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Abstract

We present measurements of [Nelll]\3869 emission in z ~ 1 low-mass galaxies taken from the Keck/DEIMOS
spectroscopic surveys HALO7D and DEEPwinds. We identify 167 individual galaxies with significant [NellI]
emission lines, including 112 “dwarf” galaxies with log(M,/M.) < 9.5, with 0.3 <z < 1.4. We also measure
[Nerr] emission from composite spectra derived from all [OI]AA3727,3729 line emitters in this range. This
provides a unique sample of [Nelll] emitters between well-studied emitters at z=0 and 2 <z < 3. To study
evolution in ionization conditions in the interstellar medium (ISM) over this time, we analyze the log([NellI]
A3869/[01]AA3727,3729) ratio (Ne302) as a function of the stellar mass and of the log([OI]A\4959,5007 /[O11]
AA3727,3729) ratio (032). We find that the typical star-forming dwarf galaxy at this redshift, as measured from the
composite spectra, shares the Ne302—-M, relation with local galaxies but has higher O32 at a given Ne302. This
finding implies that the ionization and metallicity characteristics of the z~ 1 dwarf population do not evolve
substantially from z ~ 1 to z = 0, suggesting that the known evolution in those parameters from z ~ 2 has largely
taken place by z ~ 1. Individual [Nelll]-detected galaxies have emission characteristics situated between local and
7~ 2 galaxies, with elevated Ne302 and O32 emission potentially explained by variations in stellar and nebular
metallicity. We also compare our dwarf sample to similarly low-mass z > 7 galaxies identified in JWST Early
Release Observations, finding four HALO7D dwarfs with similar size, metallicity, and star formation properties.

Unified Astronomy Thesaurus concepts: Emission line galaxies (459); Interstellar medium (847); Dwarf galaxies
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(416); Metallicity (1031); Photoionization (2060)

1. Introduction

The conditions of the gaseous interstellar medium (ISM)
hosting star formation in galaxies may yield key insights into
relationships between the local stellar populations and the
physical processes that influence the level of star formation in
galaxies. It has been well established that the level of cosmic
star formation has evolved over time, reaching a peak around
z~ 2, after which cosmic star formation declines (Madau &
Dickinson 2014). Comparison of galaxies in this epoch of peak
star formation with local galaxies has suggested a corresp-
onding evolution in the ionization conditions of the gas-phase
medium for galaxies at fixed stellar mass (Steidel et al. 2014;
Sanders et al. 2016; Strom et al. 2017).

Empirical observations of emission-line ratios of higher
redshift galaxy populations show significant offsets compared
with lower-redshift (Steidel et al. 2014; Sanders et al. 2016).
Proposed explanations for this offset include harder ionizing
sources in higher-redshift galaxies, requiring changes in the
constituent stellar populations and/or nebular gas content of
star-forming galaxies across cosmic time (Strom et al. 2017;
Shapley et al. 2019), or evolution in the relation of stellar mass,
gas-phase metallicity, and star formation (Sanders et al. 2018).
However, high-redshift studies typically have limited observa-
tions of low-mass (or "dwarf") galaxies, despite their numerical
importance to the overall star-forming galaxy population
Muzzin et al. (2013), so the nature and timescale of this
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evolution can still be further constrained by additional
observations. As JWST enables astronomers to push the study
of ionizing conditions in low-mass galaxies in higher redshift,
understanding the nature of the z ~ 2 to z =0 evolution in the
dwarf population becomes critical for characterizing this ISM
history.

Rest-frame optical emission lines are commonly used to
study properties of the ISM in galaxies, including gas-phase
metallicity (Z), electron temperature (7,), element ionization
state, instantaneous star formation rate (SFR), and dust content
(e.g., Cardelli et al. 1989; Kennicutt 1998; Kewley et al.
2001, 2019). The most commonly used lines for this purpose
typically include the intrinsically strongest Balmer emission
lines (primarily Ho and Hp), as well as strong transitions of
ionized metal lines ([ON]AA3727,3729; [OII]AAN4959,5007;
[NII]\6584; and [SI]AN6717,6713), which have well-tested
calibrations to SFR, Z, and other galaxy properties. However,
these lines span a wavelength range of several thousand
Angstroms, pushing redder lines into the near-infrared as
redshift increases, as well as leaving line-ratio measurements
susceptible to uncertainties in dust extinction.

