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Abstract

We report on the host properties of five X-ray-luminous active galactic nuclei (AGN) identified at 3< z< 5 in the
first epoch of imaging from the Cosmic Evolution Early Release Science Survey. Each galaxy has been imaged
with the JWST Near-Infrared Camera, which provides rest-frame optical morphologies at these redshifts. We also
derive stellar masses and star formation rates for each host by fitting its spectral energy distribution using a
combination of galaxy and AGN templates. We find that three of the AGN hosts have spheroidal morphologies,
one is a bulge-dominated disk, and one is dominated by pointlike emission. None are found to show strong
morphological disturbances that might indicate a recent interaction or merger event. When compared to a sample of
mass-matched inactive galaxies, we find that the AGN hosts have morphologies that are less disturbed and more
bulge-dominated. Notably, all four of the resolved hosts have rest-frame optical colors consistent with a quenched
or poststarburst stellar population. The presence of AGN in passively evolving galaxies at z> 3 is significant
because a rapid feedback mechanism is required in most semianalytic models and cosmological simulations to
explain the growing population of massive quiescent galaxies observed at these redshifts. Our findings show that
AGN can continue to inject energy into these systems after their star formation is curtailed, potentially heating their
halos and preventing renewed star formation. Additional observations will be needed to determine what role this
feedback may play in helping to quench these systems and/or maintain their quiescent state.

Unified Astronomy Thesaurus concepts: AGN host galaxies (2017); Supermassive black holes (1663)

1. Introduction

The role that supermassive black holes (SMBHs) play in the
evolution of galaxies remains a heavily debated topic within
extragalactic astronomy. There are signs that the growth of
SMBHs and their host galaxies is closely connected, as
evidenced by a variety of tight scaling relationships (e.g.,
Magorrian et al. 1998; Ferrarese & Merritt 2000; Gebhardt
et al. 2000; McConnell & Ma 2013; Sun et al. 2015) and the
need for energy injection in massive galaxies to limit their star
formation activity (Benson et al. 2003; Croton et al. 2006;
Somerville et al. 2008). As a result, active galactic nuclei
(AGN) have become key components in many galaxy
evolution models (e.g., Hirschmann et al. 2012; Dubois et al.
2016; Weinberger et al. 2018; Dave et al. 2019; Chen et al.
2020; Yung et al. 2021). However, several open issues remain
in our understanding of how the SMBH–galaxy connection is
established and maintained. Among these are the mechanism(s)
responsible for fueling the bulk of SMBH growth across
cosmic time and the role of AGN in quenching the first
generation of massive, quiescent galaxies.

The study of AGN host morphologies has been widely used
to place constraints on the first of these issues. Galaxy mergers
are often invoked as a key process to potentially drive the
coevolution of galaxies and SMBHs due to their effectiveness
at dissipating angular momentum and driving gas inflows that
can both fuel black hole growth and build the stellar bulge via
centrally concentrated starbursts (e.g., Sanders et al. 1988;
Kauffmann & Haehnelt 2000; Di Matteo et al. 2005; Springel
et al. 2005b; Jogee 2006; Hopkins et al. 2008b). However,
studies of X-ray-selected AGN out to z∼ 2 find that their host
morphologies are no more disturbed than those of similar

inactive galaxies (Grogin et al. 2005; Pierce et al. 2007;
Cisternas et al. 2011; Schawinski et al. 2011; Kocevski et al.
2012; Villforth et al. 2014; Rosario et al. 2015). This suggests
that other mechanisms, such as minor mergers, Toomre-
unstable clumpy disks, or secular angular momentum loss, play
a larger role in fueling moderate-luminosity AGN at these
redshifts than previously thought (Hopkins et al. 2014).
A major caveat to these results is that SMBHs are predicted

to accrete the bulk of their mass while heavily obscured and
hydrodynamical simulations predict that this obscured phase
should coincide with the most morphologically disturbed
period of a galaxy interaction (Hopkins et al. 2006). The
morphologies of infrared-selected AGN and Compton-thick
X-ray AGN do indeed show increased signs of disturbance
relative to their unobscured counterparts, in apparent agreement
with this scenario (Koss et al. 2010; Satyapal et al. 2014;
Kocevski et al. 2015; Donley et al. 2018). At higher redshifts
(z> 3), however, the rest-frame optical morphologies of AGN
have remained relatively unconstrained due to the fact that the
reddest Hubble Space Telescope (HST) band, F160W, probes
blueward of the Balmer break at these redshifts.
Another open question is whether AGN drive the quenching

of star formation in massive galaxies. Most cosmological
models and simulations require a feedback mechanism to
reproduce the properties of the massive galaxy population
(Springel et al. 2005a; Croton et al. 2006; Somerville et al.
2008; Choi et al. 2015; Weinberger et al. 2018; Dave et al.
2019), the needed energetics of which are not easily achieved
by stellar feedback alone (e.g., Bower et al. 2006). While AGN
feedback has been implemented in a variety of ways (see
Somerville & Dave 2015 for a review), a common prescription
in semianalytic models involves major mergers that trigger
AGN-driven winds that expel gas and eventually truncate the
galaxyʼs star formation activity (Hopkins et al. 2008a, 2008b).
Although widely adopted, observational evidence for this

scenario has remained elusive. Demographic studies have
produced mixed results, with findings of both negative and
positive correlations between AGN activity and host properties
such as star formation rates (SFRs), rest-frame colors, and
molecular gas content (Nandra et al. 2007; Schawinski et al.
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2007; Harrison et al. 2012; Mullaney et al. 2012; Stanley et al.
2015; Kirkpatrick et al. 2019; Stacey et al. 2021; Mountrichas
et al. 2022). However, there is a general consensus that X-ray-
selected AGN at z∼ 2 are preferentially located in gas-rich,
heavily star-forming galaxies (e.g., Rosario et al. 2015; Florez
et al. 2020, 2021; Mountrichas et al. 2021; Ji et al. 2022). The
few studies that have probed beyond z∼ 3 using HST have also
found that AGN are more likely to be hosted by star-forming
systems (Aird et al. 2018; Suh et al. 2019). Ward et al. (2022)
pointed out that this is not necessarily in tension with the AGN
feedback scenario given the common fuel supply that drives
both AGN and star formation and the potential time delay
between AGN activity and its effects.

