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ABSTRACT

We use the large spectroscopic dataset of the MOSFIRE Deep Evolution Field (MOSDEF) survey to investi-
gate some of the key factors responsible for the elevated ionization parameters (U) inferred for high-redshift
galaxies, focusing in particular on the role of star-formation-rate surface density (Xsrr). Using a sample of
317 galaxies with spectroscopic redshifts zspec >~ 1.9 — 3.7, we construct composite rest-frame optical spectra
in bins of Ygpgr and infer electron densities, n., using the ratio of the [O II] AA3727, 3730 doublet. Our anal-
ysis suggests a significant (~ 3¢) correlation between n. and Xgpr. We further find significant correlations
between U and Ygpr for composite spectra of a subsample of 113 galaxies, and for a smaller sample of 25
individual galaxies with inferences of U. The increase in n.—and possibly also the volume filling factor of
dense clumps in H 11 regions—with Ygpr appear to be important factors in explaining the relationship between
U and Ygpr. Further, the increase in n. and SFR with redshift at a fixed stellar mass can account for most
of the redshift evolution of U. These results suggest that the gas density, which sets n. and the overall level
of star-formation activity, may play a more important role than metallicity evolution in explaining the elevated
ionization parameters of high-redshift galaxies.

Keywords: stars:abundances — ISM: abundances — ISM: HII regions — galaxies: high-redshift — galaxies:

ISM — galaxies: star formation

1. INTRODUCTION

Spectroscopic surveys of the rest-frame optical nebular
emission lines of redshift 1 < z < 7 galaxies have enabled
detailed characterization of the physical state of the interstel-
lar medium (ISM) and its evolution from the epoch of peak
star formation to the present day. One important observational
finding of these surveys is the general increase in the ion-
ization parameter (at a fixed stellar mass) with redshift (e.g.,
Brinchmann et al.|[2008}; [Nakajima et al.|2013; |Steidel et al.
2014; Shirazi et al.|2014; [Shapley et al.|[2015} [Kewley et al.
2015 Bian et al.|2016; [Sanders et al. [2016; [Kashino et al.
2017} |[Kojima et al|2017} |[Kaasinen et al|2018}, |Strom et al.
2018}, Topping et al.|2020b; Runco et al.|2021)), where the
ionization parameter is defined as:

v="1 )
ny

where n, and nyg are the hydrogen-ionizing photon and hy-
drogen gas densities, respectively. For an ionization-bounded
H Il region, U can be written as function of the ionizing pho-
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ton rate (@), electron density (n.), and the volume filling fac-
tor of the line-emitting gas (e):

U x [QneeQ]l/3 2)

(Charlot & Longhetti|2001; Brinchmann et al.[2008). The
redshift evolution of the ionization parameter at fixed stel-
lar mass is typically attributed to lower gas-phase oxygen (O)
abundances, harder ionizing spectra (reflective of lower stel-
lar metallicities and/or younger ages), and/or higher gas (or
electron) densities characteristic of high-redshift galaxies.

In particular, several recent investigations have used
density-sensitive probes—such as the ratios of the [O II] or
[S 1I] doublet lines—to infer electron densities (n,) that are
elevated by up to an order of magnitude at z ~ 1 — 2 rela-
tive to typical star-forming galaxies in the local universe (e.g.,
Lehnert et al.|2009; Masters et al.|[2014; Steidel et al.|2014;
Shimakawa et al.[|2015} [Bian et al.|[2016; Steidel et al.|2016}
Sanders et al.|2016} Davies et al.||2021). The apparent evo-
Iution of n. may be tied to the higher star-formation rates
(SFRs), specific SFRs, and/or SFR surface densities (XgpR)
of high-redshift galaxies. For example, Brinchmann et al.
(2008)), [L1u et al.| (2008)), Masters et al.|(2016)), and Bian et al.
(2016) found that nearby galaxies that are offset in the same
direction as high-redshift galaxies from the local star-forming
sequence in the [O ] /HS versus [N 1I]/Ha BPT plane ex-
hibit higher Xgpr and/or n.. Further, Kaasinen et al. (2017)
highlighted the similarity in n. of local and high-redshift
galaxies when matched in SFR.|Shimakawa et al.|(2015) used
a small sample of 14 Ha emitters at z = 2.5 to directly
demonstrate a significant correlation between n. and XsrR,
one that has been subsequently confirmed to exist for local
analogs of high-redshift Ly« emitters (“Green Pea” galaxies)
and local Lyman-break analogs (Jiang et al.|2019} see also
Herrera-Camus et al.2016). Similarly, based on data from the
KMOS-3D survey, Davies et al.| (2021) suggest that the red-
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shift evolution of n. may be tied to the increasing density of
molecular clouds.

Thus, aside from an increase in ionizing photon rates, the
higher Ygrr (or molecular gas densities) characteristic of
high-redshift galaxies, accompanied by higher n., may be
partly responsible for the elevated ionization parameters in-
ferred for z ~ 2 galaxies (e.g., |Shirazi et al.|2014} Bian
et al.|2016; Reddy et al.|2022). Unfortunately, the physical in-
terpretation of correlations between ionization parameter and
other global galaxy properties (e.g., Xsrr) is complicated by
the fact that the ionization parameter is not directly observ-
able. Rather, it is usually inferred using photoionization mod-
eling with simplified (plane-parallel or spherical) geometries
that do not faithfully capture the complicated structure of real
H I regions (e.g., [Pellegrini et al.[201 1} see also discussion in
Sanders et al.[|2016). As a result, the ratio of emission lines
from two different ionization stages of the same element is
often used as proxy for the ionization parameter. Examining
such line ratios can give useful insights into the primary fac-
tors that modulate the ionization parameter in high-redshift
galaxies.

In this paper, we use the MOSFIRE Deep Evolution Field
(MOSDEF) spectroscopic survey data (Kriek et al.||2015) in
the CANDELS fields (Grogin et al.|201 1} [Koekemoer et al.
2011)) in addition to predictions of photoionization models to
investigate a few of the relevant factors responsible for the el-
evated ionization parameters inferred for high-redshift galax-
ies. The MOSDEF survey is particularly well-suited to ad-
dress this issue since it targets many of the strong rest-frame
optical emission lines that probe the ionization parameter,
gas-phase oxygen abundance, and electron density. In addi-
tion, rest-frame FUV spectroscopy of a subsample of MOS-
DEF galaxies (MOSDEF-LRIS; [Topping et al.[2020b; Reddy
et al.[2022) enables direct constraints on the hardness of the
ionizing spectra of the same galaxies. Finally, the deep HST
imaging that exists in the CANDELS fields enables measure-
ments of Ygpr. All these elements together form an ideal
dataset with which to study the evolving relationships be-
tween stellar metallicities, ages, SFRs, stellar masses, gas-
phase abundances, and ionization parameters (Shapley et al.
2015; [Sanders et al.|2015}, 2016, 2018; [Topping et al.|2020b;
Runco et al.|2021).

Here, we extend these previous efforts by focusing on how
electron densities and ionization parameters correlate with
YsFR, and investigating the relative importance of electron or
gas density in explaining the variation in ionization parame-
ters inferred for high-redshift galaxies. Section 2[summarizes
the MOSDEF survey and the samples analyzed in this work.
Sections [3] and [ present our findings regarding correlations
between electron density and Xgrr, and between ionization
parameter and X grR, respectively. The implications of our re-
sults for the variation in U among galaxies in our sample, and
the redshift evolution of U, are discussed in Section[5] The
conclusions are presented in Section @ A |Chabrier| (2003)
initial mass function (IMF) is considered throughout the pa-
per. Wavelengths are reported in the vacuum frame. We adopt
a cosmology with Hy = 70kms~! Mpc~*, 2, = 0.7, and
Q= 0.3.

2. SAMPLE

The galaxies analyzed here were drawn from the MOSDEF
survey (Kriek et al.|2015). This survey targeted ~ 1500 H-
band-selected galaxies and AGNss at redshifts 1.4 < z < 3.8
in the CANDELS fields (Grogin et al.[201 1; [Koekemoer et al.
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Figure 1. Distributions of SFR and M, for the density and ionization pa-
rameter samples (blue and red symbols, respectively) relative to those of the
parent MOSDEF sample (grey symbols). The SFRs shown here are mostly
based on the Ha luminosities corrected for dust based on the Balmer decre-
ment (e.g.,|Reddy et al|2015). If such measurements are not available (e.g.,
Ha is not covered and/or Ha or H3 are not significantly detected), then the
SFRs are based on modeling the broadband photometry (Section2).

