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Abstract. How galaxies reionized the universe remains an open question, but we can gain insights
from the low-redshift Green Pea galaxies, one of the only known populations of Lyman continuum
(LyC) emitters. Using VLA H1 21 cm observations and HST UV spectra of Green Peas, we
investigate how neutral gas content and geometry influence LyC and Lya escape. Our results
suggest that LyC Emitters may have high ratios of star formation rate to H1 mass. Low gas
covering fractions are common among the population, but not all sightlines are optically thin.
Based on the observed relationship between high ionization parameters, low metallicities, and
narrow Lya profiles, we propose that weak stellar feedback at low metallicities results in a gas
geometry of dense clumps within a low-density medium, which facilitates Lya and LyC escape.
We address the implications of these results for identifying LyC emitters at high redshift with
JWST and ALMA.
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1. Introduction

One of the main goals of JWST is to identify the galaxies that reionized the universe.
We currently do not know which galaxies dominate reionization or how much ionizing
Lyman continuum (LyC) radiation escapes from galaxies into the intergalactic medium
(IGM; e.g., Robertson et al. 2015; Madau & Haardt 2015; Finkelstein et al. 2019; Naidu
et al. 2019). Because the high-redshift IGM absorbs LyC radiation, we cannot directly
study LyC escape during the epoch of reionization. However, we can gain important
insights by studying galaxies in the low-redshift universe and investigating the physical
factors that affect the escape of ionizing radiation.

The “Green Pea” (GP) galaxies are one of the most valuable low-redshift samples for
probing the mechanisms behind LyC escape. Discovered in the Sloan Digital Sky Survey
(SDSS) at z < 0.4 Cardamone et al. 2009, the GPs share a number of properties with z > 2
galaxies, such as high [O111] A5007 equivalent widths (200-2000 A), low stellar masses
(M, ~107 — 101°Mg,), high specific star formation rates (sSFRs=10"9 — 10~7 Mg, yr—1),
and low metallicities (~0.2 Zg; e.g., Cardamone et al. 2009; Amorin et al. 2010; Izotov
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et al. 2011; 2017b; Nakajima & Ouchi 2014; Smit et al. 2014; Hagen et al. 2016). Like
high-redshift galaxies, the GPs show elevated ratios of [O111] A5007/[O 11] A3727, which
indicates a highly ionized interstellar medium and which may be a diagnostic of LyC
escape (e.g., Jaskot & Oey 2013; Nakajima & Ouchi 2014).

Indeed, the GPs are the only known population of low-redshift star-forming galaxies
where LyC escape appears to be common. All eleven GPs probed so far show LyC
escape, with escape fractions ranging from 2 — 72% (Izotov et al. 2016; Izotov et al.
2018). Likewise, LyC emission has been detected from z ~ 3 galaxies with strong [O 111]
emission (e.g., Vanzella et al. 2016; Fletcher et al. 2019), although the average LyC escape
fraction of this population may be < 15% (Rutkowski et al. 2017; Naidu et al. 2018).

In this work, we present recent analyses of the GPs’ neutral gas properties using
Very Large Array (VLA) 21 cm observations and Hubble Space Telescope (HST) UV
spectra (Jaskot et al. 2017; McKinney et al. 2019; Jaskot et al. 2019). We selected
a sample of 17 GPs with [O1m1]/[O11] ratios > 7 from SDSS. These galaxies are the
most highly ionized star-forming galaxies at low redshift, and one galaxy in the sample,
J160810+352809 (J1608), has the highest [O111]/[O11] ratio among SDSS star-forming
galaxies ([O111]/[O 11]= 34.9). We have obtained VLA 21 c¢m spectra of J1608, and all 17
GPs in the sample have far-UV spectra from the HST Cosmic Origins Spectrograph.

2. H1 21 cm Results: High SFR/Ny; in LyC Emitters?

The total H1 content of a galaxy represents the amount of raw material available to
form molecular gas and stars. Observations show that H1 to stellar mass ratios increase
with specific star formation rate and decrease with stellar mass (e.g., Huang et al. 2012b).
Based on empirical scaling relations between H1 masses, galaxy structure, and galaxy
color (e.g., Huang et al. 2012b), we would expect low-mass starbursts like the GPs to
have high H1 gas fractions, as abundant H1 fuels their intense star formation.

