due
to the stellar mass selection biases, with IR AGN being
identified in relatively lower mass galaxies, compared to
optical and X-ray AGN.
Overall, our results indicate that the distributions of

SFR, dust, and stellar age in AGN and mass-matched
inactive galaxies are very similar, and that the key pa-
rameter in finding these similar distributions is the stellar
mass of both populations. Stellar mass also plays an im-
portant role in AGN identification. While IR AGN are
biased against the most massive galaxies, we can identify
them in less dusty galaxies with younger stellar popula-
tion and relatively high star formation activity. In con-
trast, optical AGN are identified in dusty massive galax-
ies with older stellar populations and lower star forma-
tion activity.

3.4. The Relationship between Star Formation and
AGN Activity

We now investigate whether there is a connection
between star formation activity and AGN activity for
individual sources in our z ∼ 2 sample. To trace

the AGN activity we use LX for those AGN with X-
ray detections and L[OIII] for AGN with significant
[O III] measurements. To quantify the relation between
AGN luminosity and SFR, we calculate the correlation
coefficient and the corresponding significance using the
r− correlate routine in IDL, which computes the Spear-
man’s rank correlation coefficient (cc) and the signifi-
cance of its deviation from zero (p).
As noted in Section 3.3, the SFRs and stellar masses

of galaxies are known to be correlated (e.g., Elbaz et al.
2007; Karim et al. 2011; Shivaei et al. 2015). Therefore
an underlying correlation between AGN luminosity and
host galaxy stellar mass, if it existed, could result in a
correlation between SFR and AGN luminosity. To take
this stellar mass-dependent effect into account, instead
of quantifying any correlation between SFR and AGN
luminosity, we use SFR/SFRMS (the relative offset of
the SFR from the main sequence at the stellar mass of
the host galaxy). We use equation 9, which defines the
star-forming main sequence for the MOSDEF sample for
galaxies at 1.4 < z < 2.6 from Shivaei et al. (2015).
In Figure 14, we show SFR/SFRMS versus LX for

X-ray AGN host galaxies in the top left panel and
stellar mass versus LX in the lower left panel. The
right panels show SFR/SFRMS versus L[OIII] (top) and
stellar mass versus L[OIII] (bottom) for AGN with
3σ [O III] detections. We also show the me-
dian SFR/SFRMS and stellar mass in bins of LX and
L[OIII] with the black stars, where the error bars indicate
the standard deviation of the median in each luminosity
bin. As shown in the figure, we find no significant corre-
lation between SFR/SFRMS and either LX or L[OIII] .
We note again that we have not accounted for any

contribution to L[OIII] from star formation in our sam-
ple, as we are unable to correct for this on a source by
source basis. In general, there is a positive correlation
between SFR and [O III] emission in the galaxy pop-
ulation (e.g. Mehta et al. 2015). Although we do not
find a significant correlation between SFR/SFRMS and
L[OIII] here, the possible contribution from star forma-
tion to L[OIII] could produce a correlation and should
thus be considered in any future studies with larger sam-
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Figure 14. Left: The AGN host galaxy SFR relative to the main sequence of SFR (SFR/SFRMS , top) and host galaxy stellar mass
(bottom) as a function of LX (left) and L[OIII] (right, for AGN with significant [O III] detections). The X-ray, IR and optical AGN are

shown respectively with blue, red and green circles; the black stars indicate the median SFR/SFRMS and stellar mass in bins of LX (or
L[OIII] ), with the error bars showing the standard deviation on the median values. The purple horizontal line in the upper panels shows

the main sequence of star formation, based on SED fitting, for MOSDEF galaxies at 1.4 < z < 2.6 from Shivaei et al. (2015), used here to
define a SFR/SFRMS of zero. The correlation coefficients are given in each panel.

ples.
Overall, we do not find any significant correlations be-

tween SFR and AGN luminosity in our sample. However,
a common gas supply for triggering and fueling both of
these phenomena could play an important role in galaxy
and AGN growth. With a larger sample (and the pos-
sibility of correcting L[OIII] for star formation contribu-
tions), the connection between the growth of SMBHs and
their host galaxies can be investigated more accurately.