2011) with moderate resolution (R ~ 3000 — 3600) rest-
frame optical spectroscopy using the MOSFIRE spectrome-
ter (McLean et al.|2012) on the Keck telescope. Details of
the survey, spectroscopic data reduction, and line flux mea-
surements are provided in|Kriek et al.|(2015) and Reddy et al.
2015).

The analysis of electron densities (Section[3)) is based on the
subset of MOSDEF galaxies with secure spectroscopic red-
shifts zgpec > 1.9%; no evidence of AGN based on the crite-
ria of (Coil et al.|(2015), Azadi et al.| (2017, 2018)), and |Leung
et al.|(2019); spectral coverage and no significant sky line con-
tamination of [O II] AA3727,3730'°; and reliable half-light
radii, R.g, and their measurement uncertainties based on the
size catalogs of [van der Wel et al.|(2014)). These criteria result
in a “density” sample consisting of 317 galaxies which span
the full range of SFR and M, as the parent MOSDEF sample.

The analysis of the ionization parameter (Section () is
based on the subset of MOSDEF galaxies with secure spec-
troscopic redshifts 1.59 < zgpec < 2.56; no evidence of
AGN based on the criteria of |Coil et al.| (2015)), |Azadi et al.
(2017, 2018)), and [Leung et al.| (2019)); spectral coverage and
no significant sky line contamination of [O II], [O III], HS,
and Ha'''; and reliable half-light radii, Reg, and their mea-
surement uncertainties based on the size catalogs of [van der|
Wel et al.| (2014). These criteria result in an “ionization pa-
rameter” sample consisting of 113 galaxies which span the
full range of SFR and M, as the parent MOSDEF sample.
For reference, the distributions of SFR and M, for galaxies in
the density and ionization parameter samples relative to those
of the parent MOSDEEF sample are shown in Figure

The R.g for galaxies in the two aforementioned samples,
along with SFRs calculated from fitting the broadband spec-
tral energy distributions (SEDs) of the galaxies, are used to

9 This lower limit on the spectroscopic redshift ensures that the [O 11] dou-
blet is sufficiently resolved in the observed frame to reliably determine the
ratio of the doublet lines.

10 While [S ] AMN6718, 6733 can also be used to infer ne, the weakness
of this doublet relative to [O II] results in less stringent constraints on n., and
therefore we chose to focus on [O II].

Il The requirement for coverage of Hor and Hf ensures that the ratio of
[O 111] to [O II] can be robustly corrected for dust attenuation.
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Table 1
Density Subsamples

Subsample N? (ZsFr)® (R)® (ne)d

(Mg yr~lkpe™2)

ZsFrQl 79 0.107 £ 0.005 1.326 +£0.101 88757

YsFrr.Q2 79 0.260 £0.010  1.2314+0.064 170785
Ysrr,Q3 79 0.453£0.013  1.2474+0.068 155757
Ysrr.Q4 80  1.991£0.358  1.026+£0.066 425743"

2 Number of galaxies in the subsample.

b Average star-formation-rate surface density.
¢ Average [O 11] line ratio.

d Average electron density.

compute Xgrg as described inReddy et al.|(2022). The SED-
inferred SFRs assume the same Binary Population and Spec-
tral Synthesis (BPASS; Eldridge et al.|2017) models discussed
in[Reddy et al.|(2022)), where we adopted an SMC attenuation
curve for the reddening of the stellar continuum.'?

3. ELECTRON DENSITY

Electron densities were inferred from the ratio of
[O 1] A3730 to [O ] A3727 (R) as described in|Sanders et al.
(2016). Robust n, constraints on individual galaxies require
extremely high S/N measurements of [O II], higher than
what is typically available in the MOSDEF spectra. As a
result, we focused on measuring R fromrcompositerspectra
to obtain the tightest constraints on n.. The density sample
was divided into fouribifis of Ysrr, each containing roughly
an equal number of galaxies. Composite spectra were con-
structed for galaxies in each of these bins using the methodol-
ogy described in Reddy et al.|(2022)). Specifically, individual
galaxy spectra were averaged together assuming no weight-
ing in order to avoid biasing the composite to the more lu-
minous galaxies in the sample. The strong rest-frame opti-
cal emission lines in the composite spectra for the four bins
of Xgrr are shown in Appendix [Al R was measured by fit-
ting simultaneously two Gaussian functions to the two lines
of the [O II] doublet assuming an intrinsic line width equiv-
alent to that measured for [O II[] A5008, and calculating the
ratio of the [O II] A3730 line flux to the [O II] A3727 line flux.
Uncertainties in R were determined by perturbing individ-
ual science spectra by the corresponding error spectra, re-
constructing the composite spectra from these individual per-
turbed spectra many times with replacement, and remeasuring
R.

Table I]lists the number of galaxies in each of the four sub-
samples, along with the average Ygrr, R, and the inferred
n. for each subsample. The top panels of Figure [2]illustrate
the [O I1] fits obtained for the bottom and top quartile bins
of Ysrr. The bottom panel of this figure shows the distribu-
tion of the difference in (R) for the bottom and top quartile
bins of Yspr obtained from 10,000 realizations of the data.
A one-sided t test of this distribution indicates a probability
p ~ 7.6 x 1072 that there is no statistical difference in the
[O 11] doublet line ratio for the bottom and top quartile bins of

12 Assuming the (Calzetti et al.| (2000) curve for all galaxies, or the SMC
and |Calzetti et al| (2000) curves for low- and high-mass galaxies, respec-
tively, e.g., as suggested by [Shivaei et al| (2020), does not alter our con-
clusions. We have adopted an SMC curve as this choice provides the best
agreement between Ho and UV SFRs (Reddy et al.|[2018b} |2022)—and re-
produces the observed IRX-S relation at z ~ 2 (Reddy et al.|2018a)—for
subsolar-stellar-metallicity and/or young stellar populations (see also |Reddy!
et al.[20006; |Shivaei et al.[2015a}; [Theios et al.[2019).
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Figure 2. Top: Composite spectra of the [O II] AA3727, 3730 doublet for
galaxies in the lowest (left) and highest quartiles (right) of Xgpr. The
grey shaded regions indicate the composite error spectra. Model fits to the
[O 1] doublet are indicated in blue, with the average line ratio, (R) =
([0 ] A3730/[O 1] A3727), and inferred density, (n.), indicated in each
panel. Bottom: Distribution of the difference in line ratios measured from
10,000 realizations of the composite spectra in the lowest and highest quar-
tiles of ¥grr. The long-dashed line indicates the average difference of
((Rq1) — (Rqa)) = 0.300. Also indicated are the standard deviation (o)
and the probability that the average line ratios measured for the two quartiles
are equivalent.

Y.srr. Electron densities were calculated from the line ratios
using the prescription given in Sanders et al|(2016), and are
shown in Figure 3]

Our results imply a significant and close to a factor of 5 in-
crease in (n.) for galaxies in the top quartile of Xspg relative
to those in the bottom quartile. A formal fit to (n.) versus
(Xsrr) for the four bins of Ygpgr implies

<ne> o <ESFR>O.51:N:O.09 (3)
(Figure [3)), consistent with the power-law index of ~ 0.61
found by |Shimakawa et al.|(2015)) for a much smaller sample
of 14 individual Hoe emitters at z = 2.5. The power-law in-
dex found here is also consistent (within the 68% confidence
intervals) of the index obtained from fitting individual local
Lyman break galaxy analogs and Ly« emitters (Jiang et al.
2019). Note that the scaling relation of Equation[3is based on
composite measurements of n.. It is possible that outliers in
the lowest and highest bins are averaged out in the compos-
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Figure 3. Average electron density versus average Xgrg for the four quar-
tiles of Xgrr. The best-fit power law and 1o confidence interval are indi-
cated by the solid blue line and shaded blue region, respectively.

ites in a way that produces a shallowerpower=lawrindexithan
what would have been obtained from fitting individual mea-
surements of n.. Consequently, it is possible that the power-
law index between n. and Xgrg may be larger than the value
found here, strengthening our conclusion of a significant cor-
relation between n, and Xgrr. High signal-to-noise measure-
ments of density-sensitive indicators such as [O II] for indi-
vidual galaxies may be necessary to robustly constrain the
power-law index. At any rate, the dependence of ionization
parameter on n. (Section[d)), the positive correlation between
n. and YgrR, and the generally higher >gpr characteristic of
high-redshift galaxies, together may provide an explanation
for the elevated ionization parameters inferred at high red-
shift, a point to which we return to below.