At higher redshifts (z= 3–5), the discovery of a growing
population of massive (M* > 1011 Me) galaxies that fully
quenched 1–2 Gyr after the Big Bang further necessitates a
rapid and efficient quenching mechanism (Schreiber et al.
2018; Forrest et al. 2020a, 2020b; Carnall et al. 2022; Labbe
et al. 2022). However, the role that AGN play in this process is
still uncertain, with some models finding that AGN feedback is
not the leading mechanism shaping the bright end of the galaxy
luminosity function at these redshifts (Yung et al.
2019a, 2019b). If AGN are the drivers of early quenching
among massive galaxies, we may see signatures of their impact
on the properties of their host galaxies during this epoch.

In this study, we provide a first look at the rest-frame optical
morphology and star formation activity of galaxies hosting
X-ray-selected AGN at 3< z< 5 using NIRCam imaging from
the James Webb Space Telescope (JWST; Gardner et al. 2006).
Our analysis is presented as follows. In Section 2, we describe
the near-infrared imaging and X-ray data used for this study,
while Section 3 describes our methodology for identifying AGN
at our target redshift range. Section 4 describes our results, and
the implications of our findings are discussed in Section 5. When
necessary, the following cosmological parameters are used:
H0= 70 km s−1Mpc−1 andΩtot, ΩΛ, Ωm= 1, 0.7, 0.3.

2. Observations and Data Description

2.1. CEERS Data

The Cosmic Evolution Early Release Science Survey (CEERS)
is an early release science program that will cover 100 arcmin2 of
the Extended Groth Strip (EGS) with imaging and spectroscopy
using coordinated, overlapping parallel observations by most of
the JWST instrument suite. CEERS is based around a mosaic of
10 NIRCam pointings, with six NIRSpec and six MIRI pointings
observed in parallel. Here we make use of the first four CEERS
NIRCam pointings (hereafter epoch 1), obtained on 2022 June
21, known as CEERS1, CEERS2, CEERS3, and CEERS6. In
each NIRCam pointing, data were obtained in the short-
wavelength (SW) channel F115W, F150W, and F200W filters
and long-wavelength (LW) channel F277W, F356W, F410M,
and F444W filters. The total exposure time for the pixels
observed in all three dithers was typically 2835 s filter–1.

We performed an initial reduction of the NIRCam images in
all four pointings using version 1.5.3 of the JWST Calibration
Pipeline55 with some custom modifications. We used the
current (2022 July 15) set of NIRCam reference files,56 though
we note that the majority were created preflight, including the
flats and photometric calibration references. We describe our

reduction steps in greater detail in Finkelstein et al. (2022) and
M. B. Bagley et al. 2022, (in preparation). Coadding the
reduced observations into a single mosaic was performed using
the drizzle algorithm with an inverse variance map weighting
(Casertano et al. 2000; Fruchter & Hook 2002) via the
Resample step in the pipeline. The output mosaics have pixel
scales of 0 03 pixel−1.
Photometry was computed on point-spread function (PSF)–

matched images using SExtractor (Bertin & Arnouts 1996)
v2.25.0 in two-image mode, with an inverse variance weighted
combination of the PSF-matched F277W and F356W images as
the detection image. Photometry was measured in all seven of
the NIRCam bands observed by CEERS, as well as the F606W,
F814W, F105W, F125W, F140W, and F160W HST bands using
data obtained by the CANDELS and 3D-HST surveys (Grogin
et al. 2011; Koekemoer et al. 2011; Brammer et al. 2012).

2.2. X-Ray Observations

The X-ray data used for this study come from the AEGIS-
XD survey (Nandra et al. 2015; hereafter N15), which consists
of Chandra ACIS-I observations with a characteristic exposure
time of 800 ks over all four of the epoch 1 CEERS pointings.
The survey has a flux limit of 1.5× 10−16 erg cm−2 s−1 in the
0.5–10 keV band, which corresponds to a luminosity limit that
ranges from 5.3× 1042 erg s−1 at z= 3 to 1.7× 1043 erg s−1

at z= 5.
We make use of the published X-ray point-source catalog

and counterpart associations presented in N15. These associa-
tions were made by matching to a Spitzer/IRAC 3.6 μm
selected photometric catalog provided by the Rainbow
Cosmological Surveys Database (Barro et al. 2011a, 2011b).
To take advantage of the increased spatial resolution provided
by NIRCam, we independently cross-match the X-ray
source list to our F277W+F356W-selected catalog using the
maximum-likelihood technique described by Sutherland &
Saunders (1992). We find 48 X-ray sources matched to F277W
+F356W counterparts in the CEERS imaging.

