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Abstract

We analyze a sample of 25 [Ne V] (A3426) emission-line galaxies at 1.4 < z < 2.3 using Hubble Space Telescope/
Wide Field Camera 3 G102 and G141 grism observations from the CANDELS Lya Emission at Reionization
(CLEAR) survey. [Ne V] emission probes extremely energetic photoionization (creation potential of 97.11 eV) and
is often attributed to energetic radiation from active galactic nuclei (AGNs), shocks from supernovae, or an
otherwise very hard ionizing spectrum from the stellar continuum. In this work, we use [Ne V] in conjunction with
other rest-frame UV /optical emission lines ([O II] A\3726, 3729, [Ne 1lI] A\3869, HG, [O1I1] AM959, 5007, Ha
+[N 1] AA6548, 6583, [S 1] AN6716, 6731), deep (2—7 Ms) X-ray observations (from Chandra), and mid-infrared
imaging (from Spitzer) to study the origin of this emission and to place constraints on the nature of the ionizing
engine. The majority of the [Ne V]-detected galaxies have properties consistent with ionization from AGNSs.
However, for our [Ne V]-selected sample, the X-ray luminosities are consistent with local (z < 0.1) X-ray-selected
Seyferts, but the [Ne V] luminosities are more consistent with those from z ~ 1 X-ray-selected QSOs. The excess
[Ne V] emission requires either reduced hard X-rays or a ~0.1 keV excess. We discuss possible origins of the
apparent [Ne V] excess, which could be related to the “soft (X-ray) excess” observed in some QSOs and Seyferts
and/or be a consequence of a complex /anisotropic geometry for the narrow-line region, combined with absorption
from a warm, relativistic wind ejected from the accretion disk. We also consider implications for future studies of
extreme high-ionization systems in the epoch of reionization (z 2 6) with the James Webb Space Telescope.

Unified Astronomy Thesaurus concepts: Active galaxies (17); AGN host galaxies (2017); High-redshift galaxies
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(734); Quasars (1319); Seyfert galaxies (1447); Ultraviolet spectroscopy (2284); Optical astronomy (1776);

Reionization (1383); Photoionization (2060)

1. Introduction

Studies from modern observatories like the Hubble Space
Telescope (HST) have shown that cosmic star formation
density peaked roughly 7-11 billion years ago (z~ 1-3), an
epoch when the properties of galaxies were fundamentally
different than at present (Madau & Dickinson 2014). Under-
standing the physical conditions in galaxies at these redshifts
and beyond is paramount, especially as we move into the era of
the James Webb Space Telescope (JWST), where we expect to
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see increasing numbers of “chemically young” (i.e., low-
metallicity) galaxies, which are likely key contributors to the
reionization of the universe. These rapidly star-forming
galaxies exhibit prominent high-ionization nebular emission
lines in their rest-frame ultraviolet (UV) and optical spectra,
suggesting that these reionization-era galaxies are characterized
by extreme radiation fields (e.g., Brinchmann 2022; Katz et al.
2023; Trump et al. 2023).

The underlying physics of these high-ionization systems of
the epoch of reionization (EoR, z > 6) remain poorly under-
stood, and much of the information about the EoR is
extrapolated from local metal-poor dwarf galaxies (e.g., Berg
et al. 2019, 2021; Olivier et al. 2022). One means to test the
ionizing sources in galaxies across cosmic time is through
ratios of strong optical and near-UV emission lines, which
serve as useful diagnostics of conditions in the interstellar
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medium (ISM) (e.g., Kewley et al. 2019b). Much of the
knowledge of the physics of higher-redshift star formation is
derived from bright Balmer lines of hydrogen (Ha and Hp),
along with lines of oxygen ([O 1] AA3726, 3728 and [O 1]
ANM959, 5007), sulfur ([ST] AA6717, 6731) and nitrogen
(IN1] A\6584). This suite of near-UV /optical emission lines
used for spectral classifications of galaxies is optimized for
observation by HST around the peak of cosmic star formation
at 7~ 2, where these lines are redshifted into the near-IR.

Previous work using this suite of emission features in the
optical and near-UV have shown that, for galaxies around
cosmic noon (z ~ 2), oxygen abundances are lower, ionization
parameters are higher, and ionization fields are harder at stellar
masses similar to those of z ~ 0 galaxies (e.g., Erb et al. 2006;
Nakajima & Ouchi 2014; Steidel et al. 2014; Tang et al. 2021).

Other bright near-UV /optical emission lines remain largely
unexplored. The high-ionization lines of neon have only been
studied slightly, focusing on the [Ne III] A3869 (40.96-63.45
eV) line (e.g., Levesque & Richardson 2014; Masters et al.
2014; Zeimann et al. 2015; Backhaus et al. 2022). These works
have shown that [Nelll] traces [OIII] emission and that the
[Ne 111] /[O 1] ratio can be used as a spectral classifier of active
galactic nuclei (AGNs) and star formation in conjunction with
[O ] /HE.

In this work, we study an even higher energy near-UV
emission feature: quadruply ionized neon ([Ne V] AA3346,
3426). The energy required to produce [NeV] photons
(97.11-126.21 V) is extremely high compared to other bright
UV /optical emission lines; the minimum bound is nearly triple
that of [O1I] (35.12 eV) and nearly double that of ionized
helium, He I (54.42 eV), which denotes the boundary of “high
ionization” and “very high ionization” in the four-zone
ionization model of Berg et al. (2021).

The production of such a high-ionization emission line
requires an extreme photoionizing source. Studies attribute
[Ne V] production to photoionization from AGNs, stellar light
from the extremely hot ionizing spectra (e.g., Wolf-Rayet
stars), or energetic shocks from supernovae (Gilli et al. 2010;
Izotov et al. 2012; Mignoli et al. 2013; Zeimann et al. 2015;
Backhaus et al. 2022).

Studies of local star-forming galaxies have attempted to
explain the [Ne V] production through energetic supernova
shocks. Izotov et al. (2012) find five oxygen-poor blue compact
dwarf (BCD) galaxies with [Ne V] emission that have [Ne v]/
He 11 flux ratios reproducible by radiative shock models with
shock velocities in the 300-500 km s~ ' range and shock
ionizing contributions ~10% that of stellar continuum ioniz-
ation. However, this modeling cannot conclusively discount
this ~10% contribution, responsible for [Ne V] emission, from
being produced by AGNs. These studies have primarily
focused on low-mass galaxies (BCDs in the case of Izotov
et al. 2012). However, there are other examples, including
Leung et al. (2021), that studied extended [Ne V] emission in
the local ultraluminous infrared galaxy Mrk 273 and showed
that [Ne V] is consistent with production from shocks for this
object. Therefore, shocked gas is also a viable mechanism for
[Ne V] emission in and around galaxies.

Emission from [Ne V] has been used to study conditions in
the narrow-line region (NLR) in AGNs. Gilli et al. (2010) and
Mignoli et al. (2013) used [Ne V] luminosities in conjunction
with hard-band (2-10 keV) X-ray luminosities to probe highly
obscured/Compton-thick (CT) AGNs. These analyses with
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[Ne V] luminosities are inspired by similar analyses using
X-ray and [O 1I] luminosities (Maiolino et al. 1998; Heckman
et al. 2005; Yan et al. 2011; Lambrides et al. 2020), with the
added benefit of the extreme energies required to produce
[Ne v]. Gilli et al. (2010) and Mignoli et al. (2013) conclude
that galaxies with very low (<15) X-ray/[Ne V] luminosity
ratios are effectively all CT AGNs, though the relation of the
absorption column densities (Ny) from X-ray spectral fits to the
X-ray/[Ne V] ratio is highly dependent on model assumptions
(Li et al. 2019). Therefore, while low X-ray-to-[Ne V] ratios
indicate CT AGNs in Seyferts and higher-redshift QSOs, such
data have not been extended to more modest galaxies
(including the galaxies that dominate the cosmic star formation
rate (SFR) density (Madau & Dickinson 2014) and SMBH
accretion (Hickox & Alexander 2018).

In this work, we study the properties of galaxies with [Ne V]
at redshifts 1.4 <z<2.3. We combine the [Ne V] emission
with information from several of the other bright rest-frame
UV /optical emission-line features of [Ne 111], [O 111], [O 11], HG,
Ha, and [STI], to study the physical characteristics of highly
ionizing radiation in galaxies around the peak of cosmic star
formation at z~2. Because these lines trace a range of
ionization state, they offer direct traces of multiple phases in
the ISM (Berg et al. 2021). By studying multiple transitions
within the same (and multiple) elements, we can more clearly
understand the chemical characteristics of a galaxy.