4. TIONIZATION PARAMETER
The ratio of [O III] to [O II], i.e.,

[O TIT] A4960 + [O TIT] A5008
032 =1 4
%8 | 7O I A3727 + [0 1] A3730 @)

is commonly used as a proxy for the ionization parameter, U
(e.g., Nakajima & Ouchil2014). Here, we investigate the cor-
relation between U and Ygpg, first using O32 as a proxy for
the former, and then using estimates of U based on photoion-
ization modeling of individual galaxies.

Figure E] shows the relationship between O32 and Xgrg for
93 individual galaxies in the “ionization parameter” sample
(Section [2) with significant (i.e., S/N > 3) detections of
[O 11], [O 1m1], HB, and He. Both [O 1I] and [O 1II] were cor-
rected for dust attenuation by applying a reddening correction
derived from the Balmer decrement (Ha/HS) and assuming
the [Cardelli et al.| (1989) extinction curve (e.g., Reddy et al.
2020; [Rezaee et al.|2021). The Balmer decrements for indi-
vidual galaxies vary from the theoretical value in a dust-free
case, Ha/HB ~ 2.8, up to Ha/HB ~ 8 for the dustiest ob-
jects in our sample. Also shown in this figure are the average
032 values derived from composite spectra of galaxies in the

1.0

0.5

0.0

032

-0.5

-1.0

log[Zspr/M o yr—tkpc=2]

Figure 4. 032 versus log[Yspr/Ma yr— ! kpc™2] for 93 galaxies in the
“jonization parameter” sample with S/N > 3 detections of [O 1], [O II1],
Hp, and Ha (grey points). A Spearman test on the individual measure-
ments for the 93 galaxies indicates a correlation coefficient of p = 0.54,
with a probability p = 2.3 x 1078 that there is a null correlation be-
tween 032 and Ygpr. A linear fit to the data and the 1o confidence in-
terval are indicated by the blue line and shaded region, respectively: 032 =

(0.415 £ 0.064) log[Esrr /Mo yr—! kpe~2] + 0.307 + 0.030. The av-
erage 032 values derived from composite spectra of galaxies in three bins of
YsFR are shown by the large green diamonds.

“ionization parameter” sample in the same four Ygpr bins
used to compute n..'3 These average 032 values imply that
the relationship between 032 and Y grr for galaxies with sig-
nificant detections of the four aforementioned emission lines
is not substantially biased relative to that obtained for all 113
galaxies of the “ionization parameter” sample.

A Spearman test on the individual measurements indicates
a significant correlation between 032 and ¥grg for the sub-
sample of 93 galaxies, with a probability p = 2.3 x 1078 of a
null correlation between the two. At face value, these results
imply a highly significant correlation between U and Xgpg.
However, it is important to assess the degree to which the
translation between 032 and U may be affected by other pa-
rameters. In particular, a number of studies have investigated
the effect of ionizing spectral hardness, gas-phase abundance,
and n. on the O32 ratio (e.g., |Sanders et al.|[2016} [Strom
et al.|2018). Here, we discuss some of these dependencies
in the context of updated stellar population synthesis mod-
els that include the effects of stellar binarity (i.e., the binary
BPASS models). These models have generally been found to
simultaneously reproduce the rest-frame far-UV photospheric
features of high-redshift galaxies and their rest-frame optical
nebular emission line ratios (e.g.,[Steidel et al.|2016; Topping
et al.|2020bla; Reddy et al.|2022).

Figure 5 shows the predicted O32 as a function of log U
for BPASS v2.2.1 constant star formation models with bi-
nary stellar evolution and an upper-mass cutoff of the IMF

13 The average Balmer decrements measured in these four Ygpgr bins,
from lowest to highest Xspg, are (Ha/HB) = 4.50 £ 0.40, 4.32 £ 0.50,
4.18 4 0.44, and 3.70 +£ 0.29, respectively. These composite Balmer decre-
ment measurements are consistent with the mean Balmer decrement of indi-
vidual galaxies (e.g., see|Reddy et al.[2015}|Shivaer et al.[2015b).


Ricardo Chavez Murillo


IMPACT OF SFR SURFACE DENSITY ON ELECTRON DENSITY AND IONIZATION PARAMETER AT HIGH REDSHIFT 5

L B I o N IS I i L R ae
1.0F Z- Variation > J Zue Variation #2° I n.Variation & 3
p
E e T o T 8 1
g

[ z.=0001 <" T zw=03z, ,7° [ n.=500cm=_8 ]
o5k s k3 z k3 5 3
SE e T A T N ]

IS E " Zx=0.006 ? Zwen=08Z, I " n.=80cm™3

N p 8 8

o F o o + g + g ]
0.0 e -T- o - g -
Eoe I - I = ]

log[Age/yr] = 8.0 r ° log[Age/yr] = 8.0 I ¢ log[Age/yr] = 8.0
=05 109 Znen/Zo]1= — 0.4 loglZ,1=0.001 I loglZ,]=0.001 ]
[ ne=250cm™3 I ne=250cm™3 I 10g[Znep/Z01= —0.4 ]
) AT A NI P S I B Pk U I B
=35 -3.0 -2.5 -2.0 -3.0 =25 -2.0 -3.0 =25 -2.0

logUu logu logUu

Figure 5. Predicted relationship between O32 and log U from photoioniza-
tion modeling assuming a constant star formation BPASS stellar population
model with the indicated stellar metallicity and age, and the indicated nebular
oxygen abundance (Zcp) and ne (see text).

of 100 M, (i.e., the “100bin” models), with the input stel-
lar population and CLOUDY (Ferland et al.|2017) parame-
ters indicated in each panel.'* For instance, the left panel
shows the relationship between 032 and logU for models
with a log[Age/yr] = 8.0 stellar population, an oxygen abun-
dance of log[Zyen/Zo] = —0.415, n, = 250 cm—3—all val-
ues which are typical of MOSDEF galaxies (e.g., |[Sanders
et al.[[2016; [Topping et al.|2020b; Reddy et al.|[2022)—and
two stellar metallicities (Z, = 0.001 and 0.006, expressed in
terms of the mass fraction of metals) that bracket the range
inferred from modeling the rest-frame FUV spectra of indi-
vidual MOSDEF galaxies (Topping et al.|2020a). At a fixed
032, log U varies by ~ 0.15 dex for the aforementioned range
of Z,. Similarly, the middle panel shows the relationships be-
tween 032 and log U for two values of Z,¢}, that bracket the
range where the bulk of MOSDEEF galaxies lie (e.g., Topping
et al.2020a) and where the stellar population age, Z,, and
n. are fixed to values typical of MOSDEEF galaxies. Finally,
the right panel indicates the relationships between O32 and
log U for two values of n. that bracket the range inferred for
the MOSDEF sample (Sanders et al.|2016}, see also Section
and where all other parameters are fixed to the typical values.
The model predictions summarized in Figure [5] indicate that
the translation between O32 and log U iselativelyrinsensitive
to Z«, Zneb, and n, over the ranges of these parameters that
are represented in the MOSDEF sample, changing at most by
~ (.15 dex for a factor of 6 increase in Z, = 0.001 to 0.006.'6
Thus, the ~ 0.8 dex increase in O32 over the range of Xgrgr
shown in Figure ] likely reflects an increase in U with Xgprg.

This conclusion is further corroborated by direct mod-
eling of a subset of MOSDEF galaxies with deep rest-
frame FUV spectra (i.e., the MOSDEF-LRIS sample; [Top-
ping et al.2020b; Reddy et al.[2022)). Reddy et al, (2022)
self-consistently modeled the rest-frame FUV spectra and
rest-frame optical emission line ratios of galaxies in the
MOSDEF-LRIS sample for galaxies in each of three equal-
number bins of Xgpr. Galaxies in the lower, middle, and
upper third of the Xgpg distribution have (032) = —0.03 £
0.14, 0.03 £ 0.09, and 0.33 % 0.07, respectively. The mod-
eling of the composite rest-frame FUV spectra of galaxies in
these three bins of Xgpg indicates (Z,) = 0.0013 + 0.0005,
0.0021 £ 0.0008, and 0.0017 £ 0.0004, respectively (see Ta-

14 As shown elsewhere (e.g., [Reddy et al.|2012| [2022), a constant star-
formation history provides an adequate description of the average star-
formation history for an ensemble of typical star-forming galaxies at z ~ 2,
with stellar-population-derived ages consistent with what is expected given
the dynamical timescale of these galaxies.