The [NemI]\3869 emission line may provide a useful
alternative to strong lines at redder wavelengths. The log
([NeI]\3869/[ON]AN3727,3729) ratio (hereafter Ne302)
provides a monotonic metallicity diagnostic (Nagao et al.
2006), as compared to double-branched diagnostics such as,5
and the [Nelll] and [O11] lines’ close wavelength proximity
renders the ratio insensitive to dust, unlike the similarly

5 R23=([0O11]X\\4959,5007+[O1]A\X\3727,3729)/H3, measured using the

calibration from Maiolino et al. (2008) with OII5007 /[ON]AX3727,3729 >3
to break branch degeneracy, as in Guo et al. (2016).
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monotonic [ONI]AN959,5007/[O1]AN3727,3729 diagnostic.
Ne302 is also a sensitive diagnostic of ionization parameter
(Levesque & Richardson 2014), and the short wavelengths of
its constituent emission lines make it a valuable empirical
measure for high-redshift studies. Zeimann et al. (2015) first
noted the possibility of enhanced Ne302 in the Hubble Space
Telescope (HST) grism spectroscopy of z~2 low-mass
galaxies, and Strom et al. (2017) and Jeong et al. (2020)
measured the ratio for more massive z ~ 2 galaxies. However,
Ne302 is not well studied at intermediate redshifts between the
local universe and the z ~ 2 peak of cosmic SFR. The line is
relatively faint, requiring deep observations, and may be
blended with nearby helium and hydrogen lines at 3888 A in
low-resolution spectra.

With deep Keck/DEep Imaging Multi-Object Spectro-
graph (DEIMOS) spectra from the HALO7D, DEEPWinds, and
other surveys, we are able to measure [Nelll]\3869 for 167
individual galaxies with 0.3 <z < 1.4, including 112 galaxies
below log(M, /M) = 9.5, which we define to be dwarf galaxies.
In this paper, we use this sample to explore ionization
characteristics and their evolution in the low-mass population in
this transitional period.

This paper is organized as follows. In Section 2, we describe
the spectral data used in our analysis, including HALO7D and
other studies used for comparison. We also describe measure-
ments of the [Nelll]A\3869 sample and our method for deriving
composite spectra. Section 3 presents the empirical results of
our measurements, while Section 4 discusses the implications
of the Ne302 distributions in the dwarf galaxy population for
the evolution of ionizing conditions in the ISM.

In this paper, we adopt a flat ACDM cosmology with
Q,,=0.3 and Q4 =0.7 and the Hubble constant Hy =70 km
s7' Mpc~!. We use the AB magnitude scale (Oke &
Gunn 1983).

2. Data and Sample Description
2.1. HALO7D and Related Surveys

The data used in this paper are comprised of deep optical
spectra of ~2400 galaxies observed with Keck/DEIMOS.
Most spectra were taken by the HALO7D program (PI:
Guhathakurta; Cunningham et al. 2019a, 2019b), a program
primarily designed to observe faint Milky Way halo stars in the
COSMOS, EGS, and GOODS-North CANDELS fields (Gro-
gin et al. 2011; Koekemoer et al. 2011). Unused space in the
DEIMOS slit masks was filled out with galaxies, including a
low-mass galaxy sample at 0 < z < 1.0 in addition to high-mass
galaxies targeted for studies of strong winds in star-forming
galaxies (Wang et al. 2022), active galactic nuclei (Yesuf et al.
2017), and stellar populations in quiescent galaxies (Tacchella
et al. 2022). Additional programs expanded the sample to
include GOODS-South. Dwarf galaxy targets were generally
selected to have 0.4 <7<0.9,7.0 < log(M,/M,) < 9.5, and
F606W mag <26. The total observations comprise a sample of
2444 target galaxies, including 1255 low-mass galaxies across
four CANDELS fields, as well as 1189 more massive galaxies.

