THE ASTROPHYSICAL JOURNAL, 943:109 (10pp), 2023 February 1
© 2023. The Author(s). Published by the American Astronomical Society.

OPEN ACCESS

https://doi.org/10.3847/1538-4357 /acaTff

CrossMark

NuSTAR Observes Two Bulgeless Galaxies: No Hard X-Ray AGN Detected in NGC 4178

Ryan W. Pfeifle’*!!

or J0851+3926

, Shobita Satyapal3 , Claudio Ricci®*” @, Nathan J. Secrest®

Gabriela Canalizo®®, and M1Chael A. Reefe*?" 1% 12
'x- -Ray Astrophysics Laboratory NASA Goddard Space thht Center, Code 662, Greenbelt, MD 20771, USA; ryan.w.pfeifle@nasa.gov
2 0ak Ridge Associated Universities, NASA NPP Program, Oak Ridge, TN 37831, USA
DepaHment of Physics and Astronomy, George Mason University, 4400 University Drive, MSN 3F3, Fairfax, VA 22030, USA
#Niicleo de Astronomia de la Facultad de Ingenierfa, Universidad Diego Portales, Av. Ejército Libertador 441, Santiago, Chile
5 Kavli Institute for Astronomy and Astrophysics, Peking University, Beijing 100871, People’s Republic of China
U.S. Naval Observatory, 3450 Massachusetts Avenue NW, Washington, DC 20392, USA
7 Hiroshima Astrophysical Science Center, Hiroshima University, 1-3-1 Kagamiyama, Higashi-Hiroshima, Hiroshima 739-8526, Japan
University of California, Riverside, Department of Physics & Astronomy, 900 University Avenue, Riverside, CA 92521, USA
Department of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
O Kavli Institute for Astrophysics and Space Research, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
Received 2022 October 20; revised 2022 November 28; accepted 2022 November 30; published 2023 January 31

. . .3
, Mario Gliozzi

Abstract

The discovery over the last several decades of low- and moderate-luminosity active galactic nuclei (AGNs) in disk-
dominated galaxies—which show no “classical” bulges—suggests that secular mechanisms represent an important
growth pathway for supermassive black holes in these systems. We present new follow-up NuSTAR observations
of the optically elusive AGNs in two bulgeless galaxies, NGC 4178 and J0851+43926. Galaxy NGC 4178 was
originally reported as hosting an AGN based on the detection of [Ne V] mid-infrared emission detected by Spitzer,
and based on Chandra X-ray imaging, it has since been argued to host either a heavily obscured AGN or a
supernova remnant. Galaxy J08514-3926 was originally identified as an AGN based on its Wide-Field Infrared
Survey Explorer mid-IR colors, and follow-up near-infrared spectroscopy previously revealed a hidden broad-line
region, offermg compelling evidence for an optically elusive AGN. Neither AGN is detected within the new
NuSTAR 1maigmg, and we denve upper limits on the hard X-ray 10-24keV fluxes of <7.41 x 10~'* and
<9.40 x 10~ ™ ergem %5~ ! for the AGNs in NGC 4178 and J0851+3926, respectively. If these nondetections
are due to large absorbing columns along the line of srght the nondetections in NGC 4178 and J0851+3926 could
be explained with column densities of log(NH/cm ) >24.2 and 24.1, respectively. The nature of the nuclear
activity in NGC 4178 remains inconclusive; it is plausible that the [Ne V] traces a period of higher activity in the
past, but that the AGN is relatively quiescent now. The nondetection in J0851+43926 and multiwavelength
properties are consistent with the AGN being heavily obscured.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); AGN host galaxies (2017); Low-luminosity

, Thomas Bohn’ s

active galactic nuclei (2033)

1. Introduction

The well-known correlation between the black hole mass and
the host galaxy’s stellar velocity dispersion (e.g., Magorrian
et al. 1998; Gebhardt et al. 2000; Giiltekin et al. 2009b;
McConnell & Ma 2013) launched a long-standing view that
black hole growth and the buildup of galaxy bulges go hand in
hand, perhaps as interactions fuel the central supermassive
black hole (SMBH) and grow the bulge, and feedback from the
active galactic nucleus (AGN) regulates the surrounding star
formation in the host galaxy (e.g., Toomre 1977; Barnes 1992;
Silk & Rees 1998; Kauffmann & Haehnelt 2000; Hopkins et al.
2012). The connection between black hole growth and galaxy
bulges was further intimated by the fact that until recently,
virtually all currently known actively accreting black holes—
i.e., AGNs—in the local universe were found in galaxies with
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prominent bulges (e.g., Ho et al. 1997; Kauffmann et al. 2003).
In recent years, however, it has become clear that many
moderate-luminosity (Lys_gkev = 10*-10* erg sfl) AGNSs are
found in disk-dominated galaxies with no signs of interactions
(e.g., Kocevski et al. 2012; Simmons et al. 2012). Although
some mergers can regrow or leave large-scale disks (Springel
& Hernquist 2005; Hopkins et al. 2009), and it may be possible
to build a “classical” bulge without mergers (Bell et al. 2017), it
is extremely likely that the vast majority of disk-dominated
galaxies in the local universe have evolved largely indepen-
dently from mergers since za2 (Martig et al. 2012). The
discovery of significant AGN activity in disk galaxies therefore
stresses the importance of secular pathways in black hole
growth. Surprisingly, in the few disk-dominated galaxies with
optically identified AGNSs, the black hole mass is found to
correlate with the total stellar mass of the disk (e.g., Cisternas
et al. 2011; Simmons et al. 2017). Since the bulge carries the
imprint of the merger history of a galaxy, this suggests that
SMBH and galaxy coevolution takes place largely indepen-
dently from mergers. However, most past studies are based on
optical spectroscopic observations, which can be severely
limited in the study of bulgeless galaxies. It is well known that
the infrared-to-blue luminosity ratio observed in galaxies
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increases along the Hubble sequence, implying that late-type
galaxies are extremely dusty (e.g., de Jong et al. 1984). In
addition, the optical emission lines used to identify AGNs get
increasingly diluted by star formation in the host as the bulge-
to-disk ratio decreases (e.g., Trump et al. 2015). In an effort to
study obscured AGN growth in bulgeless galaxies, we focus in
this work on NGC 4178 and SDSS J085153.64+392611.76
(hereafter JO851+3926), both of which have been reported to
host optically elusive, heavily obscured AGNs.