15 We assume throughout that Z5 = 0.0142 (Asplund et al.[2009).

16 Adopting an upper-mass cutoff of 300 M, for the IMF results in a rela-
tionship between O32 and log U that overlaps the one obtained for our fidu-
cial model with an upper-mass cutoff of 100 M (e.g.,|Steidel et al.2016).
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Figure 6. Relationship between log U and log[Ysrr /Mg yr—! kpc—?]
for 25 individual galaxies in the MOSDEF-LRIS sample (Topping et al.

2020a) with robust size, and hence Xgpr, measurements (circles), and
detections of Hev, color coded by log[Q/s™1] (see Section [5.1.1) . The

Spearman correlation coefficient and p-value are indicated. The solid blue
line and shaded region indicate a linear fit to the data and the 1o confi-
dence interval, respectively, with the following relation: log U = (0.379 +

0.030) log [%] — 2.668 + 0.068. . Average values obtained

from fitting composite spectra in three equal-number bins of YXgrgr (from
Reddy et al.|2022)) are shown by the large grey diamonds.

ble 3 of Reddy et al.[2022)). Based on the left panel of Fig-
ure|5| this variation in (Z,) results in a negligible shift in the
relationship between O32 and log U. Similarly, (Z,c1/Z6) =
0.28 £ 0.13, 0.40 4 0.03, and 0.43 + 0.08, respectively, for
the three aforementioned bins of Xgrr (Table 3 of Reddy
et al][2022). Based on the middle panel of Figure [3] this
variation in (Z,ep) also implies a negligible shift in the re-
lationship between O32 and log U. Finally, as per the dis-
cussion in Section [3] though there is a significant correlation
between n. and XsrR, the range of inferred n. implies a neg-
ligible shift in the translation between O32 and logU. In
summary, the variations in (Z,), (Znen), and (n.) for com-
posites constructed in bins of Ygpgr are unlikely to be solely
responsible for driving the observed increase in 032 with
Ysrr (Figure[d). Rather, this relationship is likely driven by
changes in U. To that point, Reddy et al.| (2022)) calculated
(logU) = —3.06 + 0.07, —3.10 £ 0.06, and —2.70 £ 0.07,
respectively, for the three bins of Xgpg (Figure[6), implying a
significantly higher (log U) for galaxies in the upper third of
the Ygpgr distribution.

Finally, the relationship between loglU and Xgpr for
a subset of 25 individual MOSDEF-LRIS galaxies from
Topping et al. (2020a) with robust size measurements and
L(Ho)/o,ma) > 3, where L(Ha) is the dust-corrected Ho
luminosity, is shown in Figure [6]'7 A Spearman correlation
test indicates a probability of p = 0.004 that the two variables
are uncorrelated, suggesting that the correlation is significant
at the ~ 3o level. The figure also shows a linear fit to the data
for the individual galaxies.

In summary, the significant correlation between O32 and
Ysrr (Figure E]); the insensitivity of the translation between
032 and U to Z,, Zyeb, and n, over the range of these param-
eters represented in the MOSDEF sample (Figure 3)); and the
differences in average and individually-inferred U for galax-

17 We imposed a requirement on the significance of the Ho luminosity in
order to compute the ionizing photon rate (Q)) for these galaxies, as discussed
in Section
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Figure 7. Relationship between log[@Q/s™1] and

log[Ysrr/Me yr~' kpc™2] for the 51 galaxies in the “ionization
parameter” sample with @/ > 3 (grey points). The Spearman correlation
coefficient and p-value are indicated. Average values obtained from fitting
composite spectra of galaxies in the “ionization parameter” sample in the
same four bins of YgpRr used to compute ne are shown by the large green
diamonds.

ies with low and high Xgpr (Figure [6) altogether suggest a
genuine correlation between U and Xgry (see also Bian et al.
2016; Runco et al.[2021; Reddy et al.[2022).

5. DISCUSSION

In this section, we examine the results on n. and U in the
context of the factors that U depends on, including the ioniz-
ing photon rate (Section[5.1.1), n. (Section[5.1.2)), the volume
filling factor of dense clumps in H 1I regions (Section [5.1.3)),
and the escape fraction of ionizing photons (Section [5.1.4).
The implications of our results for the redshift evolution of U
are discussed in Section[3.2}

5.1. Key Factors that Modulate the lonization Parameter of
High-Redshift Galaxies

Several previous efforts have focused on understanding the
factors responsible for the elevated ionization parameters in-
ferred for high-redshift galaxies (e.g., Brinchmann et al.|2008;
Bian et al.[2016)). Here, we extend upon these previous works
by concentrating on the factors responsible for the correla-
tion between U and YXgrr among high-redshift galaxies, tak-
ing advantage of the most up-to-date inferences of n., ioniz-
ing photon rates (()), volume filling factors (¢), and the es-
cape fraction of ionizing photons ( fos.) for the same galaxies.
Equation [2] summarizes the dependencies between U and @,
ne, and €. Below, we discuss each of these factors, along with
fesc, In turn.

5.1.1. Ionizing Photon Rates (Q)

Figure [/| shows the variation in () with gpg for the 51
galaxies in the “ionization parameter” sample with )/og >

3, where o) is the uncertainty in Q.lg The |Leitherer & Heck-

18 The uncertainty in @, 0, includes the uncertainty in the Balmer-
decrement-inferred dust correction to the Hae luminosity.

man!| (1995)) relation was used to convert dust-corrected L(Ha)
to Q."” Also shown are the average values obtained from
composite spectra of the 113 galaxies in the “ionization pa-
rameter” sample in the same four bins of Ygrr used to com-
pute n.. A Spearman correlation test on the individual mea-
surements of ) and Ygpgr imply that the two are not signifi-
cantly correlated, a result confirmed by the invariance of (Q)
for the four YgrRr bins.

The ionizing photon rate depends on the SFR and the ioniz-
ing photon production efficiency, &, (Robertson et al.|2013}
Bouwens et al.|2016; Shivaei et al.|2018; [Theios et al.|2019;
Reddy et al|[2022): Q@ o« &on X SFR. The ionizing pho-
ton production efficiency depends on the specific details of
the massive stars, including their stellar metallicities, ages,
whether they evolve as single stars or in binaries, and the IMF.
Reddy et al.| (2022)) showed that &;,,, does not vary signifi-
cantly with Xgpp for galaxies in the MOSDEF-LRIS sample.
This result, combined with the lack of a strong correlation
between L(Hca) and Xgpr (note that the latter is based on
SED-inferred SFRs; Section EI), results in an average () that is
invariant over the dynamic range of YXgrr probed by our sam-
ple. Thus, the increase in U with Ygpr cannot be explained
by changes in () alone.

5.1.2. Electron Densities (ne)

As noted in Section [3] and shown in Figure [3| we find a
significant correlation between (n.) and (Xspr): galaxies
with (Xgpr) ~ 2 Mg yr~'kpc=2 have (n.) ~ 400cm~3,
a factor of ~ b larger than that of galaxies with (¥spr) =~
0.1 M yr—tkpc=2. For fixed Q and e, this increase in n,
corresponds to an ~ (.23 dex increase in log U based on
Equation 2] and accounts for roughly half of the observed
0.4 — 0.5 dex increase in log U over the aforementioned range
of Ysrr (Figure[6).2 Thus, the dependence of n. on Ygrr
is an important contributing factor to the dependence of log U
on ESFR-

Note that n. and Yspr are sensitive to gas on different
physical scales. Specifically, ¥spr in the present analysis
probes star formation on galactic-wide (kpc) scales, while 7,
is sensitive to dense structures within pc-scale H II regions. A
simple explanation for why the two may correlate is that the
Kennicutt-Schmidt relation (Kennicutt/|1998) connects YXgpr
to the molecular gas density, and the latter, along with the ex-
ternal ambient density and/or interstellar pressure, determines
n. of H Il regions (Shirazi et al.[2014; |Shimakawa et al.[2015};
Kashino & Inoue|[2019; Jiang et al.|2019; see further discus-
sion in |Davies et al./[2021). Higher spatial resolution mea-
surements of molecular gas and electron densities afforded
by nearby galaxies and AO-assisted observations of unlensed
and/or lensed galaxies at high redshift should further elucidate
the connection between Y gpr and 7.

5.1.3. Volume Filling Factors (¢€)

19 We did not apply any upward correction to @Q to account for the es-
cape fraction of ionizing photons, fesc. Doing so systematically shifts
log[Q/s~1] higher by < 0.04dex and does not affect any of our conclu-
sions.