All spectra used in this project were obtained by the DEIMOS
instrument at the Keck Observatory (Faber et al. 2003). The
Keck/DEIMOS spectrograph has an overall effective wave-
length coverage of roughly 4100 < A< 11000 A. For the
HALO7D observations, DEIMOS was_configured with the
600 line mm ' grating centered at 7200 A, giving a wavelength
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dispersion of 0.65 x&pix_l, resolution R~ 2100, and a usable
wavelength range limited to 5000 < A <9500 A (Cunningham
et al. 2019a).

The observations were reduced using the automated
DEEP2/DEIMOS spec2d pipeline developed by the DEEP2
team (Cooper et al. 2012; Newman et al. 2013), described fully
in Yesuf et al. (2017) and Cunningham et al. (2019a). This
yielded extracted 1D spectra for each exposure and produced
images of the reduced 2D spectra and extraction windows for
the purposes of visual inspection of the data. The 2D spectra
images were inspected for excessive contamination or other
issues, and those exposures that passed visual inspection were
coadded into a single 1D spectrum for each galaxy. The
coadded spectra were then flux-scaled to best-fit photometric
spectral energy distributions (SEDs). For more details on the
coaddition and flux calibration of the spectra, see Pharo et al.
(2022).

2.2. The [NellI]\3869 Sample

To obtain redshift measurements from the coadded 1D
galaxy spectra, we developed a routine to fit strong emission
lines in a 0 < z < 2 redshift window, selected to encapsulate the
region where strong line emitters were likely to be found. This
procedure is described in detail in Pharo et al. (2022). In
Figure 1, we show an example HALO7D spectrum for a dwarf
emission-line galaxy, demonstrating many of these features.
Emission lines that are both faint and rare, such as the [NellI]
A3869 emission line, require more careful attention to avoid
false detections and so are measured after redshift fitting is
complete.

With the complete redshift catalog, we then visually
inspected each spectrum for evidence of significant faint line
emission, as well as fitted a list of faint lines. Visually flagged
galaxies where [Nelll]\3869 was measured with S/N >3 were
added to a candidate list. See Figure 2 for a visual of the
redshift and stellar mass distributions of this subsample relative
to the overall emission-line galaxy catalog. The 167 individual
[Nelll]A3869 detections represent only 11% of the overall
HALO7D emission-line catalog (see Pharo et al. 2022 for
details). The [Nelll]\3869-detected galaxies have a median
cumulative observation time of ~8 hr, representing observa-
tions longer by a factor of 8 than in the previous DEEP2
survey.

2.3. Comparison Samples

To investigate changes in [Nelll] emission with redshift and
mass, we make use of several existing studies that have
measured similar emission lines. At z~ 0, we make use of
composite spectra of the Sloan Digital Sky Survey (SDSS)
emission-line galaxies measured in Andrews & Martini (2013,
hereafter AM13). To include more low-mass galaxies at z ~ 0,
we add 38 galaxies from the Local Volume Legacy survey
(Berg et al. 2012, hereafter LVL), 34 of which have [Nelll]
A3869 detections. We create makeshift composite spectra for
this sample by taking the median Ne302 in bins of stellar mass,
treating the nondetections as having ratios of 0. At higher
redshift, we compare to three studies of star-forming galaxies:
from the MOSDEF survey (Kriek et al. 2015), where Jeong
et al. (2020, hereafter J20) measure Ne30O2 for 61 z~2.3
galaxies; KBSS-MOSFIRE (Rudie et al. 2012), where Strom
et al. (2017, hereafter S17) measured emission-line ratios for 69
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Figure 1. Left: example spectrum of a HALO7D dwarf emission-line galaxy. The blue solid line gives the observed spectrum. The orange solid line shows the
continuum estimate, and the green solid line shows the continuum-subtracted spectrum. Prominent emission lines are labeled and indicated by vertical dashed lines.
Black and gray dashed lines indicate strong and/or Balmer series emission lines. Green dashed lines indicate typically fainter ionized metal lines, and the blue dashed
line shows the location of a blend of the faint He 1A\3889 and H( emission lines. The two magenta dashed lines show the locations of the Ca H and K stellar absorption
lines though these features are not prominent in this spectrum, which has little stellar continuum due to its low stellar mass as well as a likely young stellar population.
Right: a zoom-in on the spectrum showing the [OII]AA3727,3729 doublet, as well as the [NeIllI] \3869 emission line and He I-H( blend.
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Figure 2. The stellar mass vs. redshift distribution of the HALO7D galaxy
sample. The vertical dashed line separates the dwarf and massive galaxy
populations, defined at log(M, /M) = 9.5. The gray points and histograms
indicate the overall sample of galaxies for which a good redshift fit was
obtained from spectral features, as described in Pharo et al. (2022). The green
points and histograms denote the subsample of galaxies with significant (S/
N > 3) detections of the [Nelll]3869 and [O11]3727,3729 emission lines. This
yields a sample of 167 galaxies (out of 1432 in the HALO7D catalog),
including 112 dwarf galaxies (out of 646), with a redshift range of
0.3 <z < 1.4. The dark blue points and histograms indicate the emission-
line galaxy sample used for composite galaxy stacking, described in
Section 2.4.