3. Sample Selection

We use the EAzY (Brammer et al. 2008) software to estimate
the photometric redshifts of all sources in our multiwavelength
photometric catalog. The spectral energy distribution (SED) fits
were carried out using photometry in all seven of the NIRCam
bands and all six of the HST bands in our catalog. The redshift
range was allowed to vary from zero to 12, and we used no
zero-point corrections or luminosity priors. We chose the
default template set tweak_fsps_QSF_12_v3, which was
generated using the flexible stellar population synthesis code
(Conroy et al. 2009; Conroy & Gunn 2010).
Using a combination of our photometric redshifts and a

compilation of published spectroscopic redshifts in the EGS
field (N. Hathi 2022, private communication), we identify five
X-ray-detected AGN that have redshifts of z> 3 in the current
epoch of CEERS imaging. These five AGN comprise our
primary sample and are the focus of this study. One of these
sources, AEGIS 482, has a spectroscopic redshift of z= 3.465
from the DEEP2 survey (Newman et al. 2013), while the
remainder have photometric redshifts. Information about each
AGN in our sample is listed in Table 1.
The X-ray luminosity versus redshift distribution of our

z> 3 sample is shown in Figure 1, along with the X-ray

55 jwst-pipeline.readthedocs.io/en/latest/
56 jwst-crds.stsci.edu, jwst_nircam_0214.imap.
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luminosities of the entire AEGIS-XD sample, including sources
that we anticipate will be observed with NIRCam in the next
epoch of CEERS imaging. Our primary sample has rest-frame
2–10 keV X-ray luminosities ranging from 7.76× 1042 to
1.14× 1044 erg s−1 (see Table 1), with an average luminosity
of 3.98× 1043 erg s−1. Hardness ratios (HRs) reported in N15
measured using the counts in the 0.5–2 and 2–7 keV bands
show that AEGIS 482, AEGIS 495, and AEGIS 511 all have
relatively unabsorbed emission (HR< 0), while AEGIS 525
and AEGIS 532 have harder emission indicative of a higher
obscuring column density.

All but one X-ray source, AEGIS 532, have counterparts that
agree with those published in N15. AEGIS 532, however, was
previously associated with a large foreground disk at z= 2.14,
but the X-ray emission is better centered on a neighboring
galaxy that we estimate to be at z= 4.1. This can be seen in
Figure 2, which shows the contours of the adaptively smoothed
X-ray emission of each source overlaid on NIRCam imaging in
the F356W band. This source was not previously detected by
the CANDELS survey and is blended with the foreground
galaxy in the 3.6 μm Spitzer IRAC imaging used for counter-
part matching by N15.

We note that although the photometric redshifts from EAzY
are calculated without accounting for AGN emission, we find
only a moderate AGN contribution to the galaxy SEDs of most
of our sample (see Section 5). The only exception is AEGIS
482, but this source has a spectroscopically determined

redshift. Nonetheless, we checked the EAzY-derived redshifts
of the five galaxies in our sample against those obtained from
the X-CIGALE software (Yang et al. 2020), which performs
SED fits using both AGN and stellar templates. With the
exception of AEGIS 482, which is our most X-ray-luminous
source, we find a good general agreement between the two sets
of redshifts.

4. Methodology

Images of our AGN sample in five NIRCam bands can be seen
in Figure 3. We assessed the morphology of their host galaxies
through a combination of visual inspection, nonparametric
morphology indicators, and surface brightness profile fitting.
The visual classifications were carried out using the classification
scheme presented in Kocevski et al. (2015). The surface
brightness profile modeling was performed with the GALFIT
software (Peng et al. 2002) in the F356W band, which probes
light redward of the Balmer break at the redshifts of all galaxies
in the sample. We provide GALFIT with empirical PSFs
constructed from the four CEERS pointings and noise images
that account for both the intrinsic image noise (e.g., background
and readout noise) and added Poisson noise due to the objects
themselves. We fit each galaxy with a single Sérsic profile
(Sérsic 1968) but explore the need for additional components to
help minimize the flux in our residual images. Neighboring
objects were fit simultaneously using single Sérsic models.
The nonparametric morphologies were measured using the

Python package Statmorph57 (Rodriguez-Gomez et al.
2019) in the F356W band. For our analysis, we make use of
the following morphology statistics: the Gini coefficient (G;
Abraham et al. 2003; Lotz et al. 2004), the second moment of the
region of the galaxy containing 20% of the total flux (M20; Lotz
et al. 2004), the Gini–M20 bulge statistic (F(G, M20); Snyder
et al. 2015), concentration (C; Bershady et al. 2000; Conselice
2003), and asymmetry (A; Conselice et al. 2000).
Stellar masses (M*) and SFRs were determined by

performing SED fits using FAST v1.1 (Kriek et al. 2009; Aird
et al. 2018), which allows for simultaneous fitting of both
galaxy and AGN components. For these fits, we assume a
Chabrier (2003) initial mass function, Bruzual & Charlot
(2003) stellar population models, fixed solar metallicity, dust
reddening of AV in the range 0–4 mag (assuming the Kriek &
Conroy 2013 dust attenuation curves), and “delayed-τ” star
formation histories, with τ in the range 0.1–10 Gyr (e.g.,
Maraston et al. 2010). We allow for an AGN component in the
SED fit, adopting a library of eight empirically determined
AGN templates. These include five AGN-dominated templates
from the Polletta et al. (2007) SWIRE template library (namely,
the Torus, TQSO1, BQSO1, QSO1, and QSO2 templates) and

Table 1
Properties of Our Primary Sample of X-Ray-Detected AGN at 3 < z < 5

AEGIS-XD ID R.A. Decl. z log (M*/Me) LX,2−10 keV SFR Av n V − J U − V
(J2000) (J2000) (×1043 erg s−1) (Me yr−1)