The bulgeless spiral galaxy NGC 4178 resides at a distance
of 16.2Mpc away (Kent et al. 2008) in the Virgo Cluster.
Satyapal et al. (2009) first reported on the presence of an AGN
in NGC 4178 based on the detection of a high-ionization [Ne V]
Al4.3 ym emission line—a reliable tracer of AGN activity
(Abel & Satyapal 2008) in the mid-infrared (mid-IR)—using
the Spitzer Space Telescope. Given that the optical emission
shows no sign of an AGN and instead is consistent with an H1I
star-forming region (e.g., Secrest et al. 2012), the detection of
the [Ne V] emission line suggested that NGC 4178 in fact
hosted an optically elusive AGN. Follow-up Chandra observa-
tions presented in Secrest et al. (2012) revealed a weak
(5.30) and predominantly soft X-ray point source coincident
with the nucleus of the galaxy. Secrest et al. (2012) concluded
that the X-ray source properties were consistent with a
heavily obscured AGN with an absorbing column density of
Ny=5 x 10** cm™2, a covering factor of C=0.99, and a
photon index of T' = 2.370:2. Using (1) the [Ne V] emission line
flux to estimate the bolometric luminosity, as well as (2) an
archival Very Large Array image to utilize the fundamental
plane of black hole accretion (e.g., Giiltekin et al. 2009a),
Secrest et al. (2012) estimated that the AGN is powered by an
~7 x 10°22 x 10° M, intermediate-mass black hole. However,
the AGN interpretation has recently been called into question
by Hebbar et al. (2019), who instead claimed that the X-ray
emission is better fit by a hot plasma model and that the X-ray
emission is likely due to a supernova remnant. Graham et al.
(2019), too, recently questioned the AGN interpretation,
suggesting that perhaps the [Ne V] emission traces a period
of previous activity but that the AGN is relatively quies-
cent now.

JO851+3926 is a bulgeless spiral galaxy at z=0.1296
originally selected by Satyapal et al. (2014) based on its Wide-
Field Infrared Survey Explorer (WISE) mid-IR colors; JO851
43926 satisfied the stringent three-band mid-IR AGN color cut
defined by Jarrett et al. (2011), suggestive of a powerful, dust-
obscured AGN. It was selected again in Bohn et al. (2020) in
an effort to measure black hole masses in optically elusive
AGNs in bulgeless galaxies. While the Baldwin—Phillips—
Terlevich (Baldwin et al. 1981) optical spectroscopic line ratios
are consistent with a composite galaxy (Bohn et al. 2020)—
which is commonly assumed to arise from a mixture of AGN
and star formation—driven emission, based on the criteria laid
out in Kewley et al. (2001, 2006) and Kauffmann et al. (2003)
—shocks can also give rise to similar emission line ratios,
leading to an ambiguous optical classification (e.g., Allen et al.
2008; Rich et al. 2011, 2014). Coupled with the lack of Balmer
emission lines in the optical band, there is no definitive
evidence in the optical for an AGN (Satyapal et al. 2014; Bohn
et al. 2020). As a part of their elusive AGN campaign, Bohn
et al. (2020) published near-infrared spectra obtained from the
Near-Infrared Echellette Spectrometer (NIRES) and Near-
Infrared Spectrometer (NIRSPEC) on Keck for JO851+3926
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Table 1
NuSTAR Observations

Name ObsID FPM Exp. Net Exp.
(ks) (ks)
1) 2 (3) 4) )
NGC 4178 60601013002 A 58.3 54.0
60601013002 B 58.3 53.4
JO851+3926 60501025002 A 61.4 52.9
60501025002 B 61.4 52.5

Note. Relevant information for NuSTAR data observations. Columns (1)—(3):
target name, observation ID, and camera. Columns (4) and (5): total raw
exposure time and net exposure time after processing the data.

and reported the detection of a broad (1489 + 184kms™ " in
NIRSPEC, 1363 +31kms ! in NIRES) Paa emission line in
both observations. After ruling out the possibility that the broad
emission line is due to outflows or a supernova, the authors
attributed the broad Pac emission to an optically elusive AGN.
An X-ray AGN was not detected in the Chandra imaging, but
the 30 upper limit on the 2-10keV flux implied a column
density of log(NH/cmz) >24.43 (Bohn et al. 2020) based on
the relationship between the observed 2-10keV and 12 um
emission derived in Pfeifle et al. (2022). This column density is
consistent with the lack of broad optical emission lines and the
derived level of extinction (Ey,(B — V >1.40); Bohn et al.
2020). Virial mass measurements using the broad Pac emission
yielded an (extinction-corrected) mass of log(M/M.)=
6.78 £+ 0.50 for the optically elusive, heavily obscured AGN
(Bohn et al. 2020).

Here we report on new NuSTAR observations of NGC 4178
and JO851+3926 that were carried out with the goal of
understanding whether AGNs are present in these galaxies and
to provide constraints on the obscuring columns. We organize
this work as follows. In Section 2, we describe the observations
and processing of the NuSTAR and Chandra observations, and
in Section 3, we describe our data analysis. In Section 4, we
describe our results. In Section 5, we discuss our work in the
context of our previous work and the literature, and in
Section 6, we present our conclusions. Throughout this paper,
we adopt the following cosmology: Hy=70 kms ' Mpc ',
Qu=0.3, and O, =0.7.