4. DISCUSSION

In this paper we use data from the first two years of
the MOSDEF survey, which includes 55 AGN identified
with X-ray, IR, and/or optical diagnostics at z ∼ 2.
We investigate the selection of these AGN and their

host galaxies properties. Below we first discuss the
uniqueness and overlap of AGN identification at differ-
ent wavelengths and summarize the selection biases of
each identification method. We further compare the host
galaxy properties of the AGN in our sample with other

studies in the same redshift regime. Finally, we discuss
our ability to probe the coeval growth of SMBHs and
galaxies at z ∼ 2 with this dataset.

4.1. Uniqueness and Overlap of AGN Identified at
Different Wavelengths

Our sample of 55 AGN at z ∼ 1.4–3.8 identified using
X-ray, IR and/or optical diagnostics allows us to quantify
the uniqueness and overlap of AGN selection at different
wavelengths. The numbers of AGN identified at differ-
ent wavelengths and the overlap between the samples
are shown by the Venn diagram in Figure 5. As shown
in this figure, roughly half of the IR AGN sample and
almost half of optical AGN sample are not identified as
AGN at the other wavelengths. X-ray AGN identifica-
tion provides important confirmation of AGN selected at
other wavelengths, but in our sample it does not uniquely
identify many additional AGN to those identified at MIR
and optical wavelengths.
The number of AGN recovered at each wavelength de-
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pends on the depth of the observational data available
at that wavelength. To investigate the differing depths
of our observations, we compare the bolometric luminos-
ity for AGN identified at each wavelength. We adopt
a single bolometric correction at each wavelength. As
mentioned in Section 3.1, we adopt kX(2−10 keV) = 25
and k[OIII] = 600 respectively for sources with X-ray
detections and significant [O III] detections. At MIR
wavelengths we adopt the average bolometric correction
from Richards et al. (2006) at 5.8 µm, giving kIR =
8. Although a single bolometric correction is likely an
oversimplification, it is sufficient for our purposes to
compare the effective depths of the data at different
wavelengths. The median bolometric luminosities are
Lbol(X) = 1045.1 erg s−1 for sources with X-ray detec-

tions, Lbol([OIII]) = 1045.2 erg s−1 for sources with sig-

nificant [O III] detections and Lbol(IR) = 1045.3 erg s−1

for sources with 5.8 µm detections. The similar median
bolometric luminosities indicate that our data are reach-
ing similar depths at each wavelength. However, there
are AGN identified at a single wavelength that are not
recovered at other wavelengths. Are these AGN intrinsi-
cally less luminous at other wavelengths or is their unique
identification due to another observational bias?
While X-ray imaging is a robust method for iden-

tifying AGN with hydrogen column densities up to
NH ≈ 1023−24 cm−2, X-ray emission cannot penetrate
higher column densities and will therefore not identify
Compton-thick AGN. In addition, variation of the depth
of Chandra observations in our various fields as well as a
changing effective depth within a field results in a non-
uniform flux limit (see, e.g., Mendez et al. 2013). There-
fore, X-ray imaging may miss AGN that are identified at
other wavelengths. Furthermore, X-ray selection is not
expected to identify many AGN that cannot be recovered
at other wavelengths with sufficiently deep data. Indeed,
in MOSDEF we find that the majority (87%) of X-ray
AGN are also recovered with IR or optical methods.
We find that 75% of our X-ray AGN are recovered

at optical wavelengths. There are six X-ray AGN that
are not identified at optical wavelengths: four of these
sources have low S/N optical emission lines that are con-
taminated by sky lines; one of these sources is at z > 3
where Hα and [N II] fall beyond the wavelength coverage
of MOSFIRE and therefore cannot be placed on the BPT
diagram; and one source is on the star-forming sequence
in the BPT diagram, indicating that it has a high SFR
relative to the AGN luminosity and could therefore not
be identified as an optical AGN. We thus conclude that
optical AGN selection could identify the majority of X-
ray selected AGN and is mainly limited by the quality of
the spectroscopic data. However, this method is likely bi-
ased against AGN in host galaxies with high SFRs (e.g.
Coil et al. 2015) as sources with higher SFR move to-
wards the star formation locus on the BPT diagram.
Slightly less than half (42%) of the optical AGN in our

sample are not identified at X-ray or IR wavelengths,
the majority in fields with relatively shallow X-ray data.
These differences likely reflect the non-uniform depths
probed by the X-ray data, compared to the fairly uni-
form depth at [O III] probed with the MOSDEF spectra.
Also, as the Donley et al. (2012) selection is very incom-
plete, these optical AGN are not identified using our IR