2 < z < 3 galaxies; and composite measurements of low-mass
galaxies from HST spectra in Zeimann et al. (2015). We also
compare to recent JWST observations of three z > 7 galaxies,
adopting the stellar mass and emission-line measurements done
in Schaerer et al. (2022). We note that these measurements
come from initial flux calibrations and SED fits and so may
change with further analysis.

2.4. Composite Spectra

The analysis of emission-line measurements in individual
galaxies is necessarily limited to those galaxies whose observa-
tions have the signal necessary to detect the emission lines. This
introduces possible selection biases, in particular for samples of
intrinsically faint emission lines. By combining groups of
individual spectra into composite spectra, we may obtain

average measurements for subsamples of galaxies that include
galaxies without individual detections of a given emission line.
This may then provide a more representative measure of the
emission characteristics of that galaxy subsample.

For this stacking procedure, we limit our sample to dwarf
galaxies with a significant [OI]3727,3729 AA detection in
Pharo et al. (2022), so as to avoid including quiescent massive
galaxies from the HALO7D sample (Tacchella et al. 200020).
This should not bias the sample since [OI1]3727,3729 AA is
typically one of the brightest emission lines detected, and it is
close in wavelength to [Nelll]3869, so the redshift range will
not be artificially restricted.

After the sample is selected, we sort the galaxies by redshift
and mass into bins containing comparable numbers of galaxies.
Since the mass selection of galaxies in HALO7D is not uniform
across redshift (see Figure 2), we restrict our redshift range to
0.6 < z < 1.0, where the full range of masses has been sampled.
The distribution of the stacked sample in Figure 2 shows that
the stacking sample is composed of the vast majority of
HALO7D emission-line galaxies in the given redshift range.
Pharo et al. (2022) investigated the star formation and color—
magnitude properties of HALO7D emission-line galaxies
relative to CANDELS photometric catalogs, finding them
comparable to CANDELS on the star-forming main sequence
at similar redshift and with similar color properties. This
indicates our stacking sample ought to be representative of the
general galaxy population. In order to produce bins with
enough constituent galaxies to yield a meaningful average, we
use six mass bins. The details on the bin sizes and their
constituent galaxies are described in the left and middle
sections of Table 1.