2. Observations and Data Processing
2.1. NuSTAR Observations

The NuSTAR observations for NGC 4178 (58.3 ks; ObsID
60601013002; PI: Satyapal) and JO851+4-3926 (61.4 ks; ObsID
60501025002; PI: Satyapal) were conducted on 2020 June 25
and 2020 May 8, respectively (see Table 1). Reprocessing of
the data was performed using the NuSTAR Data Analysis
Software (NUSTARDAS; Perri et al. 2021)"* v0.4.7 package
available in HEASOFT v6.27 (Nasa High Energy Astrophysics
Science Archive Research Center 2014) along with the latest
CALDB and clock correction file at that time. The NUPIPELINE
script was used to conduct stage 1 and 2 reprocessing, and we
used the background light curves for each observation to
inform our choices for the South Atlantic Anomaly (SAA)
calculation. For both observations, we used SAA algorithm 1;
we chose the “Optimized” and “Strict” calculation modes for

13 https: / /heasarc.gsfc.nasa.gov/docs /nustar/analysis /
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NGC 4178 and J0851+-3926, respectively; and we did not employ
the “tentacle” option'* in either case, since a stable background
light curve was achieved using the aforementioned algorithm
settings. Energy-filtered event files were created using DMCOPY in
the Chandra Interactive Analysis of Observations (CIAO) software
package (Fruscione et al. 2006)."> The NUPRODUCTS script was
used to extract the stage 3 spectroscopic data products using the
source and background regions described in Section 3. Due to the
low number of counts, extracted spectra were grouped by 1 count
bin' using the HEASOFT GRPPHA command in order to use Cash
statistics (Cash 1979) during fitting.

2.2. Chandra Observation

In addition to the NuSTAR observations of NGC 4178 and
JO851+3926, we also retrieved their archival Chandra observa-
tions. NGC 4178 was observed for 40 ks (ObsID 12748) on 2011
February 19 and examined in Secrest et al. (2012), Hebbar et al.
(2019), and, most recently, Graham et al. (2019). J0851+4-3926
was observed for 20 ks (ObsID 22584) and examined in Bohn
et al. (2020). These observations were reprocessed using CIAO
v.4.12 and CALDB v4.9.1 using the CHANDRA_REPRO script.
Energy-filtered images were again created using DMCOPY within
CIAO. Spectra were extracted using the SPECEXTRACT script
and,las in the case of the NuSTAR data, grouped by 1 count
bin~".

3. Analysis
3.1. NuSTAR Source Detection and Photometry

Neither NGC 4178 nor J0851+43926 host an obvious hard
X-ray point source upon visual inspection. To search the
NuSTAR FPMA and FPMB images for potential sources, we
employed WAVDETECT from CIAO on the observed frame
3-8 keV band, as well as the more traditional 3—10, 10-24, and
3-24keV NuSTAR bands for both galaxies. WAVDETECT
found no sources in either FPMA or FPMB at the location of
JO851+3926. One source is detected by WAVDETECT in the
3-8, 3-10, and 3-24 keV FPMA images of NGC 4178, but the
source is not found in the FPMA 10-24 keV band, nor is it
detected in FPMB in any band. Because the detections in the
3—10 and 3-24 keV bands are due largely to the detection of a
source in the 3-8 keV band, and because the WAVDETECT
3-10keV region was not well centered on the source centroid,
we used the 3-8 keV band for the source aperture placement for
NGC 4178.

Since WAVDETECT did not find any source at the location of
J08514-3926, we instead used an aperture of 45” in radius
centered on the Sloan Digital Sky Survey (SDSS) optical
position of the galaxy to extract counts from both FPMA and
FPMB. An annular region with an inner and outer radius of 90”
and 1507, respectively, was also centered on the galaxy’s
position and used to sample the background for both cameras.

The placement of apertures for source and background
extraction for NGC 4178 required more care. Although the
average astrometry accuracy of NuSTAR’s pointing is often

14 See page 35 of the NUSTARDAS data analysis software guide for a
description of the “tentacle” option.

15 A note of caution: for the filtered exposure time, DMEXTRACT searches the
header for the keyword “DTCOR,” but NuSTAR observations use the keyword
“DTIME.” To retrieve the correct exposure time alongside the source counts,
one needs to modify the event file header to include “DTCOR.” Otherwise,
DMEXTRACT assumes that the exposure time is equal to the live time.
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quoted as ~8” for bright sources (Harrison et al. 2013), the
average positional accuracy of NuSTAR can range from ~ 14"
for the brightest sources to ~22" for the weakest sources
(see, e.g., Figure 4 and Section 3.1 in Lansbury et al. 2017).
The source identified by WAVDETECT in the FPMA 3-8 keV
band located at o = 12"12™M4486, &= +10°51"20571 (in
FPMA) lies ~40”1 from the putative AGN’s position (o=
12M"12™46532, § = 10"51™54%61, derived from Chandra X-ray
imaging; Secrest et al. 2012). Given the average range of
offsets observed by Lansbury et al. (2017), if this source is
indeed the AGN, its positional offset from the reported Chandra
position would be exceptionally large. On the other hand, the
source is offset by only ~8”8 from the ultraluminous X-ray
source (ULX), located at o= 12"12™4451, §=10°51"13364
within NGC4178 (Secrest et al. 2012), suggesting that the
source detected by NuSTAR is in fact the ULX. If we assume
that the positional offset between the NuSTAR and Chandra
positions is due strictly to the positional accuracy of NuSTAR,
the source’s positional offset from the AGN is ~49”, exactly that
found for the ULX (Secrest et al. 2012). We therefore conclude
that the source detected by NuSTAR is more likely the ULX.