20 Note that U is primarily constrained by the 032 index, while Q and e de-
pend on the dust-corrected Hor luminosity and ne is constrained by the ratio
of [O 1] A3730 to [O 1] A3727. As such, aside from some common depen-
dence on the Balmer-decrement-determined dust correction used to compute
Q@ and ¢, U is sensitive to a combination of emission lines that is relatively
independent of those used to constrain @, ne, and €.
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The variable e represents the volume filling factor of line-
emitting structures within the otherwise diffuse ionized gas in
H 1l regions, and can be approximated by

1%, Q)

where n. is the average density of gas giving rise to the [O II]
emission and 7 ;s is the rms electron density in H IT regions
(Osterbrock & Flather|1959]; [Kennicutt||{1984). The latter de-
pends on the volume of H II regions which cannot be directly
constrained as individual H II regions are unresolved by our
observations. If we assume that H II regions fill the entire
star-forming volume, then a lower limit on 7 yms can be cal-
culated from the dust-corrected Ha luminosity and the (e.g.,
spherical) volume of ionized gas within a half-light radius,
V(< Regt):

€ X [Nerms/MNe

L(Ha) 1/2
291. Vi 11(< Resr)

where vy, is the volume emissivity of Ha (e.g., |[Rozas et al.
1996; Davies et al.||2021). For Case B recombination and
T, = 10°K, vq., = 3.56 x 10~2%ergcm?®s~!. The factor
of 2 in the denominator of Equation [6] accounts for the fact
that the volume is calculated based on the half-light radius.
Equations [5] and [6] were used to compute lower limits on
(Te,rms) and (e) from the average Ha luminosities and sizes
of galaxies in the “ionization parameter” sample in the same
four Xgpr bins used to compute n. (Section [3). These lower
limits span the range (N ms) =~ 1 to 6cm 2 and (6) ~
10~ — 1073. These values are broadly consistent with the
average 7. rms and € found for star-forming galaxies at sim-
ilar redshifts from the KMOS3P survey (Davies et al.[[2021).
Evidently the gas that dominates the line emission likely con-
stitutes a small fraction of the total ionized volume in high-
redshift galaxies (see also |Kennicutt|1984; [Rozas et al.|[1996;
Elmegreen & Hunter||2000; (Copetti et al.|2000; Hunt & Hi-
rashita | 2009; [Davies et al.|2021). At any rate, given that the
Ne,rms and € calculated above represent lower limits, Weican®
not rule out the possibility that there may be a correlation be-
tweenmeand BgiR (see Section[5.1.5]for further discussion).

; (6)

Nerms = |:

5.1.4. Ionizing Escape Fractions ( fesc)

Line diagnostics that are typically used to infer U, such as
032, will overestimate U if there is a non-zero escape fraction
of ionizing photons, fes. (Giammanco et al.[[2005} Brinch-
mann et al|2008; Nakajima et al.|2013). A simple example
is the case of a density-bounded nebula where the region of
low-ionization emission (e.g., [O II]) is truncated, leading to
higher O32 and higher apparent U. We can evaluate the mag-
nitude of this effect using recent determinations of fes. at high
redshift.

In particular, Reddy et al.| (2022) inferred typical average
escape fractions of (fes.) < 10% based on the average depths
of Lyman series absorption lines in the composite spectra of
galaxies in the MOSDEF-LRIS sample (see also|Reddy et al.
2016), with no significant difference in the inferred ( fes.) for
galaxies in the lower- and upper-third of the distribution of
Ygrr (e.g., Figure 18 in |Reddy et al.[2022). The typical
(fesc) found in that study is similar to the sample-averaged
values of ( fosc) ~ 6 — 9% derived by Steidel et al.|(2018) and
Pahl et al.| (2021)) for a sample of typical star-forming galax-
ies at z ~ 3. Based on the modeling of (Giammanco et al.
(2005), this low value of fes. results in an apparent log U that

is < 0.2dex higher than the value when f.,. = 0.2! This
small change in inferred log U, combined with the lack of a
significant correlation between (fosc) and (Xgrr) for galax-
ies in the MOSDEF-LRIS sample, suggests that the trend be-
tween log U and Ygpg is unlikely to be related to variations

in fcsc-

5.1.5. Summary

The results of the previous sections can be summarized
as follows. We find significant correlations between n. and
Ysrr (Section [3) and between U and Ygpgr (Section [) for
typical star-forming galaxies at z ~ 2. Thus, n. appears to be
an important factor in explaining the correlation between U
and Ygpr (Section[5.1.2). Of the factors that U depends on,
€ is perhaps the most uncertain since it requires knowledge
of the volumes of spatially-unresolved H II regions, and we
cannot rule out the possibility that e may also play a role in
shaping the correlation between U and Xgpr (Section 5.1.3 .
Indeed, it is not unreasonable to expect that the volume fill-
ing factor of H II regions increases with Xgpg, in which case
€ may play a significant role in driving the relationship be-
tween U and Xgpr. On the other hand, there is no significant
correlation between () and Yspr for galaxies in our sample
(Section [5.1.1)), suggesting that changes in the ionizing pho-
ton rate are unlikely to contribute to the observed relationship
between U and Ygpr. Similarly, fes. inferred for galaxies in
the sample are too low to account for the significant correla-
tion between U and Ygpr (Section|5.1.4)).

While n. appears to be an important factor in driving the
relationship between U and Xgpr at z ~ 2, it is clear that
parameters other than n. may be important for explaining the
scatter in this relationship. For instance, Figure [ shows that
the five galaxies with the lowest measured () in the [Topping
et al| (2020a) sample generally lie below the mean relation
between U and Xgpr. Thus, variations in () may be partly
responsible for the scatter in the relationship between U and
Ysrr. Figure[6]also shows that there are some galaxies with
similar Xgpr and @), but which have significantly different U.
This result suggests that variations in € may also be important
for explaining some of the scatter in the relationship between
U and ZSFR~

5.2. Redshift Evolution of U

So far we have focused on the factors that drive the rela-
tionship between U and Xgpr for z ~ 2 galaxies. We can
further explore the extent to which the relationship between
U and Xgrgr (or n,) contributes to the redshift evolution of
U, as noted by a number of recent studies (Section [I). For
example, Sanders et al.| (2016) noted that typical star-forming
galaxies at z ~ 2 from the MOSDEF survey have O32 that
are on average ~ (.6 dex higher than local galaxies at a fixed
stellar mass. This offset in O32 suggests that z ~ 2 galaxies
have on average a higher ionization parameter relative to local
galaxies at a fixed stellar mass.

In particular, the average 032 of ~ 10'° M, galaxies at
z ~ 21is (032) ~ 0.1 (Sanders et al|2016). Based on the
model predictions shown in Figure 3 this average O32 cor-
responds to logU ~ —3.0 (see also [Topping et al.|2020b;
Runco et al.|[2021; Reddy et al.[2022). Local star-forming

21 Virtually all of the galaxies in our sample have 032< 0.7, significantly
lower than the values (0322 1) typically associated with density-bounded
H I regions with purportedly high ionizing escape fractions (e.g., Jaskot &
Oey|[2013; [Nakajima et al.[2013).
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galaxies of the same stellar mass from the SDSS sample have
(032) ~ —0.6, corresponding to log U ~ —3.6 (Shirazi et al.
2014; Nakajima & Ouchi|2014). Thus, atfixedsstellarmassof
~ 10*Y M, galaxies at z ~ 2 have (log U) that is ~ 0.6 dex
higher than that of local galaxies. Below, we discuss some of
the factors that may be responsible for the redshift evolution
of U.

5.2.1. The Role of Electron Density and SFR

Sanders et al.|(2016) found an order of magnitude increase
in (n.) for galaxies with stellar masses of ~ 10'° M, from
z ~ 0toz ~ 2. In the simple spherical geometry of an

jonization-bounded nebula where U oc n./> (Equation ,
such an increase in n. translates to an ~ 0.3 dex increase in
log U for a fixed @) and €. Thus, at face value, the redshift
evolution of n, could account for a significant fraction of the
=~ (.6 dex increase in log U for z ~ 2 galaxies relative to local
galaxies at fixed stellar mass (Brinchmann et al.|2008};|Shirazi
et al.|[2014; |B1ian et al.|2016)).