Understanding this population of high-ionization galaxies
has important implications for studies of the EoR with
JWST (e.g., Rhoads et al. 2023; Trump et al. 2023; Katz
et al. 2023). The Near-IR Camera (NIRCam) and Near-IR
Spectrograph (NIRSpec) on JWST have the wavelength
coverage to detect these extreme [Ne V]-emitting galaxies at
08<z<14, and the Near-IR TImager and Slitless
Spectrograph (NIRISS) will give slitless spectroscopy of
[Ne v] at lower redshifts (3 <z < 7). These objects are sure
to be critical targets in spectroscopic surveys with JWST in the
near future.

The remainder of this work is as follows: Section 2 describes
our parent sample from the CLEAR survey and our selection of
[Ne V] sources. Section 3 compares UV /optical emission-line
ratios as diagnostics of AGN activity. Section 4 explores the
X-ray/[Ne V] ratio along with X-ray and [Ne V] luminosity
functions. Section 5 discusses the implications of our results.
Section 6 summarizes the results of this work and discusses
future studies of high-ionization galaxies with JWST and the
Nancy Grace Roman Space Telescope.

Throughout this work, we assume a flat ACDM cosmology
with Hy=70 km s ' Mpc ' and €,,=0.30 (Planck
Collaboration et al. 2020).

2. Data

Our data come from the CANDELS Lya Emission at
Reionization (CLEAR)'® survey (a Cycle 23 HST program;
PI: Papovich; Simons et al. 2023), which consists of deep (12-
orbit depth) HST/WFC3 G102 slitless grism spectroscopy
covering 0.8-1.15 um within 12 fields split between the
GOODS-North (GN) and GOODS-South (GS) extragalactic
survey fields (Estrada-Carpenter et al. 2019; Simons et al.
2021). The CLEAR pointings overlap with the larger 3D-HST
survey area (Momcheva et al. 2016), which provides slitless

18 https://clear.physics.tamu.edu
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G141 grism spectra of two-orbit depth with spectral coverage
of 1.1-1.65 pm.

These data will be described fully in the forthcoming survey
paper on the data release (Simons et al. 2023) and have been
discussed in other works using these data (e.g., Estrada-
Carpenter et al. 2019, 2020; Simons et al. 2021; Backhaus et al.
2022, 2023; Cleri et al. 2022; Jung et al. 2022; Matharu et al.
2022; Papovich et al. 2022).

2.1. G102 and G141 Spectroscopy, Redshifts, and Line Fluxes

The grizli (grism redshift and line analysis) pipeline'’
serves as the primary method of data reduction for the CLEAR
data set. In contrast to traditional methods of extracting one-
dimensional (1D) spectra from slit observations, grizli
directly fits the two-dimensional (2D) spectra with model
spectra convolved to the galaxy image for multiple position
angles of grism observations. This process yields complete and
uniform characterization of the suite of spectral line features of
all objects observed in each of the G102 and G141 grisms. The
flux calibrations of the G102 and G141 spectra are, in general,
accurate to within a few (~3) percent (Lee et al. 2014; Pirzkal
et al. 2016, 2017; Estrada-Carpenter et al. 2019). The most
relevant of these spectral properties for our analysis are
redshifts, line fluxes, ang emission-line maps. The [Ne V]
doublet at 3346 and 3426 A is fit with a free ratio, i.e., grizli
does not force a ratio of [Ne V] A3426/[Ne V] A\3346 =2.73
(the expected ratio under typical nebular conditions; see
Figures 8 and 9 in Appendix A).

In this work, we use the CLEAR v4.1 catalogs (Simons et al.
2021). The data products of these catalogs include emission-
line fluxes, spectroscopic redshifts, and other derived quantities
and their respective uncertainties for 6048 objects from the
grizli run on the combination of the G102 and G141 grism
data and broadband photometry using the 3D-HST+ catalogs.
Of these galaxies, 4707 galaxies have coverage with both G102
and G141, which constitutes the initial catalog that we used to
identify galaxies for our study here. The emission-line fluxes
from the grizli reduction presented in this work are not
corrected for attenuation by dust in the ISM.

The uncertainties of the emission lines account for the
uncertainties of the continuum model, as they are fit
simultaneously. We note that the low spectral resolution may
bias our sample to large equivalent widths, and the uncertain-
ties in the continuum may lead to more uncertain equivalent
widths than higher-resolution samples.

2.2. Photometry and Derived Quantities

We use stellar masses for objects in our sample from the 3D-
HST catalog (Skelton et al. 2014), derived from the CANDELS
photometry (Grogin et al. 2011; Koekemoer et al. 2011). The
stellar masses are calculated by modeling the spectral energy
distribution (SED) with FAST (Kriek et al. 2009), using a
Bruzual & Charlot (2003) stellar population synthesis model
library, a Chabrier (2003) initial mass function, and solar
metallicity and assuming exponentially declining star formation
histories. The stellar masses of our galaxies are generally robust
to these assumptions because the peak of the stellar emission is
well constrained by the high-quality CANDELS near-IR

19 https://github.com/gbrammer/grizli/
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imaging. Stellar masses from the 3D-HST survey have a mass
limit at 7 ~2 of log(My/M,) ~ 8.5 for H <25 (Skelton et al.
2014).

To place these galaxies in context, we also compare their
SFRs to other galaxies at similar redshifts. For this purpose, we
use UV continuum SFRs from the Cosmic Assembly Near-
infrared Deep Extragalactic Legacy Survey (CANDELS)/
Survey for High-z Absorption Red and Dead Sources
(SHARDS) catalog of Barro et al. (2019), which supplements
the CANDELS multiwavelength data with SHARDS photo-
metry (Pérez-Gonzélez et al. 2013) in GN and GS. Attenuation-
corrected UV SFRs are calculated using the Kennicutt (1998)
calibration with a dust attenuation correction. This is fully
described in Barro et al. (2019).

2.3. Parent Data Set and Sample Selection

Our parent sample represents all CLEAR galaxies within the
redshift range for detectable [Ne V] and [O II] in the G102 and
G141 spectrum (1.39 <z < 2.40). Requiring the wavelength
coverage of a strong line such as [OI] eliminates many
potentially spurious objects from the prospective sample and
secures reliable spectroscopic redshifts for each object. The
wavelength limits of this selection are set by the coverage of
the blue end of the G102 and the red end of the G141 grisms
(8000 and 16500 A, respectively). The CLEAR spectral
extractions are limited to galaxies with mgjgsw < 25.

We select a sample of [Ne V]-emitting galaxies from the
CLEAR parent catalog using the following steps:

1. Require a grism spectroscopic redshift, 1.39 < z < 2.30,
such that both [Ne V] lines and [O III] are all within the
observed-frame spectral range of G102 and G141
sensitivity (0.8-1.65 pym).

2. Require signal-to-noise ratio (S /N) of 3 for the stronger
line of the [Ne V] doublet (3426 A) and [O 111].

3. Visual inspection of direct images with 1D and 2D
spectra.

This last step ensures that no objects with poor continuum
modeling and/or bad contamination subtraction make it into
the final selection (this is a known issue with slitless
spectroscopy, and visual inspection is important, especially
for studies of objects with faint(er) emission lines like ours
here; e.g., Zeimann et al. 2014, 2015; Estrada-Carpenter et al.
2019, 2020; Backhaus et al. 2022, 2023). Each object was
inspected by at least three authors. This selection rejects ~40%
of objects that pass the first two criteria.

After applying all these selection processes, we have a
sample of 25 [Ne V]-emitting objects in CLEAR within the
allowable redshift range of the G102 and G141 grisms
(1.39 <z2<2.30). In our sample, all galaxies have [OII]
S/N > 5 (significantly greater than the minimum requirement
of S/N > 3). This lends greater credence to the spectroscopic
redshifts and line identification. We also note that 9/25 objects
have [Ne V] S/N > 5; the implications of the veracity of the
[Ne V] detections are discussed in Section 5. Our sample
comprises approximately 2.6% of all objects in the CLEAR
catalog in this redshift range.

Our final sample has a redshift range of 1.40 <z <2.29,
with a median grism redshift of 1.61. The redshift distribution
of the 25 [Ne V]-detected galaxies in our sample is shown in
Figure 1. It is fairly evenly distributed in redshift, with a
possible spike at z~ 1.6, which corresponds to the known



THE ASTROPHYSICAL JOURNAL, 948:112 (15pp), 2023 May 10

Z

> &) (o)}
'_‘llrlIllllIllrllll!llllllllIllIIIllIl

w

[N

Number of Galaxies

llllllIIlllllllIllllllllllllllllllll

1 1 I 1 1 1 I 1 1

1 I 1
1.8 2.0 2.2

Z grism

N
i
(@]

Figure 1. Grism redshift distribution of our sample of 25 [Ne V] galaxies. The
G141 grism wavelength range limits the detection of [Ne V] and [O 1II] to
1.39 < z < 2.30. Our sample has a redshift range of 1.40 < z < 2.29, with a
median grism redshift of 1.61. The spike in sources at z ~ 1.6 is consistent with
an overdensity of sources in GS at this redshift.

overdensity of galaxies at this redshift in the GS field (Estrada-
Carpenter et al. 2019). The properties and derived quantities
(including line fluxes) for the galaxies in our sample are shown
in Tables 1 and 2.