Due to the angular resolution of NuSTAR (~18” FWHM;
Harrison et al. 2013) and the angular separation between the
ULX and putative AGN (~49"), the source apertures had to be
chosen carefully so as to avoid (as much as possible)
contamination at the position of the putative AGN by the
nearby, brighter ULX. This is particularly important in the
calculation of upper limits in the event of a nondetection for the
AGN. To better understand the radial extent of the ULX, we
placed a series of equally spaced concentric annuli with radii
extending from 0” to 80” and measured the number of counts
within each annulus. We show the radial profile for the ULX
along with the NuSTAR 3-10keV image with the annuli
overlaid in Figure 1. The surface brightness decreases steadily
from 0” out to ~28” from the ULX, beyond which the surface
brightness becomes fairly constant. We can therefore justify the
choice of a 30” radius aperture centered on the position of the
ULX as determined by WAVDETECT. At the position of the
reported AGN, we use a slightly smaller radius aperture of 18”
(so that it does not intersect the extraction region for the ULX)
centered on the expected position of the AGN based on the
NuSTAR positional offset.'® Because the source was not
detected in FPMB, we loaded the FPMA regions in DS9 on top
of the FPMB image and used the centroid feature to center the
ULX aperture to try and account for the positional offset
between FPMA and FPMB, which we found to be ~4”6.
Based on this shift, we then shifted the AGN aperture to its
expected FPMB position. As for the background regions, in
order to avoid sampling from areas of the image that overlap
with NGC 4178 or other potential sources in the field of view,
we used a set of four 60” radius apertures spaced around
NGC4178.

For the Chandra observations of NGC4178 and JO851
43926, we used apertures (175 in radius) identical to those
used in Secrest et al. (2012) and Bohn et al. (2020),
respectively. A circular aperture of 20” in radius was used to

16 To account for this offset, we loaded into DS9 the WAVDETECT-determined
NuSTAR aperture (listed in Table 2), as well as the Chandra apertures for the
AGN and ULX positions given by Secrest et al. (2012). We then manually
shifted the two apertures from Secrest et al. (2012) until the Chandra and
NuSTAR ULX apertures were cospatial and then recorded the expected
position of the AGN within the NuSTAR image.
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Figure 1. Surface brightness as a function of radial distance from the ULX in
NGC 4178. The source in the NuSTAR FPMA 3-10 keV band is shown in the
top right corner, where the data are smoothed using a 3 pixel Gaussian kernel
and displayed with a perceptually uniform color map. Concentric white dashed
circles indicate the annuli from which counts were extracted to construct the
radial profile of the ULX. The radial profile is shown using the blue points
connected with a line; error bars represent the standard error. The surface
brightness of the source decreases from the source center out to ~28", after
which the surface brightness varies little with radial distance. Radial surface
brightness profiles for three nearby, background-dominated areas are shown in
gray for comparison.

sample the background in a source-free region of the ACIS-S
detector for each observation.

DMEXTRACT from CIAO was used to extract source and
background counts using the regions described above. We
required a significance threshold of 30 for a source to be
considered detected. For sources with greater than 20 counts
and a 3¢ detection in a particular energy band, we assume that
the photon count distribution is Gaussian and compute the error
on the counts in that band as /N, where N is the number of
counts. For nondetections (<30), we instead compute the 30
(99.7% confidence level) upper limits for the net source counts
using the gross measured counts in the source and background
regions following the Bayesian method of Kraft et al. (1991).
Additionally, due to either weak or undetected sources, we
compute the binomial no-source probability (Pg) for each
energy band (see Equation (1) in Section 3 of Lansbury et al.
2014). We required a source to meet a threshold of
(Pg) > 0.002 in order to be considered statistically significant,
as opposed to being the result of a spurious background
fluctuation.

3.2. Flux Calculations

For the AGNs in NGC 4178 and J0851+3926, we used the
Chandra PIMMS toolkit to calculate upper limits for the
observed fluxes in each of the 3-24, 3-10, and 1024 keV
bands (as well as the 2-10keV band for direct comparison to
previous work with Chandra) based on the count rates derived
for each position. PIMMS assumes that the input is the total two-
camera (FPMA + FPMB) count rate and is retrieved from an
aperture enclosing 50% of the enclosed energy fraction (EEF),
which corresponds to an aperture size of ~30” for NuSTAR
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(Harrison et al. 2013). During this step, for each band, we
combined the count rate upper limits derived from FPMA and
FPMB and, where appropriate, applied a scale factor to correct
the count rates to the 50% EEFE."” We then provided these
count rates to PIMMS. We assumed a power-law model with
photon index I'' = 1.8 (Mushotzky et al. 1993; Ricci et al. 2017)
for JO851+4-3926, while we calculated two fluxes per energy
band for NGC 4178, one assuming ['=2.6 (the unobscured
AGN case from Secrest et al. 2012) and one assuming I' =2.3
(the obscured case from Secrest et al. 2012). We also took into
account Galactic absorption along the line of sight, obtained
from the Swift Galactic Ny calculator (Willingale et al.
2013)."8

3.3. Indirect Estimates of AGN Column Densities

Without sufficient counts to enable direct spectral fitting, we
instead estimated a lower limit on the column density along the
line of sight to the AGNs in both galaxies using (1) the ratio
between the observed upper limit on the 10-24 keV NuSTAR
flux and the expected, intrinsic 10-24 keV flux and (2) sets of
attenuation curves (see, e.g., Figure 1 in Ricci et al. 2015)
generated with XSPEC (Arnaud 1996). First, we established a
model in XSPEC consisting of a primary power law, photo-
electric absorption (TBABS) and Compton scattering (CABS),
and a component to account for reprocessed radiation (BORUS;
Balokovic et al. 2018), as well as a component for Thomson-
scattered X-ray radiation (F*CUFFPL), expressed as