selection criteria. Thus, optical selection can potentially
identify substantial populations of AGN that are missed
at other wavelengths.
There are 13 IR AGN in our sample that are not se-

lected at X-ray or optical wavelengths. Although these
sources have significant [O III] fluxes, they cannot be
classified as optical AGN for various reasons. All of
these sources either do not have observations of Hα and
[N II] (typically because they are at z & 3) or have sky
line contamination such that their [N II]/Hα ratio can-
not be measured. Based on our upper limits on X-ray
luminosities, it appears that these 13 IR AGN are not
identified at X-ray wavelengths due to the depths of the
available X-ray data; indeed, 11 of these sources are in
the COSMOS and AEGIS fields, where we have shallower
X-ray data. Thus, IR AGN selection does not appear to
identify a substantial AGN population (such as heav-
ily obscured sources) that cannot be identified at other
wavelengths. However, IR selection provides a more uni-
form depth than X-ray selection and is not affected by
the data quality issues that impact optical selection; thus
IR selection can be used to improve the completeness of
AGN samples.
Mendez et al. (2013) reached similar conclusions re-

garding IR AGN selection using a larger sample of AGN
at intermediate redshifts (z < 1.2), finding that 90% of
IR AGN identified with shallow IR data are detected
with sufficiently deep X-ray data. As the depth of the
IR observations increases, Mendez et al. (2013) find that
the fraction of IR AGN that are not recovered by X-rays
also increases, reflecting the additional IR AGN samples
that are identified with extremely deep IR data. Using
deep IR data, Donley et al. (2012) find that just 38% of
IR AGN in their sample are recovered at X-rays wave-
lengths, although as the depth of the X-ray data increases
this fraction increases to 52% (see also Donley et al.
2007; Hickox et al. 2009). More recently, Cowley et al.
(2016) find X-ray counterparts for only ∼ 22% of their IR
AGN. Cowley et al. (2016) use the Messias et al. (2012)
redshift-dependent IR AGN selection criteria; thus the
lower fraction of X-ray counterparts in their work could
be either due to shallower X-ray data or the different IR
selection method used.

4.2. AGN Selection Biases

As shown above and elsewhere, there are substantial
observational selection biases in AGN samples identified
at different wavelengths. These biases impact the ob-
served properties of the AGN host galaxies identified.
In terms of X-ray identification, our results indicate

that X-ray selection can identify AGN at low specific
accretion rates, which results in a selection bias to-
wards massive host galaxies (see Figures 10 and 11).
Indeed, previous studies have extensively shown that
AGN identification at any wavelength is biased against
low mass galaxies (e.g. Kauffmann et al. 2003; Xue et al.
2010; Aird et al. 2012). This bias has also been seen
in various studies of X-ray AGN host galaxies (e.g.
Alonso-Herrero et al. 2008; Aird et al. 2012; Azadi et al.
2015). In terms of star formation activity of X-ray AGN
hosts, although they are mostly located below the main
sequence of star formation, their SFR distribution is not
significantly different from that of inactive galaxies with
a similar mass distribution, as most galaxies at that high
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Table 2
The selection biases of X-ray, IR and optical AGN host galaxies in MOSDEF

Host galaxy property X-ray AGN IR AGN optical AGN

Stellar mass
bias towards
high mass galaxies

bias towards
moderate mass galaxies

bias towards
high mass galaxies

SFR no bias
bias towards
relatively higher SFR

bias towards
relatively lower SFR

Dust
possible bias towards
higher dust content

possible bias towards
lower dust content

possible bias towards
higher dust content

stellar mass are also below the main sequence.
In terms of IR AGN identification, IR AGN selection

is biased towards identifying AGN with high specific ac-
cretion rates where the AGN IR light dominates over
the host galaxy light (Mendez et al. 2013). This selec-
tion bias can result in identifying more luminous AGN
in moderately massive host galaxies. Using a larger sam-
ple at intermediate redshifts, Mendez et al. (2013) find
that IR AGN selection mainly identifies high X-ray lu-
minosity AGN, while X-ray selection identifies AGN with
a wider range of luminosities. Given that most IR AGN
in our sample are not detected at X-ray wavelength we
cannot make such a comparison here. We further find
that within MOSDEF, IR AGN are found in less dusty
host galaxies with relatively younger stellar populations
and higher SFRs. This effect can be understood as re-
lated to the stellar mass selection biases for IR AGN: IR
AGN are identified in lower stellar mass galaxies (com-
pared to X-ray or optical AGN) that tend to have less
dust and younger stellar populations than higher mass
galaxies.
In terms of optical AGN identification, we find that op-