For each bin, we then combine the individual spectra with
the following procedure. First, the continuum is estimated and
subtracted using the median-filter method described in Section
3.2 of Pharo et al. (2022), and the residual fluxes are
normalized to the [OIJAA3727,3729 line flux. We choose to
initially remove the continuum from all galaxies in order to
avoid difficulties with particularly low-mass galaxies, where
the continuum is often not well detected. Normalization to the
[O1]AN3727,3729 flux eliminates any issue of relative flux
dimming from the slightly different redshifts among galaxies in
the same bin, and since we are primarily concerned with
emission-line ratios rather than their fluxes, we may operate
with this normalization. Since we are primarily concerned with
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Table 1
Composite Spectra Bins for Ne302 and O32 Stacks
Zmin Zmax Median z Median Mass N Ne302 Median z Median Mass N 032
0.6 1.0 0.734 8.39 54 —0.95759? 0.721 8.34 47 0.1670%
0.6 1.0 0.736 8.76 195 —1.1079%¢ 0.716 8.76 157 0.00475%3
0.6 1.0 0.778 9.32 117 —1.2073% 0.745 9.28 78 —0.147393
0.6 1.0 0.858 9.78 178 —1.32+00 0.884 9.76 84 —0.3110%
0.6 1.0 0.853 10.25 169 —1.287548 0.745 10.25 82 —0.637313
0.6 10 0.861 10.71 120 L1123 0.870 10.73 57 —0.85703}
Ne302, we do not consider dust extinction, the effects of which 0.50
s e HALO7D,z~0.8 @ MOSDEF z~2
ShOllld be mlnlmal' 0.25 ° @ HALO7D Stacks m HSTz~2
Next, the normalized spectrum is rebinned onto a uniform ' A Bergz-0 % Schaererz>7
grid of wavelengths. Once each spectrum in the redshift-mass 0.00 £ - ® A SDSSz~0
bin has been normalized and rebinned, they are stacked * o
together by taking the median flux at each wavelength. —0.25F n. *  # . *
Normalized emission-line fluxes may then be measured from 8 _os0b . .*,.'. : ; ’ o
each composite spectrum, along with the median stellar @ ¥ :A“ . .l:: .o :\ &7 &
absorption as a fraction of line emission. For lines with 24 _0.75 e ™ s Sy P, B 00 .., s Y Pl s
possibly significant stellar absorption, we measure the flux and A o 1*,. q ‘e '-';: ...“.° i
absorption by simultaneously fitting emission and absorption —L0 s . o :.‘,’ % .’} bds, o { o
. - . o ® l%.’ $e o
profiles. To obtain errors for the emission-line measurements, 125k s %s edag’ B
we use a Monte Carlo bootstrap method wherein the . Ay, B0 adadad
constituent galaxies of the bin are resampled with replacement -1.50 + ‘ | | | Aa asa™

100 times and the new samples stacked and emission lines
measured 100 times. In each instance, we perturb the flux at
each wavelength by sampling a Gaussian flux distribution
centered on the flux measurement with a width set by the error
spectrum. The errors for each emission line are then estimated
from the standard deviation in the resulting distribution of
measurements. We find typical Ne30O2 errors of ~0.1 dex,
comparable to those measured in AM13 and J20.

3. [NeIl] A3869 Relations
3.1. Ne302 and Stellar Mass

Our primary objective in measuring the [Nelll]\3869
emission line is to compare its strength with the [OII]
AA3727,3729 line. Ne302 is a common proxy for gas-phase
ionization and metallicity in galaxies. These two characteristics
of galaxies have been shown to evolve from higher ionization
and lower metallicity at the z ~ 2 peak of cosmic star formation
(Madau & Dickinson 2014) to lower ionization and higher
metallicity in the local universe (e.g., Steidel et al. 2014; Strom
et al. 2017).

Furthermore, diagnostics such as the mass—excitation
diagram (Juneau et al. 2014) demonstrate notable antic-
orrelations between the strengths of common excitation ratios,
such as [OII]AN959,5007/HQ, and increasing stellar mass
among star-forming (SF) galaxies. Considering known SF-
galaxy relations between stellar mass and gas-phase metallicity
(the mass—metallicity relation, e.g., Tremonti et al. 2004) and
stellar mass and SFR (e.g., Noeske et al. 2007) for a range of
redshifts, it is useful to examine Ne302 as a function of stellar
mass, both to explore the relation between ionization and mass
and as a means for testing redshift evolution in the excitation
ratio at fixed stellar mass.