(F X CUTOFFPL) + (TBABS X CABS X CUTOFFPL) 4+ BORUS,

which we stepped through a range of column densities 22 <
log(Nyg/cm~2) < 25.4 in increments of Alog(Ny/cm™2) =
0.2. We assumed a power law with a photon index of I' =1.8
(e.g., Mushotzky et al. 1993; Ricci et al. 2017) for JO851
43926, and we used two different photon index choices
(I' =2.6 and 2.3) for NGC 4178, as we did in the PIMMS flux
calculations. Furthermore, we assumed a scattering fraction of
0.5% (f=0.005, similar to the scattering fractions found for
obscured Swift/BAT AGN:s, e.g., Ricci et al. 2017, and close
to what might be expected in the case of heavily buried AGNss,
e.g., Ueda et al. 2007), and we tested this model using two
different covering factors (C): 0.5 and 0.99. These choices
reflect two scenarios: one in which the AGNs host a more
“standard” obscuring torus (C=0.5) and one in which the
AGN is heavily buried with a high covering factor (C = 0.99).
For each step through log(NH/cm_z) space, we recorded the
2-10 and 10-24 keV fluxes. Using these fluxes, we then built
two attenuation curves, one for C = 0.5 and one for C = 0.99,
for the hard X-ray 10-24 keV emission of both galaxies, where
the curves are normalized to the “intrinsic” 10-24 keV flux
measured when log(Ny /cm~2) = 22.0.

We then computed the expected intrinsic 10-24 keV fluxes
of each AGN. For J0851+3926, this involved first computing
the expected 2-10keV flux based on the WISE 12 um fluxes
(using the relation from Asmus et al. 2015) and then converting
the intrinsic 2-10keV flux to the intrinsic 10-24 keV flux using
XSPEC, again assuming I'=1.8. For NGC 4178, we instead
adopted the 2-10 keV fluxes found by Secrest et al. (2012) using

17 Thus, the count rates for NGC 4178 were scaled up to 50%, and the rates for
J0851+3926 were scaled down to 50%.

18 https: //www.swift.ac.uk /analysis /nhtot/
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Figure 2. Pan-STARRS r-band and NuSTAR FPMA imaging for NGC 4178 (top) and JO851+43926 (bottom). Left to right: Pan-STARRS r band, NuSTAR FPMA
3-10, 10-24, and 3-24 keV bands. The X-ray images are smoothed using a 3 pixel Gaussian kernel and displayed with the perceptually uniform sequential color map
“magma” in MATPLOTLIB. Top: dashed 30" radius circles represent the extraction region for the ULX, while dotted 18" radius circles represent the AGN extraction
region; these circles are offset by ~49” from one another. Bottom: dashed 45" radius circles represent the AGN extraction region.

Chandra: 6.9 x 10*® ergem s~ for the unobscured case
(which used a power-law model with I'=2.6) and 8.6 x
10* ergem?s™" in the obscured case (which used a power-
law model with I' =2.3).

Finally, we took the ratio between the observed upper limit
on the 10-24 keV NuSTAR flux (Table 3) and the expected
intrinsic 10-24 keV flux and used the attenuation curves to
obtain lower limits on the column density along the line of
sight. We thus obtain for each galaxy two lower limits on the
column density, one assuming C=0.5 and one assuming
C =0.99. Both lower limits are quoted in this work for JO851
+3926. For NGC 4178, however, the intrinsic X-ray fluxes
used in these calculations were model-specific; the intrinsic
flux for the obscured case was derived assuming I' = 2.3 and a
high covering factor (C=0.99), while the unobscured case
assumed I'=2.6 and had no requirements for the covering
factor. To maintain consistency, for the unobscured case
(I' =2.6), we quote only the Ny lower limit derived using
C =0.5, and for the obscured case (I' = 2.3), we quote only the
Ny lower limit derived using C = 0.99.

4. Results

We show the NuSTAR 3-10, 10-24, and 3-24 keV images
along with Pan-STARRS r-band images of NGC 4178 and
JO851+4-3926 in Figure 2. Neither of the reported AGNs in
NGC 4178 and J0851+43926 are detected in any NuSTAR
energy band, so we instead calculated the upper limits on the
counts and fluxes for each AGN candidate (as outlined in
Section 3). The ULX in NGC 4178 was significantly detected
in the 3-10 and 3-24 keV images. We report aperture positions
and count statistics in Table 2 and X-ray fluxes of the AGNs in
Table 3. In the case of NGC 4178, the nondetection suggests
that there is no X-ray-emitting AGN with an observed flux in

excess of 7.41 x 107" ergem™2s™! in the 10-24keV band
(assuming I['=2.3). For JO85143926, the nondetection
suggests that there is no X-ray-emitting AGN with an observed
flux in excess of 9.40 x 10~ erg em 2s7! (D'=1.8) in the
10-24 keV band. To offer a direct comparison to previous work
with Chandra, we also derived the 2-10 keV flux upper limits
for each system using the flux in the NuSTAR 3-10 keV band;
there are no X-ray-emitting AGNs with observed 2-10keV
fluxes in excess of 7.36 x 10~ '* ergem Zs ! in the case of
NGC4178 (I'=2.3) and 4.84 x 10~ ergem 25~ (I'=1.8)
in the case of JO851+3926. These 2—10 keV flux upper limits
are consistent with the previous upper limits established using
Chandra (Secrest et al. 2012; Bohn et al. 2020).

We also recalculated the 2-10 keV upper limits on the counts
and flux for JO851+4-3926 using the archival Chandra imaging
and used the appropriate Bayesian approach mentioned in
Section 3. We found the upper limit on the counts to be <8
counts in the 0.3-8 keV band, <8 counts in the 0.3-2keV
band, and <6 counts in the 2-8 keV band based on the Chandra
imaging. These counts in turn yield flux upger limits of <5.30 x
107", <4.14 x 107", and <5.51 x 107" ergem 25" in the
0.3-8, 0.3-2, and 2-8 keV Chandra bands, respectively. Using
the 2-8 keV flux upper limit, we found the 2—-10 keV flux upper
limit to be 6.55 x 10~ '° ergem ?s~'. These flux upper limits
supersede those calculated in Bohn et al. (2020).