Figure 2 shows rest-frame 1D spectra of five [Ne V]-emitting
objects in the CLEAR sample, ordered by increasing redshift.
The points and error bars shown in the 1D spectra are the
medians in each bin of wavelength over all exposures. The
points are separated into G102 (blue) and G141 (red). We note
the region around several lines of interest: [Ne V] AA3346,
3426, [O 1] AA3726, 3729, [Ne111] A3869, Hy, HG, and [O111]
AM959, 5007.

Figure 3 shows the relation between star formation derived
from attenuation-corrected UV luminosity and stellar mass,
from Barro et al. (2019). Our sample is again broadly consistent
with CLEAR toward lower stellar mass. All but three of our
[Ne V]-emitting galaxies lie within the 95% contours of the
CLEAR parent population. Eight objects lie between the 85%
and 95% contours, indicating that nearly half of the galaxies in
our sample have elevated SFRs compared to the rest of
CLEAR. One of these objects (GS 42758) has the highest
attenuation-corrected UV SFR in the sample and has a V-band
attenuation of 1.1 mag (Skelton et al. 2014), and it is also an
X-ray AGN (see Section 2.4). The rest of the sample is
consistent with low dust: we see a median V-band attenuation
for the sample of 0.3 mag.

2.4. Comparison with X-Ray AGN Catalogs

The CLEAR fields include the deepest X-ray imaging from
Chandra available anywhere on the sky (7 Ms in GS and 2 Ms
in GN; see Luo et al. 2017 and Xue et al. 2016, respectively).
We use the X-ray luminosity for galaxies to diagnose their
AGN activity. We matched our sample with the X-ray catalogs
for the Chandra Deep Field North and South (CDF-N and
CDF-S; Xue et al. 2016; Luo et al. 2017). Classifications from
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these catalogs include “AGN,” “galaxy,” and “star,” where the
AGN classification must satisfy at least one of the following
four criteria from Xue et al. (2011), that is, we combine these
with a logical OR:

1. Los—7ev =3 x 10%ergs™

nous AGN);

2. effective  photon index
Obscured AGN);

3. X-ray-to-optical flux ratio of log(fy /fz) > —1, where
Sx =Jo5-7xev> fos-2kevs OF f2_7kev (evidence for AGN
origin of X-ray emission);

4. excess X-ray emission over expectation from pure star
formation Lo s_7 kev =3 % (8.9 x 10" L),

(consistent with  lumi-

I'<1.0 (evidence for

where fx, Lx, fg, and Ly are the X-ray and R-band fluxes and
luminosities, respectively. Objects labeled as “galaxies” in the
X-ray catalogs are those that are confirmed to be galaxies (e.g.,
not stars/objects with a redshift of 0) but do not meet any of
these criteria. This selection is subject to the caveat that luminous
starbursts may be able to produce sufficient X-ray emission from
X-ray binaries to be classified as AGNs (Lehmer et al. 2010).

Matching with our [Ne V] sample, we find eight objects with
X-ray detections classified as AGNs. Throughout this work, we
will denote these X-ray-detected AGNs in figures with a cross
where appropriate. This selection alone suggests that [Ne V] is
a useful tracer of AGN activity: 32% (8/25) of the [Ne V]
sample are classified as X-ray AGNs, while only 6.5% of the
rest of the CLEAR galaxies at this redshift range are classified
as X-ray AGNSs.

2.5. Comparison with IR AGN Catalogs

In addition to the X-ray matching to select potential AGNs,
we also select objects that are identified as AGNs by mid-IR
photometry. We use photometry from the Infrared Array
Camera (IRAC) on Spitzer (Fazio et al. 2004; Lacy et al. 2004;
Stern et al. 2005). Our IR color selection criteria are outlined in
Donley et al. (2012) and Coil et al. (2015), designed to limit
contamination by star-forming galaxies to z <3 while main-
taining reliability and completeness. For the following selec-
tion, our notation is such that

X = 10g10 -]g.S;Lm , y = 10g10 fS.Oum . (1)
fé.6um fé‘l.S;Lm

The selection of IR AGNs from Donley et al. (2012) requires
all of the following criteria:

1. objects are detected in all four IRAC channels (peak
wavelengths 3.6, 4.6, 5.8, and 8.0 pm);

2. x>0.08 and y > 0.15;

3.y>1.21x-0.27;

4. y<1.21x+0.27;

5. fS.OHm >f5.8um >f4.5p,m >f3.6um'

This selection identifies two objects in our [Ne V]-detected
CLEAR sample as IR AGNs. Both objects identified through
this photometric selection are also identified as X-ray AGNs in
the selection given in Section 2.4. IR AGN selection generally
samples more luminous AGNs than X-ray selection (Mendez
et al. 2013). Consequently, it is unsurprising to find that the two
IR AGNs in our sample are also X-ray detected.

This selection, similarly to the X-ray AGN selection,
suggests that [Ne V] emission traces AGN activity: 10.5% of
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Figure 2. Rest-frame 1D spectra for five [Ne V]-emitting objects in the CLEAR sample, ordered by increasing redshift. The G102 (blue) and G141 (red) spectra show
the median points with 1o uncertainties from all exposures for this object. The dotted lines indicate emission features of interest: [Ne V] AA\3346, 3426, [O 1I] A\3726,

3729, [Ne 1] A3869, Hy A\4340, H3 M861, and [O I11] AX4959, 5007.

the [Ne V] sample are classified as IR AGNs, while only 1.4%
of the rest of the CLEAR galaxies at this redshift range are
classified as IR AGNs.

3. Spectral Classification of Star Formation and AGN
Activity

To characterize the source of ionizing radiation for each
galaxy in our [Ne V] sample, we primarily use the [O 11]/Hf3
ratio combined with other diagnostics. When [O 1] /H{ ratios
are compared to other galactic parameters (e.g., stellar mass
and other line ratios), the relation can be used to diagnose the
“activity” of the galaxy: “active” galaxies hosting AGN or
“inactive” galaxies dominated by star formation.

3.1. The Mass—Excitation Diagram

We start by considering the “mass—excitation” (MEXx)
diagram, which combines the [O III]/HQ ratio with the stellar
mass (Juneau et al. 2011, 2014). The MEx diagram is the most

inclusive of these AGN diagnostics, i.e., it is suitable for
galaxies even in the case in which we have only one line ratio,
[O11]/HB. The dependence of the MEx diagnostic on stellar
mass includes biases and assumptions of SED modeling (Barro
et al. 2019). Juneau et al. (2014) derived empirical demarca-
tions between AGNs and galaxies with star formation. First,
they set a relation between [OI]/HS and stellar mass that
identifies galaxies with ionization from only AGNs, defined to
have y = log([O 1]/ Hﬂ)zo greater than the value given by the

relationship
0375
s 114, x <99
Y =1410.24 — 109.333x - @

+9.71731x2 — 0.288244x3, otherwise

20 For the HST G102 and G141 grism spectral resolution, the [O III] A\4959,
5007 lines are blended, so we use the blended flux for these analyses.
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Figure 3. The relation between attenuation-corrected UV SFR and stellar mass
for galaxies of redshift 1.39 <z < 2.30. Our sample of [Ne V]-emitting
galaxies is shown as diamonds color-coded by grism redshift, with the rest of
the CLEAR galaxies with derived UV SFRs in this redshift range shown as
gray contours. We show the 1o uncertainties in the attenuation-corrected UV
SFRs for the [Ne V] detections, most of which are smaller than the marker size.
The lower-mass objects in our sample are broadly consistent with the rest of the
CLEAR sample in SFR-mass space; however, our sample includes several
objects with higher mass/SFR than expected compared to the parent
population, with 11/25 objects outside of the second-to-last (85%) contour,
3 of which are outside of the last (95%) contour.

where x = log(My). Second, they use a relation between line
ratio and stellar mass, where galaxies below this line ratio
contain ionization from only star formation, where y for this
relation is given by

y = 352.066-93.8249x + 8.32651x2-0.246416x> 3)

in the range 9.9 < log(My) < 11.2. To summarize, galaxies
that lie above the top curve (Equation (2)) in the MEx diagram
are classified as AGNs; galaxies that lie below the bottom curve
(Equation (3)) are classified as star-forming. We further define
galaxies that lie between these two curves as composite
sources, with contributions from both AGNs and star
formation.