Individual Ne302 measurements from HALO7D are shown
as a function of stellar mass as green circles in Figure 3, with
masses from CANDELS catalogs (see Pharo et al. 2022 for
further description). Composite HALO7D spectra are shown

|
7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0
Log Stellar Mass

Figure 3. Ne302 vs. stellar mass for individual HALO7D galaxies (green
circles) and composite HALO7D spectra (blue circles) compared with z ~ 2
individual and composite measurements from J20 (red diamonds), local SDSS
composite measurements from AMI13 (purple triangles), and local low-mass
individual detections (light blue triangles) and composite measures (blue
triangles) from LVL. Measurements of three z > 7 galaxies are shown as
crimson stars (Schaerer et al. 2022). Composite HALO7D spectra have lower
Ne302 compared to the median individual detection at fixed stellar mass,
suggesting the individual detections have higher excitation than the average for
their mass and redshift. This relation holds in the z ~ 2 and z ~ 0 samples as
well. Composite HALO7D spectra have similar Ne302 to z ~ 0 stacks at low
mass, indicating that the Ne302 behavior does not evolve substantially from
z~1to z ~ 0. The median error of individual HALO7D galaxies is given in
black in the lower left.

with blue circles. The composite spectra bins sit at lower
Ne302 than almost all individual detections with comparable
stellar mass. This reflects the difference between the complete-
ness limitations of the individual measurements, which are
necessarily restricted to detection of the strongest emitters of
this typically faint emission line. The composite spectra,
including information from a broader set of the line-emitting
population, suggest the average or “typical” behavior of line
emitters at this redshift and stellar mass. A similar relationship
between the composite and individual measurements can be
seen in the J20 and AM13 samples.

3.2. Ne302 versus 032

For a subset of the [Nelll] emitters, the [OIII]AN959,5007
emission lines are also detected. This subsample has a restricted
redshift range, as the [OIIl] lines move off the red end of
the DEIMOS detection beyond z = 0.85, and comparison of the
Ne302 lines with [OI] requires consideration of the dust
extinction. However, the logo([OI]AN4959,5007/[O11]
AN3727,3729) ratio (hereafter O32) is another commonly used
diagnostic for ionization and metallicity in galaxies and so may
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Figure 4. Left: Ne302 vs. 032 for individual HALO7D galaxies (green circles) and composite HALO7D spectra (blue circles) compared with 2 < z < 3 composite
spectra from J20 (red diamonds) and individual measurements from S17 (maroon line). We also include median values for local H 1I regions (blue triangles) assembled
in J20 from Pilyugin & Grebel (2016), Croxall et al. (2016), and Toribio San Cipriano et al. (2016). The gray shaded region indicates the 90% boundary for local
SDSS galaxies measured in S17. The dashed black line shows a linear fit of the HALO7D points. Individual [NellI]A3869 detections in HALO7D exhibit comparable
ionization properties to (typically more massive) 2 < z < 3 galaxies but with high scatter that may be related to metallicity variations. The red, purple, and yellow
curves give the BPASS models from S17. Right: the Ne302 offset from the linear Ne302-O32 fit as a function of the R23 metallicity.

add insight to Ne302 properties of the HALO7D sample. For
the Ne302 galaxies with an [OIII] detection with a signal-to-
noise ratio (S/N) >3, we correct for dust extinction by
measuring the Balmer decrement from the H3 and Hy emission
lines, also subject to the S/N > 3 criterion. For this correction,
we used a Cardelli et al. (1989) extinction law for nebular dust
extinction calculations. The O32 sample properties are
described in the right section of Table 1.

Figure 4 gives the Ne302 distribution as a function of the
032 ratio, with individual HALO7D detections shown in green
and composite measurements shown in blue. As before, the
individual measurements exhibit stronger emission character-
istics concomitant with higher levels of ionization in the
nebular gas compared with the composite measurements. In the
following section, we analyze the Ne3O2 distributions and
discuss their implications for the redshift evolution of ISM
conditions in star-forming galaxies.