In the absence of spectra, we have inferred lower limits to
the column densities required for nondetections in the NuSTAR
energy bands using the flux ratio calculations described in
Section 3; we report these column densities in Table 3. In order
to remain undetected by NuSTAR, the central source in JO851
43926 would need to be obscured by log(NH/cmz) >24.1,
assuming a covering factor of C =0.5, or log(Ny/ cm?) >24.3,
assuming C=0.99. If NGC4178 hosts a heavily obscured
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Table 2
NuSTAR Photometry
System EPM o Net Counts
3-24 keV 3-10 keV 10-24 keV

@) @ 3 ()] ©) )
NGC 4178, ULX A 12P12™441 864 +10°51™20:709 47.0 + 129 38.3+£10.2 <28.6

B 12"12™445 588 +10°51™182054 38.8 £ 125 29.7+£9.8 <28.8
NGC 4178, AGN A 12112465 663 +10°52™01:711 <212 <21.5 <10.3

B 1212463394 +10°51™58:366 <29.7 <23.8 <16.0
JO851+3926 A 08"51™53:743 +39°26™11:526 <62.8 <40.8 <40.2

B <41.0 <33.5 <29.0

Note. NuSTAR photometry for the 3-24, 3—-10, and 10-24 keV energy bands. Columns (1) and (2): system name and FPM. Columns (3) and (4): R.A. and decl. of the
source apertures. Columns (5)—(7): net source counts for the 3—24, 3—10, and 10-24 keV energy bands (see Section 3).

AGN, as posited by Secrest et al. (2012), it would need
to be obscured by log(Ny/ cm?) >24.2 (assuming I' =2.3 and
C =0.99) to remain undetected by NuSTAR in the 10-24 keV
band. If NGC 4178 instead hosts an unobscured AGN (I" = 2.6;
Secrest et al. 2012), its intrinsic flux is below the detection limit
of the NuSTAR observation."'”

5. Discussion
5.1. NGC4178

The lack of a hard X-ray point source in NGC 4178 offers
little constraint on the presence or absence of an AGN. Based
upon our analysis, if an X-ray-emitting AGN exists in the
nucleus of NGC 4178, it is either a Compton-thick AGN with
log(Ny/ cm?) > 24.2—in general agreement with the column
density estimated by Secrest et al. (2012) for their heavily
obscured AGN case—or a low-luminosity AGN (LLAGN)
with column density log(Ny/ cm %) < 22 and a flux level below
the detection limit of NuSTAR.

Recently, Hebbar et al. (2019) examined the Chandra spectra
of the nuclear source in NGC 4178 and found that the spectrum
is poorly fit by an absorbed power-law model (PCFAB-
S*PEGPWRLW)—which would arise in the case of an obscured
AGN—but is better fit and more resembles emission from a
supernova remnant, modeled via a hot plasma model
(TBABS*VAPEC in XSPEC). This result suggests that the X-ray
emission is not dominated by an AGN, either because there is
no AGN or because it is too obscured. To compare the best-
fitting model from Hebbar et al. (2019) to the nondetections in
the NuSTAR imaging, we refit the Chandra 0.3-8 keV spectra
using the TBABS*VAPEC model and froze all parameters to the
best-fit values in Table 2 from Hebbar et al. (2019) except
for the normalization, which was left free to vary. We then
fit the model to recover the approximate normalization. Using
this model, we found that the absorbed hot plasma model
returns®” an observed 2-10keV X-ray flux of 2.0703 x 10715
ergem s ' and a 3—-10 keV observed flux of 6.47]0 x 10710
ergem 2s~'. These fluxes are a magnitude or more lower than
the upper limits derived for any AGN in NGC 4178, placing
such a source well below the detection threshold of the
NuSTAR imaging. At this expected flux level, a nondetection

19 The inferred column density, log(NH/cmz) =22, is the minimum possible
value using our attenuation curve method and consistent with an unobscured
AGN. In this case, log(NH/cmz) =22 should be considered an upper limit to
the column density.

20 These error bounds should be considered approximate, as the bounds
change during each iterative check in XSPEC with the error command.

is consistent with the picture that the nuclear X-ray flux is
dominated by a supernova remnant, but unfortunately, the
NuSTAR data are inconclusive in this respect and cannot
provide strong evidence for or against either scenario.

In an effort to uncover any trace of AGN activity in
NGC 4178, we examined the SDSS optical spectra to search for
optical coronal lines that might have arisen due to an AGN; no
optical coronal lines are found in the optical spectra. Similarly,
we have examined the WISE mid-IR colors from the AIWISE
point-source catalog (Wright et al. 2019), as well as the mid-IR
colors derived from the NEOWISE reactivation database
(NEOWISE Team 2020); at no point in time do we find any
evidence for a mid-IR AGN based on the commonly employed
selection criteria of Jarrett et al. (2011) and Stern et al. (2012).
We should note that while NGC 4178 does not manifest as an
AGN in the mid-IR, its mid-IR colors are not unlike those of
other [Ne V]-emitting AGNs in the local universe; Figure 3
shows that NGC 4178 (blue diamond) occupies the same mid-
IR color space as that of other, local redshift, [Ne V]-emitting
AGNs (open circles) that fall outside of the selection criteria
from Jarrett et al. (2011) and Stern et al. (2012), so the lack of a
mid-IR AGN should not immediately discount an AGN
scenario. However, given the ambiguity surrounding the nature
of the nuclear X-ray source and the lack of optical and mid-IR
signatures, we cannot provide any definitive evidence that
supports or refutes either scenario proposed by Secrest et al.
(2012) and Hebbar et al. (2019).