However, we need to adjust the MEx diagram to account for
redshift evolution. For example, Coil et al. (2015) studied a
population of AGNs at z~2.3 with rest-frame optical
emission-line ratios. They concluded that they needed to apply
a shift of Alog(My/M;) = 0.75 dex, which more accurately
separates star-forming galaxies and AGNs at this redshift. This
provides a more pure selection of confirmed X-ray AGNs via
the MEx diagram than the local Juneau et al. (2014) line.

Here we use the MEX relation and adopt a shift intermediate
between that of Juneau et al. (2014) and Coil et al. (2015), as
the CLEAR [Ne V] sample lies at a median redshift z ~ 1.61,
between that of the samples of these other studies. We
construct a simple empirical model to encapsulate this shift in
the MEX relation from redshift evolution. This expands on the
0.75 dex shift from Juneau et al. (2014) to Coil et al. (2015),
which becomes

x = log(My) + 0.2(1 + z), “4)
where x is defined above and 0.2(1 + z) represents the shift in

the x-axis from the Juneau et al. (2014) line (Equations (2) and
(3)). We arrive at this shift of 0.2(1 + z), as it classifies all
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X-ray-confirmed AGNs with stellar mass log(M, /M) > 9 as
AGNs or 1o consistent with the AGN/SF dividing line. This
shift keeps the same purity of the Coil et al. (2015) AGN
selection, but (as we discuss below) this is more consistent with
the X-ray-detected [Ne V] sources in our sample, which would
otherwise be labeled star-forming by the Coil et al. (2015) line.

Figure 4 (left panel) shows the MEx diagnostic for the
galaxies in our CLEAR [Ne V] sample (where we include all of
our galaxies that have S/N > 1 in HG and [O11]). The
diamonds show the 18 sources in our [Ne V] sample that satisfy
this requirement. We denote galaxies in our CLEAR [Ne V]
sample detected in X-rays with a thin cross, and we denote
galaxies that satisfy the IR AGN definition with a hollow cross.
We also show on the MEx diagram those galaxies detected
with S/N > 1 in CLEAR without [Ne V] detections, in the
same redshift range as the [Ne V] sample, as small gray points.

Roughly half of the sources in our [Ne V] sample lie in the
AGN region of the MEx plot. If we compare to the MEx
definition defined by Juneau et al. (2014), then 12/18 (=66%)
of the sources in the CLEAR [Ne V] sample show evidence of
AGN ionization. This includes all of the sources detected in
X-rays or identified as IR AGNs. Using the MEx definition of
Coil et al. (2015), this fraction drops to 8/18 (44%) and misses
two of the X-ray sources but includes all the IR AGNs. When
we compare the MEx selection using the redshift offset for our
[Ne V] sample (assuming the median redshift of the sample
z=1.61 with Equation (4), as indicated by the solid lines in the
MEXx panel of Figure 4), we would select 11/18 (61%) of the
[Ne V] sources, including all the X-ray sources and IR AGNss.

The results of this MEx analysis are broadly consistent with
previous work done with [Ne V] galaxies. Mignoli et al. (2013)
find that an AGN fraction of ~80% of [Ne V]-emitting galaxies
at 7z~ 0.8 is consistent with AGN classification via MEX,
although the analyses are not directly comparable, as Mignoli
et al. (2013) use the Juneau et al. (2011) z < 0.1 MEx division
and do not perform the same redshift evolution of the MEx line
as in this work. Given the relatively small sample in this work,
as well as the biases of MEx and stellar mass derivations, we
caution against use of this diagnostic when others are available
(see Section 5 for more discussion).

3.2. The “OHNO” Diagram

We next explore other emission-line diagnostics designed to
separate galaxies with ionization from AGNs and star
formation. One such diagnostic is the [O IT]/HS and [Ne 111]/
[O11] (the “OHNO”) diagram (Zeimann et al. 2015; Backhaus
et al. 2022). This diagnostic compares ratios of emission lines
at similar wavelengths ([O11] A\3726, 3729, [Nell] A3869,
HpB M861, and [O 11] AM959, 5007) where the production of
[O 1] and the production of [Ne IIT] both require higher photon
energies: the ionization energy of O is 13.6 eV, that of O™ is
35.1eV, and that of Ne™ is 41.0eV. Galaxies with strong
[O 11]/Hp3 and /or [Ne 111] /[O 11] require harder radiation fields,
typically found in the emission-line regions of AGNs. Back-
haus et al. (2022) showed that division in the OHNO line ratios
separates X-ray-selected AGNs from non-AGNs (based on
classifications from the deep X-ray data in the CDF-N and
CDE-S fields).

The middle panel of Figure 4 shows the OHNO diagram for
the galaxies in our CLEAR sample. The redshift range that
allows for all five of these lines in the HST G102 and G141
grism coverage is 1.39 < z < 2.30. Nine of our [Ne V]-detected
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Figure 4. Emission-line diagnostics of star formation/AGN activity. Each panel requires S/N > 1 for all represented emission lines. Galaxies that lie above the
respective dividing line are classified as AGNs, and galaxies that lie below the line are classified as star-forming. X-ray AGNs are shown with a thin cross, and IR
AGNs are shows with a hollow cross. [Ne V]-detected objects are colored by their detected emission-line pairs: gray diamonds have detections in [O 1] /H/ only,
dark-purple diamonds have [O 11]/H/ and [Ne 111]/[O 1] (OHNO), and red diamonds have [O 11]/H and [S 11]/[Ho + [N 11]] (VO87). Redshift ranges for the
coverage of all respective lines are shown in the upper left corner of each panel. Left: MEx diagram—the relation of log([O 11]/H/) vs. stellar mass. Galaxies in
CLEAR that are undetected in [Ne V] in this redshift range ([Ne V] nondetections) are shown as small gray points. The blue and pink shaded regions show the local
Juneau et al. (2014) star-forming and z ~ 2.3 Coil et al. (2015) AGN regions, respectively. The z ~ 1.6 redshift-evolved MEXx line from Equation (4) is shown in
black. Middle: the OHNO diagram using log([O 1]/HB) vs. log([Ne 1] /[O 11]). We also show the limits of line ratios for objects in the cases where objects are
undetected in various permutations of Hg, [Ne III], or [O 1I]. Right: the VO87 diagram for log([O 1] /H/) vs. log([S 1I]/[Ha + [N 11]]). The dashed line shows the
Veilleux & Osterbrock (1987) line for z ~ 0, and the dotted line shows the Backhaus et al. (2022) “unVO87” dividing line for galaxies at z ~ 1. The limited redshift
range for the detection of all five of these lines leaves much smaller samples than other diagnostics. Both of the galaxies with VO87 lines also have detected [Ne I11]/
[O 11]. Both the points with well-detected line ratios and limit behaviors of other [Ne V] detections suggest a broad preference for [Ne V] detections to be classified as
AGNs in all three of these diagnostics. Based on these line diagnostic plots, the CLEAR [Ne V]-emitting galaxies are broadly consistent with ionization from AGNs.

objects are well detected in the four OHNO lines (using the
OHNO AGN/star formation separation from Backhaus et al.
2022). Of these, eight (89%) have line ratios consistent with
ionization of AGNs. This includes all five (100%) of the X-ray-
detected [Ne V] sources in our sample. There is one galaxy in
our [Ne V]-emitter sample that falls below the AGN line in the
OHNO diagram, but it is consistent with being an AGN within
its 1o uncertainties based on the classification line defined by
Backhaus et al. (2022). Therefore, for the [Ne V]-emitting
galaxies in our sample that we can place on the OHNO
diagram, all but one galaxy are 1o consistent with ionization
from AGNSs. The single object that lies greater than 1o outside
of the AGN region of the OHNO diagram has large horizontal
error bars owing to a low-S/N [O1I] detection (we therefore
cannot rule out ionization from an AGN in this object).

In the OHNO panel, we also show the limiting cases for
objects in our sample that do not have well-detected Hf,
[Ne 1], or [O1I] emission lines, in various different permuta-
tions of undetected lines (i.e., those not detected in H/3, [Ne I11],
[O11], or some combination thereof). This analysis shows that
even the [Ne V]-detected objects without all of the necessary
lines preferentially lie in the AGN region.

3.3. The “unVOS87” Diagram

Another diagnostic used to separate AGNs and star-forming
galaxies is the relation between [O IIT] /HS and [S 1I] combined
with Ha (Veilleux & Osterbrock 1987, hereafter VO87).
The VO87 diagram has been applied to many studies
of galaxies (including AGNs and star formation) at
z~0 (Veilleux & Osterbrock 1987; Kewley et al. 2001;

Kauffmann et al. 2003; Trump et al. 2015; Kewley et al.
2019a). The original VO87 relation to divide AGNs and star
formation is given by

o [O 1] _ 0.48
8\ "H3 ) Tog(ISTM/Ha) + 0.10

At the resolution of the HST/WFC3 grisms, the [S 11] lines are
blended with each other, and Hc is blended with [N1I]. We
therefore use the “unresolved” VO87 relation (henceforth
“unVO87”), which has been tested at z ~ 1 for galaxies where
these lines are blended (unresolved; see Backhaus et al. 2022).
In this case, Backhaus et al. (2022) define an empirically
derived relation to separate AGNs and star-forming galaxies as
follows:

)

o [O 1] _ 0.48
*\"H3 ) Tog(Su/[Ha + Nu)) + 0.12

+ 1.3, (6)
where galaxies lying above the curve (higher [OTII]/Hf) are
classified as AGNs and those below the curve are classified as
star-forming for both the Veilleux & Osterbrock (1987) and
Backhaus et al. (2022) curves.