4. Discussion and Conclusions
4.1. Redshift Evolution from z ~ 2

In Figure 3, the composite HALO7D spectra at z~ 0.7 — 0.9
closely track the low-z composite spectra from AM13 at low
mass, while at high mass, the Ne302 measurements sit
between those measured at z =0 and z ~ 2. This could suggest
that the ionization and/or metallicity characteristics of low-
mass star-forming galaxies do not evolve substantially from
z~1 to z=0. However, at log(M,/M,) < 9, the AMI13
composites are biased toward starburst-SF galaxies, potentially
biasing them to higher levels of Ne302 as well (Kashino &
Inoue 2019). To check for this bias we also compare to the
z~0 LVL sample, which was selected to probe representative
main-sequence galaxies at low mass. We create stacked
measurements from this sample in bins of stellar mass. The
dark blue triangles in Figure 3 show that this sample closely
matches the two HALO7D composites with log(M, /M) < 9.
This comparison indicates a lack of ionization evolution from
z~1 to z=0 more convincingly. It is also indicative of the
completeness achieved by the deep HALO7D observations,
which can probe low line emission comparable to z=0
observations out to a median redshift of z=0.73 for dwarf

galaxies. It is more difficult to study the dwarf galaxy evolution
out to z~2-3, where the faintness of low-mass line emitters
makes their detection even more challenging. However, the
lowest-mass MOSDEF bin, covering galaxies with masses
8.23 < log(M, /M) < 9.51, nonetheless sits between 0.2 and
0.5 dex higher in Ne30O2 than any of the comparable mass bins
from HALO7D. Individual detections in the two surveys show
similar offsets. All together, these results together indicate that
the observed systematic decline in ionization parameter from
z~ 2 to z=0 has largely ceased by z ~ 1.

For mass bins log(M,. /M) > 9.5, the HALO7D composites
have higher Ne302 compared with the massive AM13 stacks
by 0.1-0.2 dex. At stellar masses log(M,/Mz) > 9, where
MOSDEF has comparable stacks from z~2, we see offsets
between HALO7D and MOSDEF ranging from 0.4 to 0.1 dex.
This indicates an ongoing decline in ionization in the higher-
mass galaxies that could be driven by ongoing metallicity
enrichment (Perez-Montero 2014) or declining rates of star
formation in galaxies that have already built up stellar mass.

To further explore ionization characteristics, we study the
Ne302 versus 032 distribution in Figure 4. S17 used
photoionization models to predict Ne302 and O32 ratios from
BPASS stellar spectra (Stanway et al. 2016) for ranges of
ionization parameter, gas-phase metallicity, and stellar metalli-
city. They show that the O32 ratio increases as a function of the
ionization parameter, as well as with a reduction in stellar
metallicity. O32 is less susceptible to changes in nebular
metallicity except at high 032, but variation in the gas-phase
metallicity by a factor from Z,¢, = 0.3Z;, to Z,e, = 0.7Z, can
amount to a 0.2 dex drop in Ne302. Changing stellar
population model metallicities from Z, = 0.07Z, (red curve in
Figure 4) to Z, = 0.56Z, (purple curve) can account for even
larger drops in Ne302, from 0.2 to 0.5 dex. The analysis in J20
finds similar trends with metallicity and ionization parameter,
with variation in stellar metallicity able to account for vertical
(Ne302) scatter in the distribution.

These models give a context to place the z~0.7-0.8
HALOT7D galaxies. The broad trend of Ne302 increasing with
higher O32 is a function of both ratios’ sensitivity to increasing
ionization parameter, and at given O32 values, the individual
Ne302 measurements actually track the median from KBSS-
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MOSFIRE quite well. Similar Ne302 at given O32 among the
two samples implies similar metallicity characteristics as well,
and the median individual detection is thus also best described
by the model with Z,=0.07Z; at a range of ionization
parameters. The scatter in individual detections is large but can
potentially be explained by variation in nebular metallicity. To
check this, we do a simple linear fit to the Ne302-032
distribution, then take the difference between each Ne302
value and the Ne302 predicted by the O32 value and the fit.
This difference value correlates significantly with R23-derived
metallicities, with a Spearman correlation coefficient of —0.23
and p =0.009 (see right panel of Figure 4). This correlation
suggests that lower metallicity leads to higher Ne302 scatter
relative to the relation and increased metallicity leads to lower
Ne302. Guo et al. (2016) observed increased metallicity scatter
at given stellar mass among low-mass galaxies at similar
redshift compared to the mass-metallicity relation of higher-
mass galaxies, measured via strong-line methods. This
potentially links Ne302 scatter to the sources of metallicity
scatter in dwarf galaxies, which we will explore in a subsequent
HALO7D paper.