AEGIS 482 214.755245 52.836807 3.465 9.79 0.04
0.08

-
+ 11.38 0.91

0.98
-
+ 24.0 14.9

16.8
-
+ 0.1 0.1

0.3
-
+ L 0.16 0.29

AEGIS 495 214.871261 52.845092 3.54 0.03
0.05

-
+ 11.01 0.02

0.10
-
+ 0.78 0.31

0.41
-
+ 52.5 32.5

29.3
-
+ 1.0 0.6

0.8
-
+ 2.24 ± 0.02 0.88 1.35

AEGIS 511 214.895659 52.856515 3.21 0.01
0.01

-
+ 10.90 0.04

0.08
-
+ 2.22 0.47

0.55
-
+ 3.6 1.6

5.1
-
+ 0.2 0.2

0.3
-
+ 3.49 ± 0.01 0.53 1.50

AEGIS 525 214.853928 52.861366 3.54 0.10
0.03

-
+ 11.37 0.04

0.04
-
+ 2.58 0.51

0.60
-
+ 10.7 9.1

1.0
-
+ 1.9 0.4

0.1
-
+ 4.20 ± 0.04 1.57 2.14

AEGIS 532 214.850584 52.866030 4.10 0.05
0.05

-
+ 10.82 0.03

0.06
-
+ 2.92 0.67

0.80
-
+ 0.5 0.1

0.1
-
+ 0.4 0.4

0.4
-
+ 1.14 ± 0.05 0.97 1.63

Figure 1. The X-ray luminosity in the rest-frame 2–10 keV band as a function
of redshift for the AEGIS-XD sample. The 2–10 keV luminosity is derived
from the 0.5–10 keV flux, k-corrected using a power-law X-ray spectrum with
a spectral index of Γ = 1.4. Sources that fall within the first epoch of CEERS
imaging are shown in blue, while those that we anticipate observing in the next
epoch of CEERS imaging are shown in green. The five X-ray AGN observed
by CEERS at 3 < z < 5 are shown as boxed red circles.

57 https://statmorph.readthedocs.io/en/latest/
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three composite SEDs of X-ray-selected AGN with absorption
column densities of NH= 1022−23, 1023–24, and 1024–25 cm−2

from Silva et al. (2004). See Appendix A of Aird et al. (2018)
for additional details. Our two-component SED fits provide a
measure of various host properties (i.e., stellar mass, SFR, and
rest-frame colors) corrected for any contamination from
nonstellar nuclear light. Photometry in all of the JWST and
HST bands discussed in Section 2.1 was used for these fits.

We note that as an additional test, we also performed SED
fitting with X-CIGALE and found very good agreement
between our derived host properties. We find the average
difference between our derived masses to be 0.2 dex. Our UVJ
colors are also consistent, with no change to the star-forming/
quiescent classification of any AGN host. None of our primary
conclusions would change if we employed one SED fitting
code instead of the other.

4.1. Inactive Control Sample

In order to compare the morphologies of our AGN sample to
similar inactive galaxies (i.e., those with no X-ray detection),
we construct a control sample of galaxies with similar redshifts
and masses to those of the well-resolved AGN hosts at z> 3.
For each AGN except AEGIS 482, we selected four X-ray-
undetected galaxies with masses greater than *M Mlog( ) =
10.5 and redshifts in the range 3.0< z< 4.5. The resulting
sample of 16 galaxies has an average stellar mass of

*M Mlog 10.87( ) = , compared to the 11.0 average for the
well-resolved AGN hosts (see Section 5). The redshift versus
stellar mass of the control sample in comparison to our primary
AGN sample is shown in Figure 4, while multiwavelength
image cutouts of the control galaxies are presented in Figure 5.

We assess the morphology of these galaxies using identical
visual classifications, nonparametric statistics, and GALFIT
modeling, as is carried out on the AGN sample.

5. Host Galaxy Properties

The results of our two-component SED fits can be seen in
Figure 6. We find that three of the five sources (AEGIS 495,
AEGIS 525, and AEGIS 532) are fit with a moderate (<10%)
AGN contribution to the flux in the F356W band. The
nonstellar contribution rises to 31% in AEGIS 511 and
accounts for 70% of the flux from AEGIS 482, whose SED
is best fit using a type 1 QSO template. The former shows signs
of diffraction spikes in our LW images, consistent with a
nuclear point source, while the latter is dominated by pointlike
emission in both the JWST and HST imaging (see Section 4.1
below). Furthermore, the spectrum of AEGIS 482 from the
DEEP2 survey shows broad C III and C IV emission lines,
consistent with the QSO SED fit to this source.
We find that the four well-resolved hosts have stellar masses

in the range of *M Mlog 10.82 11.37( ) = - (see Table 1),
making them among the most massive galaxies detected at this
redshift range in the current CEERS pointings (S. L.
Finkelstein et al. 2022, in preparation), even after accounting
for nuclear light from the AGN. Our best-fit mass for AEGIS
482 is *M Mlog 9.79( ) = , which appears inconsistent with
the M*−LX relationship reported by Suh et al. (2019) and may
imply that too much light has been attributed to the AGN in our
two-component SED fit. That said, an independent analysis of
this source by Ding et al. (2022) using the gsf software
(Morishita et al. 2019) finds a mass of 9.55, in general
agreement with our measurement.

Figure 2. The X-ray emission contours overlaid on F356W images of the five AGN host galaxies with 3 < z < 5 found in the first epoch of CEERS imaging. The
X-ray emission is adaptively smoothed using the asmooth algorithm (Ebeling et al. 2006). The contour levels begin at 1.5 times the local background and are
logarithmically spaced thereafter.
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In the following sections, we examine the morphologies and
star formation activity of these galaxies in greater detail.

5.1. Morphologies

5.1.1. Visual Classifications

Based on our visual classifications, three of the AGN
(AEGIS 495, AEGIS 511, and AEGIS 532) have spheroidal

hosts, while one (AEGIS 525) is found in a disk galaxy with
a prominent bulge component at longer wavelengths. The
final source (AEGIS 482) appears pointlike in all seven
NIRCam filters observed by CEERS. Our SED fit for
AEGIS 525, the single disk in the sample, finds that minimal
AGN light is needed in the reddest NIRCam bandpasses,
suggesting that the central bulge component is indeed a stellar
bulge and not nuclear emission from the AGN. Finally, none
of the AGN hosts show strong asymmetries or distortions that
might indicate a recent interaction or merger event. All of
them are visually classified as undisturbed. The close
companions to AEGIS 525 and AEGIS 532 are both fore-
ground galaxies seen in projection, with redshifts of 1.35 and
2.07, respectively.
The inactive control sample, in comparison, exhibits

a wider distribution of morphologies. Based on visual
inspection, 50% (8/16) have disk-dominated morphologies,
37.5% (6/16) are bulge-dominated, and 12.5% (2/16) are
classified as irregular. Furthermore, 50% (8/16) of the sample
shows some level of asymmetry or distortion that might be
indicative of a recent interaction, while 25% (4/16) are
distorted enough to be classified as ongoing mergers. In
summary, the control sample appears diskier and more
disturbed than the AGN host galaxies. However, we caution
that a larger sample of massive galaxies (both active and
inactive) will be needed to determine if these differences are
statistically significant.