In addition, there is an =~ 1 dex increase in SFR (and hence
@, assuming a constant &;,,) between z ~ 0 and z ~ 2 at
a fixed stellar mass of 10'° M, (e.g., Speagle et al.2014).
This redshift evolution of SFR (and () implies an ~ 0.3 dex
increase in log U assuming the scaling relation specified in
Equation [2| (see alsoNakajima & Ouchi2014;|Kaasinen et al.
2018). Finally, Davies et al.|(2021) present evidence that the
volume filling factor, €, does not evolve significantly over the
redshift range 0 < z < 2.6. Hence, the 0.3 dex increase in
log U due to n. evolution, and the 0.3 dex increase in log U
due to SFR evolution, together could account for much of the
0.6 dex increase in logU from z ~ 0 to z ~ 2. In the next
section, we evaluate this conclusion in the context of previ-
ous studies that have underscored the role of metallicity in the
redshift evolution of U.

5.2.2. The Role of Stellar Metallicity

Several studies have attributed the redshift evolution of U
at a fixed stellar mass to changes in metallicity. Specifi-
cally, there is a well-established anti-correlation between U
and Z,,y, for local star-forming galaxies (e.g.,/Dopita & Evans
1986} |Dopita et al.|2006} [Pérez-Montero|2014) which is usu-
ally explained in terms of lower-metallicity massive stars hav-
ing harder ionizing spectra and more intense radiation fields
(Dopita et al.|2006; [Leitherer et al. [2014). In this case,
&ion, and hence @) at a fixed SFR, will be larger for lower-
metallicity stellar populations. The redshift-invariance of
the relationship between U and Z,., (Topping et al.|[2020aj
Sanders et al.|[2020) then implies that the decrease in Zyep
with redshift at a fixed stellar mass (i.e., the redshift evolu-
tion of the mass-metallicity relation) is accompanied by an in-
crease in U with redshift at a fixed stellar mass (e.g., |Sanders
et al.|2016). In the following discussion, we examine the ex-
tent to which metallicity affects the redshift evolution of U.

The ionizing spectra of massive stars are more directly con-
nected to stellar metallicity (or Fe abundance) than O abun-
dance (Zeb), since the former dominates the opacity of stellar
atmospheres and regulates the launching of stellar winds and
the absorption of ionizing photons by those winds (e.g., [Do-
pita et al.|[2006). As such, we frame our discussion in terms of
7, rather than Z,,%2. Figure |8 shows how () is predicted to

22 In general, Z, has been found to lag Zyy, for z > 2 galaxies, an effect
that has been attributed to a-enhanced stellar populations at these redshifts
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Figure 8. Q as function of Z, for the BPASS 100bin models with an age
of 108 yr and a constant star-formation rate of 1 Mg, yr~1. Also indicated
are the (Z4) inferred for z ~ 0 and z ~ 2.2 galaxies at a fixed stellar
mass of ~ 1010 Mg, from [Kashino et al|(2022): (Z.) ~ 0.0142 (roughly
solar) and (Zx) ~ 0.002, respectively. The model predictions indicate
(10g[Q>/s*1]> ~ 53.50 and 53.27, respectively, for the these two values
of (Z).
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vary with Z, for the BPASS 100bin stellar population synthe-
sis models with an age of 10% yr and a constant star-formation
rate of 1 M, yr~!. Also indicated are (Z. ) inferred for z ~ 0
and z ~ 2.2 galaxies with M, ~ 10'° M, based on the rela-
tionships between stellar metallicity and stellar mass at those
redshifts (Kashino et al.[|2022). Based on the model predic-
tions, the difference in (Z,) inferred at these two redshifts
results in Alog[Q/s™1] ~ 0.23dex. If all other parameters
affecting @) are held fixed (i.e., the details of the stellar pop-
ulation model including the star-formation history, age, in-
clusion of binaries, IMF, and SFR), and if n. and ¢ are held
fixed, then the difference in Z, between z ~ 0 and z ~ 2.2
galaxies implies AlogU ~ 0.08dex assuming U o Q'/3
(Equation J2)).

Note that the stellar population characteristics (star-
formation, history, age, etc.) of 100 M, galaxies at z ~ 0
may be different that those of similar-mass galaxies at z ~ 2.
Varying these other properties can also influence ). How-
ever, our goal here is to determine the effects of metallicity
alone on @, keeping all other parameters fixed. In that case,
the 0.08 dex change in log U due to metallicity effects alone is
smaller than the 0.3 dex change in log U that can be attributed
to either the evolution of n. or SFR with redshift at a fixed
stellar mass (Section [5.2.T).

Note also that there are non-negligible systematic uncer-
tainties in Z, due to SPS-model variations in the predicted
strengths of stellar photospheric lines at a fixed Z,, and the
specific wavelength ranges used to fit these models to ob-
served spectra at different redshifts (e.g., |Cullen et al.|[2019;
Kashino et al.[|2022). However, even in the extreme com-
parison of stellar populations with primordial and super-solar

(Steidel et al.|2016; |Cullen et al.|2019; |Topping et al.{2020b; |Cullen et al.
2021; Reddy et al.|2022).
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abundances, the models predict Alog[@/s™!] ~ 0.51 dex,
corresponding to AlogU ~ 0.17 dex, which is still smaller
than the changes in U induced by n. or SFR evolution. Thus,
if we assume the scaling relations specified by Equation
hold for both local and high-redshift H II regions, then our
results suggest that the redshift evolution of U at a fixed stel-
lar mass is primarily due to variations in n. and SFR, with
metallicity being a subdominant factor.

On the other hand, |Sanders et al.| (2016) suggest that metal-
licity is the primary factor driving the evolution in U at a fixed
stellar mass. They point out that an increase in n. could be
compensated by a decrease in ¢, resulting in U that is domi-
nated by variations in ). For this to occur, ¢ would have to
decrease with increasing redshift, which is at odds with the
apparent lack of redshift evolution of (¢) (Davies et al.|[2021).
Aside from the joint evolution of n. and €, one would also
have to account for the impact of the evolving SFR (at a fixed
stellar mass) on Q.

There are two additional points to consider. First, our con-
clusions regarding the importance of n. and SFR on the red-
shift evolution of U rely on the scaling relations of Equation[2]
These simple relations may not apply to real H II regions
with geometries that depart from that of a simple ionization-
bounded Stromgren sphere (see discussion in [Sanders et al.
2016). Recall that Q@  &on X SFR (Section [5.1.1). For
metallicity to be a dominant factor in the redshift evolution of
U, one would have to conceive of a scenario where U scales
more strongly with &, than with SFR, which seems unlikely
given that U depends on the fotal ionizing photon rate, (J; or
that U scales strongly with o, and scales weakly with some
combination of SFR, n., and e. It is unclear what H II region
geometries or ISM states could satisfy these conditions.

Second, U may depend more strongly on stellar metallicity
if the shape of the ionizing spectrum at a fixed stellar metal-
licity becomes harder with increasing redshift (i.e., if the re-
lationship between @Q/SFR, or &y, and Z, shown in Fig-
ure B] evolves with redshift). However, this scenario would
pose a problem for self-consistently explaining both the stellar
metallicities and the ionizing photons rates inferred for z ~ 2
galaxies. Instead, the BPASS models that best fit the rest-
frame far-UV stellar photospheric features (which determines
Z,) also predict SFRs based on the total ionizing photon rate
(e.g., Ha-based SFRs) that are consistent with those derived
from the non-ionizing UV continuum (Reddy et al.[2022).

5.2.3. Concluding Remarks

Given the above discussion, we favor the simplest explana-
tion for the redshift evolution of U at a fixed stellar mass; i.e.,
one in which this evolution is driven by the order of magni-
tude increases in n, and SFR from z ~ 0 to z ~ 2 at a fixed
stellar mass. This result does not necessarily conflict with the
finding that galaxies at a fixed nebular abundance (O/H) have
similar U irrespective of redshift (e.g., Topping et al.|2020aj
Sanders et al.[2020), or that U strongly anti-correlates with
Zneb at z ~ 0 for the reasons given in |Strom et al.| (2018).
The anti-correlation between U and Z,,.}, does not necessar-
ily imply that Z,ep, is the causative factor in explaining the
redshift evolution in U at a fixed stellar mass. Rather, we sug-
gest that there are other factors that anti-correlate with Z,¢},
(i.e., gas density) that are responsible for much of the redshift
evolution in U at a fixed stellar mass.