Interestingly, this situation is reminiscent of NGC 3486—as
one example—in that a high-excitation line attributed to AGN
activity was reported (OVI in NGC 3486 and NeV in
NGC 4178; Satyapal et al. 2009; Annuar et al. 2020), and an
AGN was reported based on soft X-ray emission from XMM-
Newton (L, jorev = 1.1 x 10% erg s ' in NGC 3486; Cappi
et al. 2006) or Chandra (L joev=7.9 x 10*® erg s™' in
NGC4178; Secrest et al. 2012) but was not detected in the
NuSTAR imaging (Annuar et al. 2020, and this work). The
major difference in this comparison is that NGC 3486 is
detected as a Type I AGN in the optical, whereas NGC 4178
presents as an HII star-forming region.

Perhaps the most plausible explanation for the lack of a hard
X-ray or optical AGN in NGC 4178 is that the [Ne V] detection
is a light echo tracing AGN activity in the past, as has recently
been suggested by Graham et al. (2019). The Spitzer SH slit
subtends a large fraction of the nuclear region of NGC 4178
(but it does not overlap with the Chandra X-ray position of the
ULX, ruling out the possibility that the ULX produced the
[Ne V] line), so there is no way to accurately constrain the
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Table 3
NuSTAR Flux Upper Limits and Column Density Lower Limits for the AGNs

System T Observed Flux Covering Factor log(Ny/cm™?)
(10 ™ erg em 257
2-10 keV 3-24 keV 3-10 keV 10-24 keV
1 (@) 3) ) (5) (0) @ ®)
NGC 4178 2.6 <8.03 <6.99 <5.23 <7.14 0.5 <22.0
NGC 4178 23 <7.36 <7.30 <5.16 <7.41 0.99 >24.2
JO851+3926 1.8 <4.84 <7.47 <3.77 <9.40 0.5 (0.99) >24.1 (>24.3)

Note. Observed flux upper limits and column density lower limits for the candidate AGNs in NGC 4178 and J0851+-3926. Columns (1) and (2): system name and
choice of photon index for the modeling. Columns (3)—(6): observed flux upper limits in units of 10~'* erg cm 2 s~ in the 2-10, 3-24, 3-10, and 10-24 keV energy
bands. Column (7): covering factor choice(s) used when inferring column density limits (see Section 3). Column (8): inferred column densities derived from the flux

ratios and attenuation curves developed in Section 3. Column densities are rounded to the nearest tenth.
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Figure 3. WISE color—color space for [Ne V]-emitting AGNs. The WISE W1-
W2 color is given on the y-axis, while the W2—W3 color is given on the x-axis.
The horizontal dashed—dotted line at y = 0.8 denotes the mid-IR AGN criterion
from Stern et al. (2012), while the dashed black wedge is the AGN criterion
from Jarrett et al. (2011). The [Ne V]-emitting AGNs are plotted as open
circles, while NGC 4178 is plotted with a blue diamond. Like many other
[Ne V]-emitting AGNs, NGC 4178 also does not manifest as an AGN in the
mid-IR. Object JO8514-3926 is also plotted here as an orange square.

location of the [Ne V]-emitting source. However, the detection
of this line without a counterpart in the optical or hard X-ray
bands suggests the simple explanation that the AGN is
currently relatively quiet (possibly an LLAGN) but was more
active at some point in the past (Graham et al. 2019). In this
case, NGC 4178 may be similar to the fading AGN in Arp 187,
which was not detected in the mid-IR (Ichikawa et al. 2016) or
the X-rays (Ichikawa et al. 2019a, 2019b), yet a high-ionization
[O IV] emission line was marginally-detected in the Spitzer
spectra (Ichikawa et al. 2016).

5.2. JO851+3926

As in the case of NGC 4178, while the NuSTAR nondetec-
tion in JO8514-3926 does not provide confirmation of an AGN
or a precise constraint on the potential absorbing column, we
can still compare the flux upper limits between observations
and derive lower limits to the potential column density. The
flux upper limit in the 2—10 keV band derived from NuSTAR,
Fo_jokev < 4.84 % 1071 erg em 2 57! (see Section 3),
which corresponds to a 2-10keV X-ray luminosity of

Ly joxev < 2.14 x 10% erg s~!, is an order of magnitude higher
than (but consistent with) both the upper limit determined with
Chandra in Bohn et al. (2020) and the updated 2—10 keV Chandra
upper limit (Lo_jgrev < 2.90 X 104 erg s~ ") derived in Section 3.

Based on the flux attenuation curves calculated in Section 3,
we would expect a nondetection in the NuSTAR 10-24 keV
energy band for a column density of log(Ny/cm %) > 24.1. This
is similar to (albeit slightly smaller than) the column density
lower limit calculated in Bohn et al. (2020) using the ratio of
the 2-10keV luminosity and the WISE 12 ym luminosity
(Pfeifle et al. 2022), which was determined to be ~24.4 based
on the published Chandra upper limit in Bohn et al. (2020).
Repeating this latter calculation using the updated 2—10 keV
flux upper limit from the Chandra data (Section 4), as well as
the 2-10keV flux upper limit derived from the NuSTAR
imaging, we find lower limits to the column density of
log(Ny/cm?®) >24.3 and 23.9, respectively, when using
Expression (2) from Pfeifle et al. (2022) for the column density
derived from the ratio log(Lo_iokev/L12 ﬂm).zl All three of
these calculations yield column densities similar to one
another; therefore, we expect this AGN to be at least heavily
obscured, if not Compton-thick.

The mid-IR colors of JO851+4-3926 can offer additional clues
to the nature of the source and about the obscuration inherent to
the system. It is important to note that JO8514-3926 not only
meets the stringent three-band color cut defined in Jarrett et al.
(2011) but also meets the color cut WI1-W2 > 0.7 (see
Figure 3), defined by Stern et al. (2012) as an 85% reliable
selection method,22 as well as the 90% reliability criterion of
WI-W2 > 0.662 x exp{0.232 x (W2-13.97)?} proposed by
Assef et al. (2013). Given its selection by three separate and
often reliable methods (at least for AGNs hosted by massive
galaxies; e.g., Stern et al. 2012), it would be unusual for the
mid-IR emission to be driven by other dust heating sources,
such as star formation. It is most likely that JO851+3926 does
indeed host a heavily obscured AGN that gives rise to both the
mid-IR colors of the system and the broad line observed in the
near-IR as reported in Bohn et al. (2020), the latter of which is
compelling evidence for an AGN in its own right.