Figure 4 (right panel) shows the unVO87 diagram for objects
in CLEAR in the (rather) narrow redshift range that allows for
HST G102 and G141 grism coverage of [Ne V] along with all
of [O 1], HB, [S11], and He (1.39 < z < 1.45). We show both
the original z~0 VO87 relation and the z~ 1 unresolved
unVO87 AGN/SF dividing lines. Given the very limited
redshift range to allow for all four lines needed for unVO87
and [Ne V], there are only two [Ne V]-emitting objects in this
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Figure 5. The relation between intrinsic X-ray luminosity and [Ne V] luminosity (left) and [O 1II] luminosity (right) for objects in CLEAR matching to the Xue et al.
(2016) and Luo et al. (2017) X-ray catalogs, in the redshift range of our [Ne V] sample. [Ne V]-detected objects are shown as purple diamonds. We also show the 1o
upper limits for the [Ne V] nondetections as left-pointing black triangles. The black dashed lines and gray shaded regions in each panel show the median and 1o
relations for local Seyferts, respectively (Maiolino et al. 1998; Gilli et al. 2010). Our emission-line-selected sample has preferentially higher [Ne V] compared to X-ray

luminosities than local Seyfert relations suggest.

subsample. These are shown in red. One of the [NeV]
detections in this panel is categorized as an X-ray AGN. The
X-ray-undetected [Ne V] emitter is consistent with the unVO87
division within its uncertainties. There is also one object in the
CLEAR sample that is undetected in [Ne V] in this redshift
range, which is identified as an X-ray AGN and is classified as
such by both the VO87 and unVO87 divisions.

As these emission-line ratio diagnostics suggest, the [Ne V]
sources in CLEAR appear primarily consistent with ionization
from AGNSs. This is clear (pun intended) from the MEXx
diagram and the OHNO and VO&7 relations in Figure 4, where
the majority of the [Ne V] sources fall in regions consistent
with ionization from AGNs. There are three objects that have
contradictory classifications between the MEx and OHNO/
VO87 diagnostics, but we favor the classifications from the
emission-line diagnostics (OHNO and VO87), as they are not
subject to the biases and uncertainties involved with the
estimation of stellar masses from SED fitting. In total, all but 4
(21/25 =87.5%) of the [Ne V]-detected objects in our sample
are consistent with AGN classification from these three
diagnostics, either by their detected line ratios or by their
limiting behaviors. We discuss the implications of the results of
these analyses in Section 5.

4. Using X-Ray Emission to Characterize [Ne V]-
emitting AGNs

In this section, we investigate the properties of [Ne V]-
emitting galaxies in relation to their X-ray emission. We
explore the use of observed [Ne v] A3426 luminosities to probe
AGN activity missed by other AGN selection methods, such as
X-ray, IR, and emission-line diagnostics.

For the following analysis, we use luminosities of both X-ray
detections and upper limits in X-rays for galaxies that are
undetected (“X-ray nondetections”). We take X-ray fluxes from
the CDF-N and CDF-S catalogs (Xue et al. 2016 and Luo et al.
2017, respectively). We calculate the upper limits of the

luminosity of the X-ray nondetections using the hard-band flux
detection limits from Xue et al. (2016) and Luo et al. (2017) of
59x107"7 ergs'em? and 2.7x 107" ergs 'em
respectively, and the grism redshifts from the CLEAR catalog.
We perform a K-correction assuming a typical effective photon
index of 1.8 (Yang et al. 2016; Liu et al. 2017). We transform
our 0.5-7keV luminosities to 2-10keV luminosities for
comparisons with other samples following Yang et al.
(2016), where L2_10 keV = 0.721L()A5_7 keV-

In Figure 5 we present the intrinsic X-ray luminosities for the
eight [Ne V]-emitting galaxies classified as X-ray AGNs by the
Xue et al. (2016) and Luo et al. (2017) CDF catalogs, in
relation to the [Ne V] and [O III] luminosities. In the left panel,
we also show the 1o upper limits of the [Ne V] luminosity for
X-ray AGNs in the CDF catalogs not detected in [Ne V]. We
show the local Seyfert X-ray vs [Ne V] and [O III] luminosity
relations from Gilli et al. (2010) and Maiolino et al. (1998),
respectively.

Our first result is that the majority of the CLEAR [Ne V]-
emitter galaxies have [Ne V] luminosities that exceed the local
scaling relation. Figure 5 shows that only two of the eight
[Ne V]-detected X-ray AGNs are consistent (within 1o) with
the [Ne V]-X-ray relation of Gilli et al. (2010) (which was
derived from the observed 2—-10keV luminosities from local
Seyferts). However, five of the eight are consistent with the
local [OM]-X-ray relation (derived from local Seyferts;
Maiolino et al. 1998). We do not find anything that
differentiates the three galaxies that are outliers on both the
[Ne V]-X-ray and [O II]-X-ray relations from the rest of the
sample: these three galaxies show no special features in their
properties or spectra. We therefore conclude that AGNs span a
larger variation in [Ne V] and X-ray emission than suggested
from local Seyfert samples.

Our sample is biased to high [NeV] luminosities by
selection, which may be in part responsible for this result.
However, we note that there are several objects that are
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Figure 6. The distribution of the intrinsic X-ray/[Ne V] luminosity ratio for the
eight X-ray-detected sources (blue) and upper limits for the 21 X-ray-
nondetected sources (pink) in our [Ne V]-detected sample. The dashed black
line and gray shaded regions show the median, 1o, and 90% ranges of the
unobscured Seyferts in the Gilli et al. (2010) local sample. All but two objects
in our sample lie below the 90% lower limits of the unobscured local Seyferts.

consistent with the local X-ray—[NeV] and X-ray—[O II]
relations.

If this result were due to an insufficient absorption correction
to the observed X-ray luminosities, we would expect all of the
objects from our sample to lie below the local relations.
Instead, the large scatter in the X-ray luminosities of objects in
our sample indicates that this is not the case: an additional flat
correction needed to bring the low X-ray luminosity objects to
the local relations would skew the objects with higher X-ray
luminosities above the local relations. While a flat correction to
all luminosities is likely not a perfect prescription, the objects
that are discrepant from the local relations are uniformly
distributed across all luminosities.

Previous studies have used the X-ray/[Ne V] luminosity
ratio to study AGNs. Gilli et al. (2010) argued that the X-ray/
[Ne V] luminosity ratio (Lx/Lne v;) could be a useful indicator
of CT AGNs. They observed that all Seyferts in their sample
with Ly /Line v} < 15 showed evidence of CT AGNs. However,
Gilli et al. (2010) assumed that AGNs have a near-constant
intrinsic Lx/Line v; ratio, in which case the lower observed
Lyx/Line vy ratios imply obscuration of the X-ray emission.

Figure 6 shows the distribution of the X-ray/[Ne V]
luminosity ratio for our sample, with the X-ray detections in
blue and upper limits for the nondetections in pink. We also
show the median ratio for the local (z < 0.1) Seyferts from Gilli
et al. (2010). The gray shaded regions show the 68th and 90th
percentiles for the Gilli et al. (2010) sample.

The X-ray/[NeV] distribution for the CLEAR [Ne V]-
emitter sample is systematically lower than that of the low-
redshift Seyferts from Gilli et al. (2010). Only two of the
objects in our CLEAR [Ne V]-emitter sample have Lx/[Ne V]
ratios consistent (within the 90th percentile) with those of Gilli
et al. (2010). The majority of the galaxies in our CLEAR
[Ne V]-emitter sample—including four of the X-ray-detected
galaxies and all 21 of the X-ray-nondetected galaxies—have
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X-ray/[Ne V] ratios below the canonical value of Lyx/[Ne V] <
15 used to identify CT AGNs (Gilli et al. 2010). However,
none of the [Ne V]-emitter galaxies in our sample are consistent
with being CT AGNs given their absorption column densities
(i.e., column densities log Ny < 24; Li et al. 2019). Our sample
has a range of column densities 21.45 < log Ny < 23.95. We
therefore conclude that X-ray/[NeV] does not uniquely
identify CT AGNs.