Here, we simply point out that local galaxies with the same
Z, as 1019 M, galaxies at z ~ 2 are inferred to have stellar
masses that are at least two orders of magnitude lower (i.e.,

M, < 108 My,) based on the local and z ~ 2.2 relations be-
tween stellar metallicity and stellar mass. These low-mass lo-
cal galaxies generally exhibit higher specific SFRs (sSFRS)
than more massive local star-forming galaxies (e.g., [Lara-
Lopez et al.|[2010; |Cook et al||2014), with the former being
similar to the sSFRs of typical star-forming galaxies at z ~ 2.
Furthermore, there is tentative evidence for a significant (40)
correlation between sSFR and n. at z ~ 2 (Shimakawa et al.
2015).2% The existence of a similar correlation at z ~ 0 (Bian
et al.|2016; Kashino & Inoue 2019) implies that < 10% M,
galaxies in the local universe have n. that are more similar to
typical star-forming galaxies at z ~ 2.

Along these lines, while|Sanders et al.|(2016) found no cor-
relation between n. and M, for local SDSS galaxies with
M, = 10° My, a limited number of studies have suggested
that n, is typically at least a factor of a few larger in metal-
poor and/or low-mass (< 10% M) galaxies compared to
more massive galaxies in the local universe (e.g.,[Kewley et al.
2007 |[Kojima et al.|2020; [Izotov et al.[2021} see also|Kashino
& Inoue|2019). Such a correlation between sSFR and n. may
be expected given the correlations between sSFR and Xgpr
(e.g.,/'Wuyts et al.|201 1; |[Shimakawa et al.[2015)), and between
Ysrr and n, (Shimakawa et al.|2015; Jiang et al.[[2019} Fig-
ure 3).

Consequently, the similarity in U amongst local and high-
redshift galaxies at a fixed nebular abundance may be partly
due to the similarity of the sSFRs and n. (or more gener-
ally, gas density) between these galaxies. This conclusion is
consistent with the finding of a redshift-invariant relationship
between sSFR and nebular abundance (Sanders et al.|[2020)
2021): i.e., galaxies at a fixed O/H have similar sSFRs irre-
spective of redshift up to z ~ 2. This finding, combined with
observations that indicate a redshift-invariant U versus O/H
relation (Topping et al.|2020a; Sanders et al.|2020), then im-
ply a redshift-invariant relationship between U and sSFR. The
strong (and apparently redshift-independent) relationship be-
tween U and sSFR (e.g., Nakajima & Ouchi|2014} [Sanders
et al.|2016; Kaasinen et al.[2018]), and the fact that sSFR posi-
tively correlates with Xgpr and gas fraction (e.g.,|Reddy et al.
2006; Wuyts et al.[2011; |Genzel et al.[2015; Schinnerer et al.
2016), together suggest a strong connection between U and
gas density (e.g., see also [Papovich et al.[2022).

Our present analysis confirms this connection. There is am-
ple evidence that the increase in U (and O32) with Ygrr may
be driven by changes in n. (Section 3} Figure [3). If n. is
an important factor in modulating U at z ~ 2, it is not un-
reasonable to think that n, may play an important role in the
redshift evolution of U as well. Indeed, the redshift evolu-
tion of U at a fixed stellar mass can be most easily explained
by the factor of ~ 10 increases in SFR and n, from z ~ 0
to z ~ 2. While several previous studies have pointed to
lower gas-phase abundances at a fixed stellar mass as being
the cause of the higher U inferred for high-redshift galaxies,
our results suggest that changes in gas density—which ap-
pears to affect n. and sets the overall level of star-formation
activity—can account for much of the redshift evolution of U.

Aside from the redshift evolution of U, it is difficult to ex-
plain the anti-correlation between log U (or O32) and M, at
z ~ 2 (e.g., Sanders et al.[2016) by metallicity effects alone.
Specifically, the stellar-mass-stellar-metallicity relation (stel-
lar MZR) at z ~ 2 (Strom et al.|[2022; |Kashino et al.|[2022)

23 We cannot independently confirm the presence of such a correlation at
z ~ 2 due to the limited dynamic range of the present sample.
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implies a decrease in stellar metallicity of AZ, =~ 0.15Z;
between 10'0-75 M, and 10%-2% M, galaxies at z ~ 2. The
BPASS model prediction shown in Figure [§] indicates that
this AZ, =~ 0.15Z translates to a < 0.05dex change in
log[@Q/s71], which in turn implies a < 0.02dex change in
log U assuming the scaling of Equation 2| This very small
change in logU is clearly insufficient to account for the
~ (.4 dex difference in the median log U inferred between
10197 M, and 10°-2% My, galaxies at z ~ 2 (Sanders et al.
2016). Hence, there must be factors other than stellar metal-
licity that explain the elevated U at lower stellar masses.
Indeed, previous studies have shown that these lower-mass
galaxies at z ~ 2 have higher sSFRs and gas densities (e.g.,
Reddy et al.[2006} |Wuyts et al.|2011} [Schinnerer et al.|2016)
compared to higher-mass galaxies at the same redshifts.

As noted above, our analysis does not conflict with previous
findings of a strong anti-correlation between U and Z,,¢p,, nor
does it diminish the importance of this anti-correlation in cal-
ibrating strong-line metallicity indicators at high redshift. As
such, these results do not preclude the use of strong-line ratios
which primarily trace U (e.g., 032, O3N2, Ne302) as reliable
metallicity indicators through their empirical correlation with
direct measurements of Z, 1.

6. CONCLUSIONS

We use a large sample of zgpec >~ 1.9 — 3.7 galaxies se-
lected from the MOSDEEF survey to evaluate the key factors
responsible for the variation in U at high redshift. Werfindithat
ne and U correlate significantly with ¥spr, suggesting that
gas density plays an important role in modulating U. On the
other hand, we find that U is relatively insensitive to changes
in stellar metallicity or gas-phase abundance, at least amongst
galaxies in our sample. We further find that the redshift evo-
lution in U at a fixed stellar mass can be largely accounted for
by an increase in n. and SFR towards higher redshift. These
results underscore the central role of gas density in explaining
the elevated U inferred for high-redshift galaxies. Measure-
ments of n., metallicity, and U for galaxies over wider dy-
namic ranges in XgrR, stellar mass, redshift, and other galaxy
properties should help to clarify the effect of gas density on
the state of the ISM throughout cosmic history.
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the Cloudy radiative transfer code (Ferland et al.|[2017). We
wish to extend special thanks to those of Hawaiian ancestry
on whose sacred mountain we are privileged to be guests.
Without their generous hospitality, most of the observations
presented herein would not have been possible.

REFERENCES

Asplund, M., Grevesse, N., Sauval, A. J., & Scott, P. 2009, ARA&A, 47, 481
Azadi, M., Coil, A. L., Aird, J., et al. 2017, ApJ, 835, 27

Azadi, M., Colil, A., Aird, J., et al. 2018, ApJ, 866, 63

Bian, F.,, Kewley, L. J., Dopita, M. A., & Juneau, S. 2016, ApJ, 822, 62
Bouwens, R. J., Smit, R., Labbé, L., et al. 2016, ApJ, 831, 176

Brinchmann, J., Pettini, M., & Charlot, S. 2008, MNRAS, 385, 769
Calzetti, D., Armus, L., Bohlin, R. C., et al. 2000, ApJ, 533, 682

Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, AplJ, 345, 245

Chabrier, G. 2003, PASP, 115, 763

Charlot, S., & Longhetti, M. 2001, MNRAS, 323, 887

Coil, A. L., Aird, J., Reddy, N., et al. 2015, ApJ, 801, 35

Cook, D. O., Dale, D. A., Johnson, B. D, et al. 2014, MNRAS, 445, 899

Copetti, M. V. F,, Mallmann, J. A. H., Schmidt, A. A., & Castafieda, H. O.
2000, A&A, 357, 621

Cullen, F,, McLure, R. J., Dunlop, J. S., et al. 2019, MNRAS, 487, 2038

Cullen, F., Shapley, A. E., McLure, R. J., et al. 2021, MNRAS, 505, 903

Davies, R. L., Schreiber, N. M. F.,, Genzel, R., et al. 2021, ApJ, 909, 78

Dopita, M. A., & Evans, 1. N. 1986, ApJ, 307, 431

Dopita, M. A, Fischera, J., Sutherland, R. S., et al. 2006, ApJ, 647, 244

Eldridge, J. J., Stanway, E. R., Xiao, L., et al. 2017, Publications of the
Astronomical Society of Australia, 34, €058

Elmegreen, B. G., & Hunter, D. A. 2000, ApJ, 540, 814

Ferland, G. J., Chatzikos, M., Guzman, F,, et al. 2017, Revista Mexicana de
Astronomia y Astrofisica, 53, 385