Figure 3. Multiwavelength image cutouts of our primary AGN sample at z > 3. The images shown were taken in the F160W HST WFC3 filter and five JWST
NIRCam SW (F150W and F200W) and LW (F277W, F356W, and F444W) filters. The RGB images are composed of images in the F150W, F200W, and F277W
filters. All images are 3 5 × 3 5 in size.

Figure 4. Stellar mass vs. redshift for galaxies in the first epoch of CEERS
NIRCam imaging. Our primary sample of AGN hosts at z > 3 is shown as
boxed red circles, while our control sample of inactive galaxies is shown as
green circles. See Section 4.1 for details.
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5.1.2. Surface Brightness Profile Fitting

The results of our two-dimensional surface brightness profile
fitting can be seen in Figure 7. The only source not fit with a
Sérsic profile is AEGIS 482, which we find is best fit using a
point-source model. In Figure 8, we show the residual images
of these fits in five NIRCam bands ranging from F150W to
F444W. While pointlike emission dominates the light from this
source, we see extended structure that is visible in multiple
bands. The underlying host appears particularly elongated at

F200W. We also note a possible nearby companion or stellar
clump (e.g., Förster Schreiber et al. 2011) in the residual
images. The companion is most clearly discernible in F200W
but is present in all five bands.
The hosts of AEGIS 495 and 511 are fit with Sérsic indices

(n) of n= 4.28± 0.03 and 3.49± 0.01, respectively, in
agreement with our visual classification of these galaxies as
spheroids. However, since the SED of AEGIS 511 was fit with
a moderate AGN contribution, we also modeled it using a

Figure 5. Multiwavelength image cutouts of our control sample of X-ray-undetected sources at z > 3. The RGB images are composed of images in the F150W,
F200W, and F277W filters. All images are 3″ × 3″ in size.
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point-source component in addition to a Sérsic profile. The
resulting fit attributes 17.6% of the light in F356W to the
unresolved nuclear component, which reduces the resulting
Sérsic index to n= 2.24± 0.02.

A single Sérsic fit of AEGIS 525 results in n= 4.20± 0.04,
indicative of the prominent bulge in this system. We
also performed a double Sérsic fit with one component fixed
to an n= 4 de Vaucouleurs profile (de Vaucouleurs 1948). In
this case, the second component is fit with a large effective
radius (re= 0 43± 0 01) and a relatively flat surface bright-
ness profile (n= 0.21± 0.01). The resulting bulge-to-total
ratio of the galaxy is 0.69, consistent with a bulge-
dominated disk.

The host of AEGIS 532, the most compact galaxy in the
sample, is best fit with a small effective radius of
re= 0 06± 0 01 and a Sérsic index of n= 1.14± 0.05. This
raises the possibility that it is a massive compact disk such as
those reported at z∼ 2 (e.g., van der Wel et al. 2011; Weinzirl
et al. 2011). However, we caution that this fit may be impacted
by the large nearby galaxy whose spiral structure is poorly fit
with a single Sérsic profile.

Similar surface brightness profile fitting was carried out on
each of our inactive control galaxies. We find that this sample
has a lower average58 Sérsic index compared to the AGN hosts,
with n 1.6control¯ = versus n 2.6AGN¯ = . Here we use the results
of our single Sérsic fits in all cases except AEGIS 511, where
we include an additional point-source component. This is in
agreement with the results of our visual classifications, which
found the control sample to have a larger fraction of disk-
dominated systems. However, we do not find a significant
difference in the effective radii of the two samples, with
r 1.1 kpce,control¯ = versus r 0.9 kpce,AGN¯ = , reflecting the fact
that many of the disks in the control sample are compact.

5.1.3. Nonparametric Morphologies

In Figure 9, we show the nonparametric morphology
indicators of Gini versus M20 and concentration versus
asymmetry for both the AGN sample and the inactive control
sample. For this analysis, we have excluded AEGIS 482 and

Figure 6. The SED fits for our five AGN hosts at z > 3. Our measured photometric data from JWST NIRCam and HST WFC3 and ACS are shown in magenta. The
best-fit linear combination of each AGN template with each galaxy template in the full stellar population grid is shown in blue. The galaxy and AGN contributions are
shown separately in green and red, respectively.

58 Here we use the geometric mean, which is a better indicator of the average
value than the median or arithmetic mean when samples sizes are small.
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run Statmorph on AEGIS 511 without making any
corrections for nuclear light from the AGN. Points from both
samples are color-coded based on their best-fit Sérsic index,
and the background contours show the distribution of visually
classified galaxies with disk, spheroid, and irregular morphol-
ogies in the five CANDELS fields at 1< z< 3 from Kartaltepe
et al. (2015).

We find that the AGN sample is skewed toward higher Gini
and lower M20 values clustering toward the bulge-dominated
region of the diagram as defined by Lotz et al. (2004). This is
evident when comparing the average value of the Gini–M20

bulge statistic, F(G, M20). This statistic is a measure of position
along the direction perpendicular to the line that divides early-
and late-type galaxies, with its origin located where the two
dashed lines in the left panel of Figure 9 intersect. The quantity
is strongly correlated with bulge strength, with values

increasing toward bulge-dominated systems. The AGN sample
has an average Gini–M20 bulge statistic value of
F G M, 0.0520 AGN¯ ( ) = compared to F G M, 0.3120 control¯ ( ) = -
for the control sample. This indicates that the AGN hosts are
generally more bulge-dominated relative to their inactive
counterparts, which is consistent with both our visual
assessment and Sérsic profile fits.
In the concentration–asymmetry plane, we find that the AGN

skew toward higher concentration values, with C 3.2AGN¯ = and
C 2.7control¯ = . Unlike our visual classifications, which found
more disturbed morphologies among the control galaxies, we
do not find a substantial difference between the average
asymmetry values of the AGN and control samples. While
many of the inactive galaxies with low Sérsic indices have
higher asymmetry values relative to the AGN, a roughly equal
number also scatter to lower asymmetry values, largely
negating any difference.