One reason the X-ray/[Ne V] ratio is unable to identify CT
AGNs may be because there are systematic differences in our
CLEAR [Ne V]-emitter sample and other X-ray-selected
samples of AGNSs. In particular, our sample of high-redshift
galaxies spans different luminosities and redshifts. Figure 7
shows the distribution of [Ne V] luminosities and intrinsic
X-ray luminosities as a function of redshift for the eight
galaxies in our [Ne V]-emitter sample detected in X-rays. The
figure compares these to samples of lower-redshift (z < 1.5)
luminous QSOs and very low redshift (z < 0.1) Seyferts (Gilli
et al. 2010). For completeness, we include in the figure those
galaxies in our CLEAR [Ne V] sample that are undetected in
X-rays using the same prescription as those in Figure 6.

Figure 7 shows that the CLEAR [Ne V]—emitter sample has
[Ne V] luminosities consistent with QSOs from 0 <z <1 but
has X-ray luminosities that are much lower and more consistent
with the range of X-ray luminosities seen in local Seyferts. This
is evidence that there is greater variation between the X-ray
engine in AGNs (presumably the accretion disk) and the NLR
(which is responsible for the [Ne V] emission). We discuss this
variation and its implications for the results of these analyses in
Section 5.

5. Discussion

5.1. The Nature of [Ne V] Galaxies through Emission-line Ratio
Diagnostics

The emission-line ratio diagnostics in Figure 4 have several
implications for the nature of [Ne V]-emitting galaxies. In each
of the three diagnostics (MEx, OHNO, and VO87), the [Ne V]-
detected objects are consistent with ionization from AGNs: the
MEXx diagnostic classifies 12/18 (67%) [Ne V] detections as
AGNSs, while the more reliable, yet less inclusive, OHNO
diagram classifies 8/9 (89%) [Ne V] detections as AGNs.

The presence of an AGN is expected given that the energy
needed to produce [Ne V] is 97.11 eV. The ionizing spectra of
stellar populations are not expected to produce copious
radiation at this energy (Olivier et al. 2022). The presence of
an AGN is supported by the fact that a large fraction (~32%) of
the [Ne V] galaxies are detected in X-rays and/or selected as
AGNs from their IR. This is especially true for the [Ne V]
sources in the high-excitation (AGN) regions of the plots in
Figure 4. Therefore, given the coincidence of AGNs among the
[Ne v]-selected galaxies, AGNs appear to explain the origin of
the [Ne V] emission in most of our sample here.

It is noteworthy, however, that there appears to be a
population of [Ne V]-detected galaxies in CLEAR that have
[O11]/HS ratios below the threshold of traditional AGN
selection. This includes six sources in the MEx diagram of
Figure 4 with lower [O IIT] /HG (<1), with lower stellar masses
(logMy/M, < 10), and that are undetected in the X-rays.
While these objects have formally detected [Ne V] (>30), it is
important to note that these six objects are among the weaker
[Ne V] detections in our sample (3 < S/N < 5). To account for
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Figure 7. The relations of [Ne V] (top) and intrinsic X-ray (bottom) luminosity
functions for the eight X-ray AGNs in our CLEAR sample (purple diamonds)
and 112 lower-redshift QSOs (z < 1.5) from Gilli et al. (2010; gray circles). We
also show the median of the X-ray and [Ne V] luminosities of the Gilli et al.
(2010) local (z < 0.1) Seyfert sample as a black line, with the gray shaded
region showing the lo scatter. We show lo uncertainties, which may be
smaller than the size of the markers. Our higher-redshift [Ne V] selection
probes a parameter space not observed in the X-ray-selected samples, with
X-ray luminosities comparable to local Seyferts and higher [Ne V] luminosities
more typical of z ~ 1 QSOs.

the [Ne V] emission in these galaxies requires some mechanism
other than a bright AGN. This could include one or more of the
following:

1. Heavily obscured AGN:s: it is possible that these [Ne V]
emitters contain deeply obscured AGNs such that the
X-ray emission is undetectable (even in the 2 or 7 Ms
depth data available for the CDF-N and CDF-S fields).
Furthermore, obscured AGNs should be detected as IR
AGNs (Donley et al. 2012), where, again, the CDF-N and
CDE-S fields have some of the deepest far-IR imaging on
the sky (Guo et al. 2013; Barro et al. 2019, and references
therein). The lack of indications of AGN activity in the
X-rays or IR emission in these galaxies disfavors this
interpretation.

2. Weak AGNs: the [Ne V] emission could stem from weak
AGNs, where again such objects would have X-ray
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emission below the detection limit for our sample. This is
an intriguing possibility, especially given the lower stellar
masses for these galaxies. It is possible that they host
(lower-mass) intermediate-mass black holes with lower
accretion rates but are still able to produce a strong NLR
(Greene et al. 2020). Additional study of these galaxies
for other high-ionization emission lines will be able to
confirm this possibility (e.g., with rest-frame optical/
near-IR spectroscopy from JWST). A related potential
explanation for the low observed [OII]/HS ratios in
these objects is through star formation coincident with the
AGN phase boosting the H( fluxes, thus hiding the AGN
activity given these typical diagnostics.

3. Shocks or other extreme mechanisms: [Ne V] emission
has been detected in several low-mass, nearby galaxies,
where those studies argue that the emission is produced
by energetic shocks from supernovae or extreme stellar
populations in a lower-metallicity, high-density ISM
(Thuan & Izotov 2005; Izotov et al. 2012, 2021; Olivier
et al. 2022). Leung et al. (2021) also find that [Ne V] may
be produced in higher-metallicity objects that have (in at
least one case) indications of shocked gas from AGN-
driven winds. It is plausible that some of the [Ne V]
emission in the lower-mass galaxies in our sample stems
from similarly produced shocks. For this to be the case,
we would expect to see indications of high density, which
could be traced by resolved [SII] or other density-
sensitive lines (see Figures 8 and 9 in Appendix A).
Currently the HST/WFC3 grism data have insufficient
resolution to study these lines at these redshifts, but this
would be possible with future JWST spectroscopy at
higher spectral resolution.

5.2. The Nature of [Ne V] Galaxies via Their X-Ray Emission

The study of [Ne V] in conjunction with observed-frame
2-10keV luminosities offers insight into the relative amount of
emission in the “hard UV”/“soft X-ray” regime (energies
around ~100 eV) in the spectra of these galaxies. The [Ne V]
emission therefore provides information unavailable from
studies of AGN using only X-ray or IR. As noted above (in
Figure 7), our sample of [Ne V]-emitter galaxies in CLEAR has
[Ne V] emission similar to z~ 1 QSOs but X-ray luminosities
similar to local Seyferts. This means that the galaxies in our
[Ne V]-emitter sample have a lower X-ray/[Ne V] luminosity
ratio than seen in other samples. We discuss here our
interpretation of the conditions for the lower X-ray/[Ne V]
ratios. Specifically, this must be a result of (1) reduced X-ray
emission and/or (2) enhanced [Ne V] emission in these higher-
redshift objects.

The preferentially low X-ray/[Ne V] ratios of our sample
suggest an excess of ~0.1keV photons compared to the
emission at >1 keV emission. Enhanced [Ne V] emission could
be caused by several effects (or a combination of effects).
Strictly speaking, it requires a higher density of ~100eV
photons. This could result from different geometry of the NLR
and accretion disk (Trump et al. 2011), or conditions that
conspire to enhance the emission of these “soft X-ray” photons
compared to the ionizing spectrum of local objects. This could
also be a result of excess [Ne V] from shocked gas from AGN
winds (Leung et al. 2021).



THE ASTROPHYSICAL JOURNAL, 948:112 (15pp), 2023 May 10

If geometry is the culprit of the enhanced [Ne V] emission,
then specific conditions seem to be required. For example, the
enhanced [Ne V] could be explained by anisotropy in the X-ray
emission (Yang et al. 2020) such that the NLR is illuminated
by the accretion disk but the sight line to the central engine is
obscured. However, this obscuration would likely be seen in
the X-ray absorbing column, where the absorption column
densities, Ny, of our sample suggest that our objects are not CT
(i.e., log Ny < 24; Liet al. 2019). As such, we conclude that the
sources in our [Ne V]-selected sample are not CT, in spite of
their very low X-ray/[Ne V] ratios. This contrasts with findings
presented in Gilli et al. (2010) and Mignoli et al. (2013), who
argued that low X-ray/[Ne V] emission in type 1 Seyferts and
QSOs should be indicative of CT AGNs.?! It therefore seems
unlikely that viewing angle combined with anisotropic
emission can by itself explain the enhanced [Ne V] in our
sample. However, we note that there is an important difference
in the selection methods of our sample and those of the Gilli
et al. (2010) and Mignoli et al. (2013) samples, where those
works are at lower redshift than this work and have shallower
X-ray data (100-200 ks) than the Chandra Deep Fields (2-7
Ms). These selection effects will lead to higher X-ray/[Ne V]
ratios in Gilli et al. (2010) and Mignoli et al. (2013), as these
samples will be insensitive to lower X-ray luminosities, e.g.,
the sample in Mignoli et al. (2013) reaches a flux limit of
7.3 x 1071° erg sflcmfz, where the CDF catalogs reach an
order of magnitude fainter (2.7 x 10~ ergs~'cm 2 in CDF-
S). These differences in sample selection may account for some
of the X-ray/[Ne V] ratio discrepancies found in this work. It
will be informative to study these potential selection biases in
both samples with future studies of larger samples of [Ne V]-
detected objects in deep X-ray surveys.