Genzel, R., Tacconi, L. J., Lutz, D., et al. 2015, ApJ, 800, 20

Giammanco, C., Beckman, J. E., & Cedrés, B. 2005, A&A, 438, 599

Grogin, N. A., Kocevski, D. D., Faber, S. M., et al. 2011, ApJS, 197, 35

Herrera-Camus, R., Bolatto, A., Smith, J. D., et al. 2016, Ap]J, 826, 175

Hunt, L. K., & Hirashita, H. 2009, A&A, 507, 1327

Izotov, Y. 1., Thuan, T. X., & Guseva, N. G. 2021, MNRAS, 504, 3996

Jaskot, A. E., & Oey, M. S. 2013, ApJ, 766, 91

Jiang, T., Malhotra, S., Yang, H., & Rhoads, J. E. 2019, ApJ, 872, 146

Kaasinen, M., Bian, F., Groves, B., Kewley, L. J., & Gupta, A. 2017,
MNRAS, 465, 3220

Kaasinen, M., Kewley, L., Bian, F., et al. 2018, MNRAS, 477, 5568

Kashino, D., & Inoue, A. K. 2019, MNRAS, 486, 1053

Kashino, D., Silverman, J. D., Sanders, D., et al. 2017, ApJ, 835, 88

Kashino, D., Lilly, S. J., Renzini, A., et al. 2022, ApJ, 925, 82

Kennicutt, R. C., J. 1984, ApJ, 287, 116

Kennicutt, Robert C., J. 1998, ARA&A, 36, 189

Kewley, L. J., Brown, W. R., Geller, M. J., Kenyon, S. J., & Kurtz, M. J.
2007, AJ, 133, 882

Kewley, L. J., Zahid, H. J., Geller, M. J., et al. 2015, ApJ, 812, L20

Koekemoer, A. M., Faber, S. M., Ferguson, H. C., et al. 2011, ApJS, 197, 36

Kojima, T., Ouchi, M., Nakajima, K., et al. 2017, PASJ, 69, 44

Kojima, T., Ouchi, M., Rauch, M., et al. 2020, ApJ, 898, 142

Kriek, M., Shapley, A. E., Reddy, N. A., et al. 2015, ApJS, 218, 15

Lara-Lopez, M. A., Bongiovanni, A., Cepa, J., et al. 2010, A&A, 519, A31

Lehnert, M. D., Nesvadba, N. P. H., Le Tiran, L., et al. 2009, ApJ, 699, 1660

Leitherer, C., Ekstrom, S., Meynet, G., et al. 2014, ApJS, 212, 14

Leitherer, C., & Heckman, T. M. 1995, ApJS, 96, 9

Leung, G. C. K., Coil, A. L., Aird, J., et al. 2019, ApJ, 886, 11

Liu, X., Shapley, A. E., Coil, A. L., Brinchmann, J., & Ma, C.-P. 2008, ApJ,
678, 758

Masters, D., Faisst, A., & Capak, P. 2016, ApJ, 828, 18

Masters, D., McCarthy, P., Siana, B., et al. 2014, ApJ, 785, 153

McLean, 1. S., Steidel, C. C., Epps, H. W., et al. 2012, in Society of
Photo-Optical Instrumentation Engineers (SPIE) Conference Series, Vol.
8446, Society of Photo-Optical Instrumentation Engineers (SPIE)
Conference Series

Nakajima, K., & Ouchi, M. 2014, MNRAS, 442, 900

Nakajima, K., Ouchi, M., Shimasaku, K., et al. 2013, ApJ, 769, 3

Osterbrock, D., & Flather, E. 1959, ApJ, 129, 26

Pahl, A.J., Shapley, A., Steidel, C. C., Chen, Y., & Reddy, N. A. 2021,
MNRAS, 505, 2447

Papovich, C., Simons, R. C., Estrada-Carpenter, V., et al. 2022, arXiv
e-prints, arXiv:2205.05090

Pellegrini, E. W., Baldwin, J. A., & Ferland, G.J. 2011, ApJ, 738, 34

Pérez-Montero, E. 2014, MNRAS, 441, 2663

Reddy, N. A., Pettini, M., Steidel, C. C., et al. 2012, ApJ, 754, 25

Reddy, N. A, Steidel, C. C., Fadda, D., et al. 2006, ApJ, 644, 792

Reddy, N. A., Steidel, C. C., Pettini, M., Bogosavljevi¢, M., & Shapley,
A.E. 2016, ApJ, 828, 108

Reddy, N. A., Kriek, M., Shapley, A. E., et al. 2015, ApJ, 806, 259

Reddy, N. A., Oesch, P. A., Bouwens, R. J., et al. 2018a, ApJ, 853, 56

Reddy, N. A., Shapley, A. E., Sanders, R. L., et al. 2018b, ApJ, 869, 92

Reddy, N. A., Shapley, A. E., Kriek, M., et al. 2020, ApJ, 902, 123

Reddy, N. A., Topping, M. W., Shapley, A. E., et al. 2022, ApJ, 926, 31

Rezaee, S., Reddy, N., Shivaei, L, et al. 2021, MNRAS, 506, 3588

Robertson, B. E., Furlanetto, S. R., Schneider, E., et al. 2013, ApJ, 768, 71

Rozas, M., Knapen, J. H., & Beckman, J. E. 1996, A&A, 312, 275

Runco, J. N., Shapley, A. E., Sanders, R. L., et al. 2021, MNRAS, 502, 2600

Sanders, R. L., Shapley, A. E., Kriek, M., et al. 2015, ApJ, 799, 138

—. 2016, ApJ, 825, L.23

—. 2018, ApJ, 858, 99


http://arxiv.org/abs/2205.05090
Ricardo Chavez Murillo


IMPACT OF SFR SURFACE DENSITY ON ELECTRON DENSITY AND [IONIZATION PARAMETER AT HIGH REDSHIFT 11

Sanders, R. L., Shapley, A. E., Reddy, N. A, et al. 2020, MNRAS, 491,
1427

Sanders, R. L., Shapley, A. E., Jones, T., et al. 2021, ApJ, 914, 19

Schinnerer, E., Groves, B., Sargent, M. T., et al. 2016, ApJ, 833, 112

Shapley, A. E., Reddy, N. A., Kriek, M., et al. 2015, ApJ, 801, 88

Shimakawa, R., Kodama, T., Steidel, C. C., et al. 2015, MNRAS, 451, 1284

Shirazi, M., Brinchmann, J., & Rahmati, A. 2014, ApJ, 787, 120

Shivaei, I., Reddy, N. A., Steidel, C. C., & Shapley, A. E. 2015a, ApJ, 804,
149

Shivaei, I., Reddy, N. A., Shapley, A. E., et al. 2015b, ApJ, 815, 98

Shivaei, 1., Reddy, N. A., Siana, B., et al. 2018, ApJ, 855, 42

Shivaei, I., Reddy, N., Rieke, G., et al. 2020, ApJ, 899, 117

Speagle, J. S., Steinhardt, C. L., Capak, P. L., & Silverman, J. D. 2014,
ApJS, 214, 15

Stanway, E. R., & Eldridge, J. J. 2018, MNRAS, 479, 75

Steidel, C. C., Bogosavljevi¢, M., Shapley, A. E., et al. 2018, ApJ, 869, 123

Steidel, C. C., Strom, A. L., Pettini, M., et al. 2016, ApJ, 826, 159

Steidel, C. C., Rudie, G. C., Strom, A. L., et al. 2014, ApJ, 795, 165

Strom, A. L., Rudie, G. C,, Steidel, C. C., & Trainor, R. F. 2022, ApJ, 925,
116

Strom, A. L., Steidel, C. C., Rudie, G. C., Trainor, R. F., & Pettini, M. 2018,
AplJ, 868, 117

Theios, R. L., Steidel, C. C., Strom, A. L., et al. 2019, ApJ, 871, 128

Topping, M. W., Shapley, A. E., Reddy, N. A., et al. 2020a, MNRAS, 499,
1652

—. 2020b, MNRAS, 495, 4430

van der Wel, A., Chang, Y.-Y., Bell, E. F, et al. 2014, ApJ, 792, L6

Wauyts, S., Forster Schreiber, N. M., Lutz, D., et al. 2011, ApJ, 738, 106

APPENDIX
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Figure A1. Composite spectra constructed from the rest-frame optical MOSFIRE spectra of individual galaxies in the four bins of XgpR, from the lowest (top
row) to highest bin (bottom row) of Xgrr. Wavelength regions around [O II], HB, [O 11I], and Ha are shown from the leftmost to rightmost column, respectively.
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