tical selection can identify lower accretion rate AGN that
may not be recovered at other wavelengths. Considering
the similar L[OIII] distributions for the various AGN in
our sample, this trend is driven by the high stellar masses
of the optical AGN host galaxies (see also Coil et al.
2015), similar to X-ray AGN. We further find that opti-
cal AGN reside in dusty galaxies with older stellar pop-
ulations and relatively moderate star formation activ-
ity (median log(SFR/SFRMS)= -0.87 dex). The higher
stellar mass of the optical AGN host galaxies leads to a
bias towards higher dust content. It is also more likely
for optical AGN to be identified in galaxies with older
stellar populations and lower SFR in the BPT diagram
(Coil et al. 2015). We further note that the bias towards
more massive host galaxies leads to a bias towards higher
metallicities, therefore the optical selection method may
not be successful in identifying low mass-low metallic-
ity host galaxies (e.g. Groves et al. 2006). We emphasize
that although our sample is small, the selection biases
of optical AGN against lower mass galaxies with higher
SFR has been also reported in studies of optical AGN
at lower redshifts with large samples (Kauffmann et al.
2003; Trump et al. 2015).
Overall, we find that compared to IR and optical AGN

selection techniques, X-ray identification is the least bi-
ased, with only a bias towards high stellar mass (but no
additional SFR bias). We summarize the various selec-

tion biases discussed above in Table 2.

4.3. MOSDEF Host Galaxy Properties Compared to the
Literature

In this study, we find no significant differences between
MOSDEF AGN host galaxies and inactive galaxies of the
same stellar mass. In particular, we find no significant
differences between the star formation activity of AGN
host galaxies with the inactive mass-matched galaxies for
AGN selected at a given wavelength. Thus, after taking
into account of the observational selection biases, we find
no evidence that AGN activity is preferentially occurring
in a particular type of galaxy, although our relatively
small sample size may preclude us from identifying weak
trends.
The same result has been seen in some recent studies,

e.g. Rosario et al. (2015) find a similar SFR distribu-
tion in X-ray AGN hosts and mass-matched galaxies at
z ∼ 2. Bongiorno et al. (2012) also find similar distri-
bution of sSFR for AGN and the inactive galaxies with
a slight increase in AGN fraction towards lower sSFR.
On the other hand, a number of studies find that AGN
are preferentially found in star-forming (main sequence)
galaxies at these redshifts. Azadi et al. (2015) perform
X-ray sensitivity corrections and find that X-ray AGN
are 2 − 3 times more likely to be found in galaxies with
elevated SFR (see also Aird et al. 2012; Santini et al.
2012; Harrison et al. 2012; Bernhard et al. 2016). Re-
cently, Mullaney et al. (2015) use Herschel and ALMA
measurements and find that the majority of X-ray AGN
are below the main sequence of star formation, arguing
that studies using mean-stacking for SFR measurements
can overestimate the level of star formation in the host
galaxies.
The MOSDEF sample does not contain a large number

of quiescent galaxies, which lack high S/N emission lines
at the observed wavelengths of the survey (Kriek et al.
2015). However, the fraction of our AGN in the qui-
escent region of UVJ space is similar to the fraction of
mass-matched galaxies in that region. With a small num-
ber of quiescent galaxies in our sample, the majority of
our AGN are in star-forming galaxies which is consistent
with the results from other studies at z ∼ 2. However, to
robustly determine whether AGN host galaxies lie prefer-
entially below, above, or along the main sequence of star
formation will require larger samples for investigations.
Ellison et al. (2016) considered a sample of multi-

wavelength identified AGN at z ∼ 0, and similar to our
results find IR AGN in galaxies with elevated SFR rel-
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ative to the main sequence and optical AGN in galaxies
with lower SFR than the main sequence. Cowley et al.
(2016) performed a similar analysis at z . 3 , and find
that the specific star formation rate (sSFR, SFR