It is still possible that the geometry of the accretion disk
itself is able to produce the conditions for enhanced [Ne V]
emission. This could result from an AGN with an excess of
emission from the inner disk (to produce the soft X-ray
photons) but less coronal emission. If the latter case applies to
the galaxies in our sample of [Ne V] galaxies, then it predicts
that we should observe SEDs with exceptionally bright UV and
soft X-rays (i.e., a prominent soft X-ray excess; see, e.g., Done
et al. 2012). We may test this in future work with rest-frame
far-UV spectroscopy of these galaxies to more precisely
constrain their hard UV /soft X-ray spectra.

The geometry may also manifest itself in the form of
absorption from a warm wind. AGNs with a “soft excess” (of
X-ray photons around 0.1 keV) have been observed in samples
of Seyferts and QSOs (Walter & Fink 1993). The origin of this
emission is unclear, as the shape of the SED is not consistent
with models of pure optically thin or thick accretion disks
(Walter & Fink 1993; Gierliniski & Done 2004). One
explanation for the soft excess that is tied to the geometry is
that the excess is an artifact of absorption of highly ionized
atoms (e.g., O VI, O VII, and several iron species) in a warm,
relativistic wind ejected from the accretion disk that preferen-
tially absorbs ~1 keV photons (Gierlifiski & Done 2004). The
soft excess could provide the number density of ~0.1keV
photons to power the [Ne V] emission in our sample. If this is
the case, we would expect to possibly see a correlation between

2 g may be that CT AGNs have low X-ray/[Ne V] ratios, as argued by Gilli
et al. (2010) and Mignoli et al. (2013). However, the X-ray/[Ne V] ratios of the
[Ne V] galaxies in our CLEAR sample imply that low X-ray/[Ne V] ratios
would then be a necessary but not sufficient condition for CT AGNs.
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[Ne V] emission lines and broad absorption features in X-ray
spectra, or with the spectral shape of the X-ray emission from
~0.1 to 50 keV data. Currently these observations are beyond
the sensitivity of X-ray telescopes.

Regardless, our results add evidence that there is a greater
diversity and variation in the intrinsic X-ray/[Ne V] ratio given
the complexities of the relationship between the NLR and
X-ray emission. We will be able to explore these models more
deeply with larger samples from Nancy Grace Roman Space
Telescope and greater wavelength coverage from JWST. A full
suite of UV /optical emission features in conjunction with mid-
IR photometry will give a more complete picture of the
physical mechanisms of these extreme high-ionization systems,
and with coverage to much higher redshifts (6 <z < 11 with
JWST/NIRCam and NIRSpec).

6. Summary and Conclusions

In this work, we used HST G102 and G141 grism
observations to study a sample of 25 galaxies in the CLEAR
survey displaying significant [Ne V] A\3426 emission at redshift
1.40 < 7 < 2.29. We consider these objects of interest owing to
the extremely high energy (97.11 eV) required to create [Ne V]
compared to other strong UV /optical emission lines. Our
sample selection required S/N > 3 of the stronger [Ne V] line
(A3426) and [O 11I] and minimal contamination in the 1D and
2D spectra by visual inspection.

The primary findings of this work are as follows:

1. Galaxies with [Ne V] detections are much more likely to
be X-ray AGNs than the general population of galaxies in
the CLEAR survey. We cross-matched our sample of
[Ne V]-emitting galaxies in CLEAR with the deep (2 and
7 M) catalogs from the Chandra X-ray Observatory from
Luo et al. (2017) and Xue et al. (2016). We find that about
one-third (32%, 8/25) of the [Ne V]-detected objects in
our sample are X-ray-detected AGNs, compared to 6.5%
of the galaxies in the mass- and redshift-matched CLEAR
parent sample that are undetected in [Ne V].

2. We use optical emission-line ratios (based primarily on
[0 11]/HP) to study the ionization of the [Ne V]-emitting
galaxies. The three spectral classifications include the
MEx, “OHNO,” and “unVOS87” diagrams, which are
shown in Figure 4. They show that most of the [Ne V]
emitters are consistent with ionization with AGNs, with
the most reliable of these (OHNO) classifying 89% of
[Ne V] galaxies as AGNs. This is particularly true for
X-ray-detected [Ne V] sources, where all X-ray and
[Ne V] sources are consistent with AGNs. In this work,
we also include an updated redshift dependence of the
MEX diagnostic, which we quantify in Equation (4) as a
shift in mass from the local Juneau et al. (2014) relation.

3. There are several [Ne V]-emitting galaxies that are not
classified as AGNs by X-ray or IR emission or by emission-
line ratio diagnostics in Figure 4. These are mostly at lower
stellar masses (log My/M;, < 10), suggesting that [Ne V]
selections probe AGNs at intermediate mass scales or that
other highly energetic photoionization mechanisms or
shocks are driving the line emission.

4. We explore (and reject) the possibility that the [Ne V]
emitters in our sample are produced by heavily obscured
AGNs by studying the X-ray/[Ne V] luminosity ratio. We
find that the X-ray/[NeV] emission for our X-ray-
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detected [Ne V] emitters (and upper limits for galaxies
undetected in X-rays) cannot be used to diagnose CT
AGNSs for our objects. The hydrogen absorption column
densities for our objects from Li et al. (2019) support that
objects in our sample are not in the CT regime
log Ny > 24. The use of the X-ray/[Ne V] ratio to select
CT AGNs seems restricted to more luminous objects,
such as X-ray-selected QSOs and unobscured (type 1)
Seyferts, which have much higher intrinsic X-ray
luminosities than our [Ne V]-selected sample.

5. We argue that the [Ne V] emission in our sample provides
evidence for increased variation and diversity in the
nature of the accretion disk and NLR of AGNs at z > 1.
To account for the enhanced [Ne V] requires an excess of
“soft X-ray” / “hard UV” photons (at energies around
~0.1 keV, the creation energy of [Ne V]). This could be
related to the “soft excess” seen in the spectra of other
QSOs and AGN:S. It could also be related to changes in
the geometry, or possibly from absorption of moderately
ionized gas in a relativistic wind blown off from the
accretion disk. These models can be tested by studying
the SED of the X-ray emission and/or by studying
additional line ratios to better trace the ionizing spectrum,
which should be possible with studies from, e.g., JWST.

Our results show that [NeV] emission probes highly
energetic photoionization (~100 eV). We attribute [Ne V]
production predominantly to AGN activity, and we use [Ne V]
to probe AGNs missed by other methods (X-ray and IR). Other
potential creation mechanisms not explored in this work, which
will be explored in future studies, include energetic shocks
from supernovae and extreme ionizing stellar populations.

Our results motivate future observations of [Ne V] emission
to measure the excitation of galaxies within a much larger
redshift range, including the EoR (z 2 6). The James Webb
Space Telescope (JWST) will reach a flux limit that is an order
of magnitude fainter than our CLEAR data for similar exposure
times, enabling detection of fainter [Ne V] line emission.
JWST/MIRI will be particularly beneficial in the detection of
15-30 pm emission from the AGNs in our sample to resolve
the geometry of the X-ray anisotropy. JWST is outfitted with
NIRSpec and NIRCam, which will give both slit and slitless
spectroscopy covering strong UV high-ionization emission
lines, like the [Ne V] doublet, at 0.8 < z < 14.4. JWST/NIRISS
will also give slitless coverage of [NeV] at slightly lower
redshift ranges (3 <z < 7).

The Nancy Grace Roman Space Telescope will also be able to
study the spectra of high-ionization systems in samples orders of
magnitude larger than any previous work. With the Wide Field
Instrument (WFI), Roman will give low-resolution (R ~ 600)
multiobject slitless grism spectroscopy with wavelength cover-
age 1-1.93 pm, similar to that of HST/WFC3 G102+G141 but
with a field of view two orders of magnitude larger in area.