Pfeifle et al. (2022) recently published several obscuration
diagnostics based on WISE color ratios that we can use here as
another means to indirectly probe the column density.

2L slightly revised version of Equations (1) and (2) from Pfeifle et al. (2022)
was published following the publication of Bohn et al. (2020), which explains
the slight difference in column density.

22 But it does not meet the more commonly used 95% reliable method of W1—
W2 > 0.8 (Stern et al. 2012).
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Figure 4. Obscuration diagnostics from Pfeifle et al. (2022) for JO851+3926. It
is shown as an inverted red triangle (Chandra) and green square (NuSTAR),
while the Swift/BAT AGNs are shown with a gray color map to illustrate how
the AGN colors change with column density. The column densities are given
on the auxiliary color map. The black dashed line in each panel shows a simple
cut of 10g(La-okev/Li12;m) < —1.3 for selecting heavily obscured AGNs, while
the black dashed lines in concert with the gray dashed—dotted lines display
diagnostic regions developed in Pfeifle et al. (2022). (Top) log(Lzzﬂm/th_S,‘m)
and log(L_iokev/Li2um) diagnostic. (Bottom) log(Lizum/Las ;m) and log
(La-10kev/L12,m) diagnostic. In both cases, JO851+3926 would be selected as a
CT AGN when using the Chandra flux upper limit (red) but just barely misses
the cutoff criteria when using the NuSTAR flux upper limit (green).

J0851+3926 exhibits mid-IR colors of 10g(L12;m/L4.6um) =
0.17 and log(L2/m/L4.6um) =0.13. Comparing these colors
against the obscuration diagnostics presented in Section 3.3 of
Pfeifle et al. (2022), J0851+3926 would have been flagged as a
candidate  Compton-thick (CT) AGN based on its
log(L22im/La.epim) and 10€(L12,m/Laeum) colors. Given that
only upper limits on the 2—-10 keV flux could be derived using
Chandra and NuSTAR, it could have been selected as a
candidate CT AGN based on its log(L,_1gkev /le,lm) ratio; the
more stringent 2—10 keV flux upper limit derived from Chandra
yields log(Ly_1okev /leﬂ,m) < —2.04, and the upper limit from
NuSTAR yields log(Lz,IOkeV/le,lm) < 1.17. We plot these
diagnostic regions in Figure 4 to illustrate this point; JO851
43926 is represented as a red inverse triangle where the
Chandra upper limit is used and as a green square where the
NuSTAR upper limit is used, while the gray points indicate the
Swift/BAT AGNs color-coded by column density. While this
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discussion of mid-IR colors and selection of JO851+3926 is
certainly not as quantitative as the column density estimations
above, it certainly is in agreement with the scenario in which
JO8514-3926 hosts a heavily obscured AGN with column
density on the order of or in excess of 10**cm 2.

6. Conclusion

We have presented new NuSTAR observations of two
bulgeless galaxies, NGC 4178 and J0851+4-3926, in an effort to
confirm the existence of the heavily buried AGNs reported by
Secrest et al. (2012) and Bohn et al. (2020), respectively, and
better constrain their column densities. We summarize our
results here.

1. Neither of the AGNs in NGC 4178 or J0O851+43926 are
significantly detected by NuSTAR in any of the 3-24,
3-10, or 1024 keV energy bands.

2. There are no hard X-ray-emitting AGNs above an
observed 10-24keV flux limit of 7.41x10°'*
ergem 2s ' (I'=2.3) in NGC 4178 and 9.40 x 10~ '*
ergem s~ (I'=1.8) in JO851+3926.

3. The nondetections with NuSTAR imply column densities
of log(Ny/cm %)>24.2 for NGC 4178 (assuming the
obscured model with I' =2.3 and C =0.99 from Secrest
et al. 2012) and log(Ny/cm %) >24.3 for J085143926
(assuming I'=1.8 and C=0.99). If the AGN in
NGC 4178 is unobscured (I' =2.6; Secrest et al. 2012),
its flux is below the detection limit of the NuSTAR
observation.

4. Comparing our NuSTAR observations to the results of
Hebbar et al. (2019), if a supernova is indeed responsible
for the observed nuclear X-ray emission in NGC 4178,
rather than an AGN, its expected observed X-ray
luminosity (L_jgxev = ZOfgi x 10715 or L3 _10kev =
64710 x 107 ergem 2?5~ ') is well below the detection
limit of our observations.

5. Object JO851+4-3926 is most plausibly a heavily obscured
AGN. Object NGC 4178 could be a heavily obscured
AGN but is also plausibly an LLAGN with a flux below
the detection limit of NuSTAR; the previously detected
[Ne V] emission line is likely a light echo, tracing past
activity of the intermediate-mass black hole (Graham
et al. 2019).

Unfortunately, the NuSTAR observations cannot offer
definitive proof of the AGNs in JO851+3926 or NGC 4178,
but the upper limits on the fluxes and lower limits on the
column densities suggest that future works should focus on
near-IR imaging or spectroscopy in order to more easily peer
through the presumed high column densities. This is most
significantly demonstrated by Bohn et al. (2020), who found
clear signatures of the AGN in J0851+3926 based on the
detection of a hidden broad-line region while the AGN remains
elusive at both optical and (soft and hard) X-ray wavelengths.
Infrared observations of these galaxies and other optically
elusive AGNs with JWST may offer the most promising
avenue for detecting these AGNs via high-excitation coronal
line emission and optically hidden broad-line regions.
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