M∗
) in AGN

host galaxies is, on average, higher than in mass-matched
galaxies at z & 2 for their IR selected AGN sample. No
significant differences in sSFR were found for X-ray or
radio AGN at these redshifts.
However, in our sample we find a similar sSFR distribu-

tion for IR AGN and mass-matched galaxies. As IR AGN
in MOSDEF span a similar range of stellar mass as the IR
AGN identified in Cowley et al. (2016), the higher sSFR
in Cowley et al. (2016) must be due to higher SFR for
IR AGN in their sample. Additionally, our investigation
shows that the majority of IR AGN in our sample reside
in less dusty star-forming galaxies, while Cowley et al.
(2016) at z & 2 find the majority of IR AGN in dusty
star-forming galaxies. The different SFR and dustiness of
IR AGN in our sample compared to Cowley et al. (2016)
could be due to the fact that Cowley et al. (2016) use
a combination of IRAC and 24 µm observations for IR
AGN identification (see Messias et al. 2012).
We further used the location of AGN host galaxies

in UVJ space to investigate their dust properties. The
location of galaxies in UVJ space is very sensitive to
stellar mass, with lower mass galaxies residing prefer-
entially in the less dusty star-forming region, and more
massive star-forming galaxies in the dusty region (e.g.
Whitaker et al. 2011). While the full AGN sample used
here shows a similar distribution as mass-matched inac-
tive galaxies in UVJ space, we find that the fraction of
optical AGN in the dusty star-forming region is higher
than their inactive mass-matched galaxies at the 2.9σ
level. However, the X-ray and IR AGN show a very sim-
ilar behavior to their mass-matched galaxies. Although
our optical AGN hosts are predominantly in dusty star-
forming galaxies, we note that the AV of these opti-
cal AGN hosts is not significantly higher than in the
mass-matched galaxies or non-optical AGN population.
Therefore, the difference in the fraction of optical AGN
and their mass-matched galaxies in the UVJ diagram
could be a statistical fluctuation, rather than due to any
intrinsic difference in dust content of the optical AGN
host galaxies.
Overall, the AGN in our sample have very similar phys-

ical properties to those of mass-matched inactive galax-
ies. At these redshifts, a larger sample of both quiescent
galaxies and AGN are required to study any potential
differences between the SFR or dustiness of AGN hosts
and inactive galaxies more robustly.

4.4. Are the Growth of Black holes and the Growth of
their Host Galaxies Correlated at z ∼ 2?

As discussed in the introduction, the global SMBH ac-
cretion rate density and SFR density both peak at z ∼

2−3 (e.g., Aird et al. 2015), which indicates that globally
there is a relation between the growth of SMBH and their
host galaxies. But the question still remains whether
such a correlation exists on the scale of individual host
galaxies. Our results indicate that SFR/SFRMS and
AGN luminosity are not significantly correlated within
our sample, using either LX or L[OIII] as a probe of AGN
activity. Why then, given the similarity in the global

scaling relations, we do not find a correlation?
Due to their stochastic fueling (e.g. Ulrich et al. 1997;

Peterson 2001), the luminosities of AGN may undergo
dramatic changes in a short time scale (Keel et al.
2012), while star formation activity remains stable in
the host galaxies over long timescales (e.g. Wong 2009;
Hickox et al. 2012). Therefore rapid AGN variability can
play an important role in washing out any underlying
trend that may exist between SFR/SFRMS and AGN lu-
minosity. In fact, studies using average AGN luminos-
ity in bins of SFR, instead of the luminosity of individ-
ual AGN, find a positive trend between AGN luminos-
ity and SFR of the host galaxy. (e.g. Chen et al. 2013;
Hickox et al. 2014; Azadi et al. 2015; Dai et al. 2015).
Although the connection between galaxy-wide star for-

mation and AGN activity might be hidden due to the
variable nature of AGN, Diamond-Stanic & Rieke (2012)
find evidence of a strong correlation between AGN lu-
minosity and SFR in the circumnuclear regions (r < 1
kpc). Thus, while our results do not show a significant
correlation between the large-scale star formation and
AGN activity, these phenomena may have an underly-
ing connection through a common gas supply. We note
that violent events such as major mergers can provide
a gas influx to fuel both AGN activity and star forma-
tion. However, the moderate luminosity of AGN in our
sample indicate that these sources are generally at lower
luminosities than those thought to be triggered by ma-
jor mergers (e.g. Schawinski et al. 2012; Treister et al.
2012).
As discussed above in Section 2.6, AGN and star for-