Most of the composite spectra from HALO7D (blue circles)
reside in the same region as low-z SDSS galaxies (gray shaded
region), except for the lowest-mass stacks, which are found
outside the shaded 90% region. Thus, the log(M,/M.) < 9
stacks have higher O32 than typical local galaxies but with
Ne302 values that are still below the z>2 median. These
nonlocal ratios can be explained by higher-than-local ionization
parameters but with somewhat higher stellar metallicities. The
two low-mass composite measurements correspond more
closely to the Z, = 0.56Z, (purple) track from S, suggesting,
as in the Ne302-M, plot, that the typical z ~ 0.7 star-forming
galaxy has metallicity characteristics already enriched to local
values. The individual detections, however, provide a subset of
galaxies whose emission characteristics are similar to z > 2
galaxies whose ionizing conditions have not yet evolved,
making this group a potentially interesting target for future
analysis since we are able to probe at lower redshift a
population with both ISM and stellar mass characteristics
comparable to high-z galaxies.

4.2. Comparison to z. >7 Galaxies

In Figures 3 and 4, we also include three z>7 galaxies
identified in JWST Early Release Observations of the lensing
cluster SMACS J0723.3-7327. Schaerer et al. (2022) measured
several emission-line ratios from NIRSpec observations of the
galaxies, including Ne30O2. The three have high Ne30O2 and
032 values and low stellar masses (log(M, /M) < 9) and are
marked with crimson stars in the figures. The emission-line
ratios for the z > 7 galaxies are on the extreme end of both the
HALO7D and z~?2 samples, but a handful of HALO7D
galaxies have similar masses and emission characteristics.

In addition to the emission ratios, the high-Ne30O2 dwarfs
tend to share some other properties in common with the high-z
galaxies. They have high [O1II] equivalent width (EW >100 A),
compact size (r<2 kpc), low gas-phase metallicity
(7 < 12 + Log(O/H) < 8), and high SFR surface density
(Xspr > 0.1M, yr7l kpcfz) compared to other HALO7D
strong line emitters. These are all commonly thought to be
characteristics of high-z ionizing galaxies and have been
measured for these three galaxies in early analysis (Schaerer
et al. 2022; Rhoads et al. 2023). Use of extreme low-z galaxies
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as analogs of high-redshift UV-bright galaxies has been
common practice (e.g., Yang et al. 2017), and the properties
listed above have been shown to be commonly found in low-
redshift Lyman continuum leakers as well (Flury et al. 2022).
Compared to the overall distribution of HALO7D line emitters,
the sample of individual Ne302 measurements is skewed
significantly toward enhanced Ygrgr, with almost all [Nelll]
A\3869 detections in galaxies with Ygpg > 0.1M., yr ' kpc 2, a
major criterion used in Flury et al. (2022) for Lyman
continuum candidates.

This places the dwarf [NellI]A3869 sample from HALO7D
at a useful point in between high- and low-z ionizing galaxy
candidates. Ne30O2 has already seen use in constraining
ionization in a z~4.9 gravitationally lensed massive galaxy
(Witstok et al. 2021), and as it becomes possible to obtain high-
resolution spectroscopy of potentially ionizing high-z galaxies
with JWST, we will be able to make direct comparisons of ISM
conditions between dwarf galaxies at z~0, z~ 1, z>2, and
z>5. Thus, the HALO7D sample will provide both an
increased number of lower-redshift low-mass galaxies as
potential analogs to high-z sources and by filling in the gap
of low-mass ionizing galaxies at z~ 1, will continue to
constrain the evolution in ionizing ISM properties in dwarf
galaxies with redshift.
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