5.2. Star Formation Activity

In Figure 10, we show the rest-frame V− J versus U− V
colors of the five AGN hosts, both with and without correcting
for AGN emission. The colors are determined by convolving
the redshifted U, V, and J filter bandpasses with the best-fitting
templates returned by FAST for each source. The open red
circles show the color of the AGN+galaxy emission, while
filled red circles denote galaxy-only emission corrected for any
AGN contamination. The dashed green line denotes the color
cut of Williams et al. (2009) for identifying quiescent galaxies,
which Schreiber et al. (2018) showed continues to have high
purity at z= 3–4 (although see Antwi-Danso et al. 2022 for an
alternative color selection).
We find that AEGIS 511, AEGIS 525, and AEGIS 532 are

all located within the quiescent boundary. AEGIS 525 lies near
the red border of the quiescent region and is offset from the
locus of quiescent galaxies observed at z∼ 2, which likely
reflects additional dust reddening in this galaxy. Our SED
modeling returns a best-fit dust attenuation (AV) of 1.9 for this
source, consistent with its redder UVJ color. AEGIS 495 sits
just blueward of the lower U− V boundary. This region is
notable in that the bluer U− V colors are consistent with young
quiescent galaxies, such as those that have recently experienced
a burst of star formation followed by a rapid truncation of
activity (e.g., Whitaker et al. 2012; Schreiber et al. 2018). It
suggests that this galaxy may be recently quenched or in a
poststarburst phase. Finally, the best-fit galaxy template for
AEGIS 482 places it squarely within the locus of unobscured
star-forming galaxies.
To further assess the star formation activity of our sample,

we compared their SFRs to that of the star-forming main
sequence (e.g., Noeske et al. 2007) at 3< z< 5. The SFRs we
measure for each AGN host based on our SED fitting can be
found in Table 1. In Figure 11, we plot these SFRs versus host
stellar mass, along with the SFRs of the general galaxy
population at this redshift as measured by the CANDELS
survey. The blue line denotes the star-forming main sequence
as fit by Barro et al. (2019), and the red line denotes the
redshift-dependent threshold used to select quiescent galaxies
by Aird et al. (2018). We find that AEGIS 511, AEGIS 525,
and AEGIS 532 are all below this threshold, while AEGIS 495
lies just above the quiescent limit. We reach a similar
conclusion when considering the specific SFR (sSFR; the
SFR per unit stellar mass) of our sample. The star-forming

Figure 7. Results of our two-dimensional surface brightness profile fitting. The
F356W images are shown in the left column, our best-fit GALFIT models are
shown in the middle column, and the residuals (data minus model) are shown
in the right column. The best-fit Sérsic index and effective radius for each
source are listed. Here PS stands for “point source.” Images are 3″ × 3″ in size.
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main sequence at this redshift has an sSFRMS= 1.5 Gyr−1

(Schreiber et al. 2017, 2018). We find that the hosts of AEGIS
511, AEGIS 525, and AEGIS 532 all have sSFRs that are a
factor of 10 or more below that of the main sequence, while
AEGIS 495 is suppressed by a smaller factor of 2.9, in general
agreement with their UVJ colors.

Recently, Carnall et al. (2022) reported that the hosts of both
AEGIS 525 and AEGIS 532 are quiescent. That study used the
time-dependent quiescent selection criteria sSFR< 0.2/tobs,
where tobs is the age of the universe at the redshift of the
galaxy. We find that AEGIS 511, AEGIS 525, and AEGIS 532
would all be considered quiescent using this criterion, while
AEGIS 495 lies just above the threshold. Coupled with its
location in the poststarburst region of the UVJ diagram, this
suggests that the host of AEGIS 495 is the sole well-resolved
galaxy in our sample with a moderate level of ongoing star
formation, albeit potentially suppressed relative to that of the
star-forming main sequence.

As a final check, we investigated whether any of these
sources might be dusty starburst galaxies masquerading as
quiescent systems by examining their far-infrared emission
using data from Herschel PACS (100 and 160 μm; Lutz et al.
2011) and SPIRE (250, 350, and 500 μm; Oliver et al. 2012).
We make use of prior-fitted multiband photometry from A. Le
Bail et al. (2022, in preparation), who employed the “super-
deblended” technique of Liu et al. (2018) and Jin et al. (2018).
None of the sources in our sample are directly detected, and the
2σ upper limits on their SFRs range from 110 to 150 Me yr−1

for all five galaxies, consistent with our SED fits.
We also examined the star formation activity of our inactive

control sample. In Figures 10 and 11, we show the the UVJ
colors and SFRs, respectively, of these galaxies alongside the
AGN hosts. We find that these galaxies consist of roughly an
equal number of star-forming and quiescent systems. We see a
bimodal UVJ color distribution, with nine galaxies in the
quiescent and poststarburst regions of the UVJ diagram and
seven galaxies with colors consistent with dusty star-forming
systems. In the SFR–mass plane, we find the control galaxies
distributed equally around the Aird et al. (2018) quiescent
threshold, with eight galaxies above and eight below this limit.
Given the small size of both the control and AGN samples, the
fractions of both populations that are quiescent are statistically
consistent with each other: 50%± 12% (8/16) for the control
and 60% 22%

16%
-
+ (3/5) for the AGN.