Lastly, we note that first-look JWST/NIRSpec spectra have
already shown strong detections of UV and optical spectral
features in this redshift range (Brinchmann 2022; Katz et al.
2022; Trump et al. 2022; Cleri et al. 2023). Early results show
great promise that this new generation of spectroscopic data
will give critical insight into the nature of galaxies in the early
universe and may decisively answer questions about the key
contributors to the EoR.
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Appendix A
Comparisons with Photoionization Models

In this appendix, we present photoionization models of the
emissivities of several of the spectral features of importance in
this work. We employ the PyNeb photoionization modeling
code (Luridiana et al. 2015). PyNeb does not invoke a
particular ionizing spectrum, instead modeling the emissivity of
each species from an ionized gas regardless of the initial
conditions of said gas.

Given the relatively low spectral resolution of the G102 and
G141 grisms, several of the emission lines are unresolved. We
define the [Ne 111] /[O 11] (Ne302) in terms of the coadded [O 1]
doublet

[Ne 1] _ [Ne 11] A3869 (A
[Ou]  [Ou] A\3726, 3729

and the [O 1] /[O 1] ratio (O32) in terms of the coadded [O 1II]
and [O1I] doublets

_ [O11I] AN4959, 5007
" [O ] AN3726, 3729 °

3 (A2)

In Figure 8 we show emissivity maps as a function of
temperature and density for several relevant emission features
of neon and oxygen ([Ne V] A\3426 and 3346, [Ne T[] A3869,
[OmT] AA5007 and 4959, and [O 1] AA3726 and 3729). We
also show the coadded [O III] A\4959,5007 and [O 1] AX3726,
3729 doublets. We note that the neon line emissivities do not
significantly evolve with density and do evolve with
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Figure 8. PyNeb models for several relevant emission-line emissivities as a function of temperature and density. The emissivities are all given on the same color map
scale. We see that the neon species shown here ([Ne V] and [Ne III]) evolve only with temperature, while the oxygen species have evolution with both temperature and
density in this parameter space. Given the spectral resolution of the HST/WFC3 grisms, we also show the coadded [O 11] and [O III] emission grids.
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Figure 9. PyNeb models for several relevant emission-line ratios as a function of temperature and density. The ratio of the individual features of the [Ne V] and [O I1I]
doublets are constant in this temperature and density parameter space, and their constant ratios are given (2.73 and 2.98, respectively). The [Ne V]/[Ne III] ratio is an
indicator of temperature, where [O 1]/[O 11] and [Ne 11]/[O 11] ratios are primarily functions of density.

temperature. The oxygen lines evolve with both temperature [Ne V] A3426/[Ne V] A3346 and [O111] A5007/[O11] A\959

and density. ratios are both constant with temperature and density with
In Figure 9 we show ratios of emissivities of several of the values 2.73 and 2.98, respectively. We see that the [Ne V]
emission lines from Figure 8 computed from PyNeb. The A3426/[Ne 1] A3869 ratio increases with temperature. The
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[Ne11]/[O 1] ratio evolves primarily with density within this
parameter space.

We also show the [O1] \3726/[0 1] A3729 ratio, which
increases solely as a function of density in this parameter space.
The [Ne ] /[O 1] and O32 ratios, as defined by Equations (A1)
and (A2), respectively, vary with both temperature and density.

Cleri et al.

Appendix B
Sample Characteristics, Derived Quantities, and Emission-
line Fluxes
In this appendix, we present the sample characteristics and
derived quantities (Table 1) and the emission-line fluxes for
relevant lines used in this work (Table 2).

Table 1
Sample Characteristics and Derived Quantities

Field 3D-HST ID RA. Decl. Redshift* Stellar Mass® SER{2T F435W—F775W¢

(deg) (deg) log(My/ M) M yr ")
GN 11743 189.2213 62.2002 2.0834 9.22 10.8 £0.9 0.26 + 0.07
GN 19464 189.0871 62.2376 2.0877 10.97 250 + 10 1.0 £ 0.1
GN 19591 189.2013 62.2380 2.002 10.25 260 + 2 0.52 £ 0.03
GN 19913 189.1483 62.2400 2.0104 11.57 1100 + 40 0.84 + 0.03
GN 21290 189.2681 62.2462 22165 10.52 365 + 3 0.05 + 0.07
GN 21412 189.1749 62.2476 2.0051 9.47 9.9+02 0.51 +0.10
GN 24427 189.3708 62.2617 1.7744 9.82 190 + 10 0.30 + 0.02
GS 24803 53.1613 ~27.7958 1.4913 9.46 9.0+ 07 0.49
GS 26021 53.1604 —27.7904 1.6117 9.52 12+1 0.10
GS 28218 53.1469 ~27.7818 1.5516 9.05 4.0+ 04 0.28
GS 29293 53.1583 —27.7774 1.5523 8.87 3.89 + 0.02 0.04
GN 37738 189.2812 62.3633 1.4506 11.07 106 + 2 0.48 + 0.02
GN 37767 189.2960 62.3628 1.5181 9.08 72403 0.21 + 0.09
GS 38636 53.1269 ~27.7302 1.601 9.05 62407 0.05
GS 40305 53.1228 —27.7228 1.6132 10.68 70 +2 0.83
GS 41195 53.1653 ~27.7185 1.9687 9.97 0.31
GS 41886 53.0977 —27.7153 2.1397 10.87 183+9 0.91
GS 42614 53.0923 ~27.7122 1.6149 10.05 1242 0.34
GS 42758 53.1122 —27.7110 1.6085 10.38 1500 =+ 900 0.71
GS 44556 53.1081 ~27.7020 1.7736 9.34 6+1 0.22
GS 44783 53.1136 ~27.7014 1.6145 10.61 320+ 10 0.78
GS 45337 53.1117 ~27.699 1.6173 9.95 60 + 1 0.19
Notes.

@ Grism redshifts from CLEAR (Simons et al. 2023).
® From the 3D-HST catalog (Skelton et al. 2014). Masses have characteristic uncertainty of 0.3 dex.

¢ From the CANDELS/SHARDS catalog (Barro et al. 2019). Objects without uncertainties on photometry are nondetections in both filters.

Table 2

Observed Emission-line Fluxes from CLEAR (10~"7 erg s~ 'em™2; Simons et al. 2023)

Field 1D [Ne v] A3426  [O 1] AA3726, 3729 A3869 Hp [O 1] AM959, 5007  Ho+[N 1] AN6548, 6583  [S1I] AN6717, 6731
GN 11743 2.83+£0.8 2.04 +£0.78 ... 0.69+0.53 9.84 £ 0.6

GN 19464 473 £1.37 454 +£084 3.87£095 1.19£0.5 8.84 £0.55

GN 19913 14.16 = 1.92 481 £1.69 526+3.16 856=£1.18 44.01 £ 1.41

GN 21290 7.42 £0.87 7.11 £0.98 598+ 13 491+£0.67 62.73 £ 0.96

GN 21412 2.66 £0.63 2.1 £0.58 04+£095 1.24+£0.67 3.73+0.74

GN 24192 3.45+0.53 3.12+£0.71 33+£048 15.55 £0.64

GN 24427 10.76 £ 1.7 45.19 £143 5424157 240+ 1.05 140.77 £ 1.47
GS 24803 248 £0.58 773 +£04 121£035 3.17£0.49 153 £0.51 11.38 £ 0.39 2.45 £ 0.67
GS 26021 1.57 £0.35 56+£024 098+£027 2.71+£036 8.14+04 15.85 £4.08

GN 28055 4.02£0.84 4.04 £0.35 8.02 +0.38

GS 28218 231 +£0.72 22+0.52 538 £0.6 4.73 £0.78

GS 29293 2.17 £0.49 453£033 097£036 037042 13.21 £0.45 6.66 £ 0.65

GN 37738  13.86 = 1.36 2277£0.79 4.65+£0.69 8.13£0.99 78.6 £1.38 47.53 £1.08 557£1.0
GN 37767 1.53 £048 1514032 054+£029 3234046 5.6 £0.53

GS 38636 2.64 £0.69 434 £0.58 ... 251+0.74 8.78 £ 0.77

GS 40305 3.61£0.71 359+£0.51 098 +0.52 1.3+£0.98 858+ 1.0 18.92 £8.11

GS 41195 8.13+1.12 2922 £1.16 3.47 £2.01 25.76 £2.21

GS 41218 2.14+£04 3.64 £0.87 1.53 £0.72 112 £0.85

GS 41886 122 £04 229 +£0.83 1.06 £0.53 14.46 £ 0.64

GS 42614 571 £1.19 8.03 £0.82 8.09 £+ 1.64 43.89 £ 8.87

GS 42758 4.06 £ 091 14.43 £0.62 ... 642+0.83 14.73 £0.83 103.14 £+ 10.23

GS 44556 1.14 £0.36 3.04+£03 001£031 1.79+0.39 6.93 £0.46

GS 44783 6.98 £ 1.41 26.31 £0.98 .. 807172 19.59 £ 1.68 183.36 £ 20.2

GS 45337 349 £ 1.15 28.53£083 3.14£1.13 3476 £ 1.79 21.95+£7.72
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