mation activity in the host galaxy can both contribute
to the [O III] luminosity. In the local Universe stud-
ies have proposed various methods for estimating the
contribution from star formation to the [O III] emission
line (e.g. Kauffmann & Heckman 2009; Wild et al. 2010;
Tanaka 2012). At the redshifts and depth of the MOS-
DEF survey only a fraction of our AGN can be accurately
placed on the BPT diagram, due to contamination from
sky lines and the lack of spectroscopic wavelength cov-
erage at higher redshifts. Therefore, the commonly-used
methods for estimating the star formation contribution
to L[OIII] at low redshifts cannot be applied to our sam-
ple. Although L[OIII] can be boosted by star formation
activity, here we do not find a significant correlation be-
tween SFR and L[OIII] , which indicates that it is unlikely
for the instantaneous star formation rate to be correlated
with L[OIII] .

5. SUMMARY

In this paper we use the data from the first two years of
the MOSDEF survey to investigate AGN identification
and their host galaxies properties at 1.37 < z < 3.80,
with the majority of our sample at z ∼ 2. We identify 55
AGN using the X-ray imaging data from Chandra, mid-
IR data from IRAC camera on Spitzer, and rest-frame
optical spectra from MOSDEF survey. We investigate
the selection biases from each identification method and
explore the host galaxy properties of these AGN. We fur-
ther consider the relation between star formation activity
and AGN luminosity in our sample. Our main conclu-
sions are as follows:

• We find that AGN identified at any wavelength are
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biased against low mass host galaxies; this is an
observational selection bias. IR AGN identifica-
tion has an additional bias against the most mas-
sive galaxies. Quantifying the SFR relative to the
main sequence and comparing the distributions for
IR and optical AGN, we find that IR AGN are pri-
marily identified in galaxies with relatively higher
SFRs, while optical AGN are identified in galax-
ies with relatively lower SFRs (p=0.004, at > 2σ
significance). X-ray selection does not display any
bias in the SFR distribution relative to the main
sequence. The observational biases in stellar mass
can result in biases in terms of the dust content
of host galaxies, with IR AGN showing a possible
bias towards less dusty host galaxies and optical
and X-ray AGN showing a possible bias towards
more dusty host galaxies in our sample.

• Within the star-forming galaxy population, once
stellar mass selection biases are taken into account,
we find that AGN reside in galaxies with similar
physical properties (SFR, dust content, and stellar
age) as inactive galaxies. Therefore we find no evi-
dence of AGN activity in particular types of galax-
ies, which is consistent with stochastic fueling of
AGN in any kind of galaxy, and no strong evidence
for AGN feedback.

• The majority of the AGN in our sample can be
identified using optical diagnostics. We find that
75% of the X-ray AGN in our sample are also iden-
tified with optical diagnostics, indicating the reli-
ability of optical AGN selection. However, optical
identification is limited by the quality of the spec-
troscopic data, as optical emission lines in most of
the non-optical AGN in our sample at z ∼ 2 are
contaminated by night sky lines.

• Almost half of the IR AGN in our sample are recov-
ered at X-ray or optical wavelengths. IR imaging
provides a more uniform depth than X-ray data
and is not affected by the quality of optical spec-
troscopy; thus IR AGN identification can improve
the completeness of AGN samples at z ∼ 2.

• The relationship between LX and L[OIII] in our
sample at z ∼ 2 is consistent with the relation of
Heckman et al. (2005) in the local Universe. Unlike
Heckman et al. (2005), who found that the major-
ity of local optical AGN can be recovered at X-ray
wavelengths, we find X-ray counterparts for only
50% of the optical AGN in our sample. This is
likely due to the relatively shallower and variable
depth of the X-ray data across our fields.

• We do not find a significant correlation between
SFR/SFRMS (SFR relative to the main sequence of
star formation) and AGN luminosity (using LX or
L[OIII] ) in our sample. Although L[OIII] can be
boosted by star formation activity in the host
galaxy, at z ∼ 2 we cannot apply correction tech-
niques commonly used at lower redshifts to esti-
mate the SF contamination.

Although the selection biases in our sample are derived
from a small number of AGN, they are consistent with

results of studies at intermediate redshifts with larger
samples. The presence of these selection biases indi-
cates that in order to obtain a more complete AGN cen-
sus, complementary identification techniques at multiple
wavelengths are required. To robustly study AGN host
galaxy properties, the selection biases from each identi-
fication technique should be taken into account.
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