6. Discussion

We examine the rest-frame optical host properties of five
X-ray-luminous AGN detected at 3< z< 5 using JWST

NIRCam imaging taken as part of the CEERS program. Four
of the hosts are spatially well resolved, and a visual assessment
of their morphologies reveals that three are spheroidal systems
and one is a bulge-dominated disk. None of the galaxies show
strong morphological disturbances indicative of a recent
interaction or merger event; however, point-source subtraction
reveals a potential close companion near the most X-ray-
luminous AGN in the sample. Compared to an inactive control
sample of galaxies with similar mass and redshift, we find the
AGN hosts to be more bulge-dominated based on our
parametric and nonparametric morphology indicators and less
disturbed based on our visual classifications. We find that the
four resolved hosts have rest-frame colors that place them in
the quiescent and poststarburst regions of the UVJ diagram. We
also perform two-component SED fits using both galaxy and
AGN templates and find that the sSFRs of all four galaxies are
at least a factor of ∼3 below the star-forming main sequence at
z= 3.5, confirming that they have recently quenched or are
potentially in the process of quenching.
The small sample size notwithstanding, the properties of

these galaxies stand in contrast to those measured among the
bulk of the AGN population at z∼ 2, where hosts are
predominately normal star-forming systems with a large disk
fraction (e.g., Schawinski et al. 2011; Kocevski et al. 2012;
Mullaney et al. 2012; Rosario et al. 2013; Florez et al. 2020; Ji
et al. 2022). However, AGN activity is not uncommon among
the quiescent population at these redshifts. Studies find that
20%–25% of massive (M* > 1010 Me) quiescent galaxies host
an X-ray AGN at z∼ 2 (Kocevski et al. 2017; Wang et al.
2017), a fivefold increase over the fraction measured at z∼ 1
(e.g., Georgakakis et al. 2008). This fraction increases further at
higher redshifts, where Schreiber et al. (2018) reported that
33% of their sample of young massive quiescent galaxies at
3< z< 4 are X-ray-detected. Furthermore, Forrest et al.
(2020a) noted that 44% of their sample of massive
(M* > 1011 Me) quiescent galaxies at this same redshift are
likely AGN based on their emission line ratios. This strong
evolution in AGN fraction implies a much higher AGN duty
cycle in passive galaxies at these redshifts. In fact, Aird et al.
(2018) reported that the AGN duty cycle among quiescent
galaxies at z> 2 is equivalent to that of star-forming galaxies of
similar mass and redshift. Coupled with the host properties that
we observe in our sample, this suggests that distant quiescent
galaxies have increased residual cold-gas reservoirs that can
continue to fuel SMBH growth even after star formation has
been curtailed.
This is not to say that the AGN population is dominated by

quiescent galaxies at this redshift, as previous studies with HST
have found that the black hole accretion rate and host SFR are

Figure 8. Residual images of AEGIS 482 after subtracting the best-fit point-source model in five NIRCam bands. Images are 3″ × 3″ in size.
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correlated out to at least z∼ 4–5 (Aird et al. 2018; Suh et al.
2019). In Figure 11, we show the X-ray AGN in EGS that were
observed by the CANDELS survey but currently fall outside of
the CEERS imaging. These galaxies are all located in the star-
forming region of the diagram, suggesting that the AGN host
population could distribute equally around the quiescent cut
when we expand our sample.

However, the ubiquity of AGN in massive quiescent galaxies
at z> 3 is notable because energy injection from AGN has
been widely used in semianalytic models and cosmological
simulations as a key quenching mechanism. The need for
strong feedback is particularly acute for massive quiescent
galaxies at the redshifts of our sample given the limited time

available (1–2 Gyr) to form them and fully shut down their star
formation activity.
If these host galaxies were rapidly quenched as described by

the radiative (or quasar) mode feedback model, where AGN-
driven winds help to remove a galaxy’s cold-gas supply, then
we would be observing them in the postblowout phase, when
the obscuring column density has dropped enough for the AGN
to be visible, and the star formation and nuclear activity are in
gradual decline. A galaxy in a similar state was recently
reported by Kubo et al. (2022), who detected a type 2 QSO in a
massive (M* = 1011.3 Me) quiescent galaxy at z= 3.09. In that
case, strong ionized gas outflows are detected via broad [O III]
emission, providing direct evidence of energy injection by the

Figure 9. Nonparametric morphology indicators for our z > 3 AGN and control samples. Left: Gini value vs.M20, with dashed lines representing the merger (top left),
disk-dominated (bottom left), and bulge-dominated (top right) regions defined in Lotz et al. (2004). Right: asymmetry vs. concentration. Each galaxy is color-coded
based on its best-fit Sérsic index. The background contours are all visually classified galaxies in the five CANDELS fields at 1 < z < 3 from Kartaltepe et al. (2015),
color-coded based on their morphology.

Figure 10. The UVJ color diagram. Open red circles show the rest-frame colors
of the AGN+galaxy emission of our 3 < z < 5 sample, while filled red circles
are colors corrected for the AGN emission predicted in each band from our
two-component SED fits. Blue diamonds denote our inactive control sample.
Contours and gray circles show the color distribution of galaxies and the hosts
of X-ray-selected AGN, respectively, in the redshift range 1.4 < z < 3.0 in the
CANDELS fields. The green dashed line denotes the dividing line used to
separate quiescent and star-forming galaxies.

Figure 11. The SFR vs. stellar mass for AGN hosts in the EGS field at
3 < z < 5. The five X-ray AGN observed by CEERS at this redshift are shown
as boxed red circles. AEGIS-XD sources that fall outside of the current CEERS
footprint but were observed by the CANDELS survey are shown as green
circles. Blue diamonds denote our inactive control sample. The background
hexagonal bins show the relative number of galaxies in this redshift range over
all five of the CANDELS fields. The curved blue line is the best-fit star-forming
main sequence reported in Barro et al. (2019), while the red line is the threshold
used for selecting quiescent galaxies in Aird et al. (2018).
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AGN. Follow-up observations will be needed to confirm if
similar outflows are present in our sample, but this example
demonstrates a plausible scenario to explain the host properties
that we observe.

Of course, one proposed mechanism for triggering quasar
mode feedback is major galaxy–galaxy mergers, which are
thought to prompt the radiatively efficient accretion that
ultimately powers the quenching outflows. With the exception
of AEGIS 482, which shows signs of a possible companion in
the GALFIT residual images, our hosts do not exhibit the
strong morphological disturbances that might be expected if
these systems experienced a recent major merger event. A
delay between the merger and the onset of AGN activity that is
longer than the relaxation time of a galaxy (typically a few
hundred megayears; Lotz et al. 2010), coupled with surface
brightness dimming, might cause the most obvious merger
signatures to fade below our detection limit. Such time lags are
expected (Springel et al. 2005b; Di Matteo et al. 2005) and
often invoked as a possible explanation for the lack of merger
signatures in AGN hosts (e.g., Cisternas et al. 2011; Kocevski
et al. 2012). However, AEGIS 525, which has a significant disk
component, is unlikely to have experienced a major disruptive
merger in the recent past. Although disks can reform following
a gas-rich merger (Robertson et al. 2006; Bundy et al. 2010),
the timescale required (∼1 Gyr) makes this unlikely given the
redshift of the source.

It should be noted that for moderate-luminosity AGN, like
many in our sample, the implied black hole mass accretion rate
is modest (a few Me yr−1 for Lbol/LX∼ 30 and a radiative
efficiency of 0.1) and could be sustained over several duty
cycles with only modest amounts of gas (∼109Me). If such gas
reservoirs, which are common in the circumnuclear region of
local spiral galaxies, are present in the circumnuclear region of
z> 3 galaxies, they can readily fuel such AGN without the
need for large-scale gas transport by mergers, as long as local
circumnuclear processes can drain angular momentum from the
gas and drive it down to the black hole accretion disk (e.g.,
Jogee 2006; Hopkins et al. 2014). Recent studies have found an
upper limit on the cold-gas fraction of massive (M*∼ 1011 Me)
quiescent galaxies at z= 3.5 of 20% (Suzuki et al. 2022),
which would allow for gas reservoirs of order ∼109Me in our
AGN hosts.

Alternative triggering mechanisms include minor mergers or
rapid cold flow accretion (Dekel et al. 2009), which can funnel
gas to the centers of galaxies on short timescales (Bournaud
et al. 2011, 2012). According to recent studies using
cosmological hydrodynamic simulations, these mechanisms
may in fact be responsible for triggering the bulk of AGN
activity at early times rather than major mergers (Steinborn
et al. 2018; Sharma et al. 2021).

Whether the initial quenching of these galaxies is ultimately
due to AGN feedback or another cause, such as simple rapid
gas exhaustion, remains to be determined. However, the
presence of luminous AGN in these systems and the observed
high duty cycle in massive quiescent galaxies at similar
redshifts implies that AGN can input a significant amount of
energy into their hosts after star formation has ceased, which
may heat the halos of these systems and prevent renewed star
formation. A larger sample size will be needed to determine if
this is a common role that moderate-luminosity AGN play
during the era of galaxy assembly.

7. Conclusions

We report on the host properties of five X-ray-luminous
AGN identified at 3< z< 5 in the first epoch of NIRCam
imaging from the CEERS ERS program. We examine their host
morphologies using a combination of visual classification,
nonparametric morphology indicators, and surface brightness
profile fitting. We also examine their star formation activity
using rest-frame colors and SFRs derived through SED
modeling, where we employ both galaxy and AGN templates.
The properties of the AGN hosts are compared against a control
sample of inactive galaxies (i.e., those with no X-ray detection)
matched in mass and redshift. We find the following.

1. Three of the AGN hosts (AEGIS 495, 511, and 532) have
spheroidal morphologies, one (AEGIS 525) is a bulge-
dominated disk, and one (AEGIS 482) is dominated by
pointlike emission. Our point-source subtraction reveals
the underlying host of AEGIS 482 to be elongated, with a
possible nearby companion. Otherwise, none of the hosts
show strong morphological disturbances that might
indicate a recent interaction or merger event.

2. Compared to the inactive control sample, the AGN hosts
are more bulge-dominated, having a higher average
Sérsic index (2.6 versus 1.6) and Gini–M20 bulge statistic
(0.05 versus −0.31). The AGN are also less disturbed
than the control sample, 50% of which show some level
of asymmetry or distortion in their morphology.

3. The colors of three AGN hosts place them within the
quiescent region of the UVJ diagram, including AEGIS
525, which appears to be a passive disk. One host
(AEGIS 495) has a bluer U− V color that is consistent
with a poststarburst stellar population. The best-fit galaxy
template for AEGIS 482, the point source–dominated
host, has colors that place it squarely in the locus of star-
forming galaxies.

4. The SFRs of the AGN hosts, measured from our two-
component SED fitting, agree well with the star formation
activity inferred from their UVJ colors. The three hosts in
the quiescent region of the UVJ diagram have sSFRs that
are an order of magnitude or more below that of the star-
forming main sequence at z∼ 3.5, while AEGIS 495, the
poststarburst host, is suppressed by a smaller factor
of 2.9.

An elevated AGN fraction among quiescent galaxies at z> 3
suggests that these galaxies have an increased residual cold-gas
supply relative to their lower-redshift counterparts. Given the
age of the universe at these redshifts, our quiescent hosts must
all be observed soon after the shutdown of their star formation
activity. Whether the AGN plays a role in this suppression
(either by initially quenching them or by helping to maintain
their quiescence state by continuing to inject energy into the
systems after quenching) remains to be determined. In future
papers, we plan to expand our sample size using the full
CEERS data set, which will include both additional NIRCam
imaging and spectroscopic observations of AGN hosts during
the epoch of galaxy assembly.
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