Instead, we find a 30 upper limit on J1608’s HI1 mass of log(Mpr/Mg)=_8.14
(McKinney et al. 2019). This HT mass is not unusual for a galaxy of J1608’s stellar
mass (log(M./Mg)="7.04 (Izotov et al. 2017b). However, it is unusual given J1608’s
extremely high sSFR. (6.85 x 10~7 My, yr~—!) and falls below the predictions of all H1
scaling relations for low-mass galaxies (McKinney et al. 2019). In other words, J1608 has
a surprisingly high ratio of SFR to HI mass compared with other low-redshift galaxies
(Figure 1a). Interestingly, two other galaxies show similarly high SFR /My ratios: Tololo
1247-232 (Puschnig et al. 2017) and Haro 11 (Pardy et al. 2016), both of which are known
LyC emitters. Like other GPs, J1608 has a young burst age (< 3 Myr; Izotov et al. 2017b;
Jaskot et al. 2017) and likely a high ionizing photon production rate (Schaerer et al. 2016;
Izotov et al. 2017a). Consequently, the standard conversion from Ha luminosity to SFR
may be unreliable for J1608, and Figure 1a may instead show that LyC-emitting galaxies
have higher Ha luminosities and higher ionizing fluxes per unit H1 mass.

3. UV Spectra Results: Gas Geometry and Lya and LyC Escape

The Lya emission line and UV metal absorption lines can give us alternative perspec-
tives on the neutral gas in GPs. Both models and observations suggest that the Ly«
spectral profile width is sensitive to the H1 column density, where higher column densi-
ties lead to more Ly« scattering and broader Ly« emission profiles (e.g., Verhamme et al.
2015; Izotov et al. 2018). Most, but not all, of the 17 highly ionized GPs in our sample
are Ly« emitters (Jaskot et al. 2017; Jaskot et al. 2019). Two of the GPs likely do not
have LyC escape along our line of sight, as they show deep Lya absorption indicative of
high H1 column densities. However, most of the sample has strong, narrow Lya emission
profiles, as narrow as confirmed LyC emitters and suggestive of low HI column densities.
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Figure 1. (a) Left: SFR/Mmur vs. stellar mass. The red square inside the purple circle shows
the limit for J1608. The blue hexagon and red diamond represent two confirmed LyC emitters
(Puschnig et al. 2017; Pardy et al. 2016). Contours show SDSS galaxies with H1 masses (Huang
et al. 2012b). Green circles and blue crosses show dwarf galaxies (Huang et al. 2012a; Thuan et al.
2016). (b) Right: Lya escape fraction correlates strongly with the low-ionization gas covering
fraction for our GP sample (black points) and other GPs and LyC emitters (colored points).
Figures adapted from McKinney et al. (2019).

Some of these Lya-emitting GPs, including J1608, show broad, underlying Lya absorp-
tion in addition to their narrow Ly« emission. The derived H1 column densities from the
Lya absorption components in the Lya-emitting and pure Lya-absorbing GPs range
from log(Ngr/cm™2) = 19.5 to 21.5, several orders of magnitude too high for LyC escape
and seemingly in contradiction to the narrow Ly« emission profiles (McKinney et al.
2019). These observations suggest that the neutral gas in the GPs is inhomogeneous,
with optically thin sight lines coexisting with higher column density gas. From the GPs’
UV metal absorption lines, we find further evidence for an inhomogeneous gas geometry.
Their saturated line ratios and non-zero residual fluxes are consistent with partial gas
covering fractions in the Lya-emitting GPs (McKinney et al. 2019).

We find that gas covering fraction is one of the physical properties that correlates
most closely with Ly« escape fraction (Figure 1b; McKinney et al. 2019; Jaskot et al.
2019). This correlation suggests that the interstellar medium (ISM) porosity regulates
Lya and LyC escape, with gaps within denser gas providing the avenues for Lya and
LyC photons to travel. However, these gaps cannot be true holes devoid of gas. If they
were, Lya photons would escape freely, without scattering, and would not form the
double-peaked profiles we observe (Verhamme et al. 2015).

In addition to porosity, the ionization of the ISM may also affect Ly« and LyC escape.
We examine the physical properties that correlate with Ly« profile width, specifically the
separation of the blue and red Lya emission peaks, Avry,. A more highly ionized ISM,
as traced by line ratios such as high [Ou1]/[O 1] and low [O1] A6300/Hp, is correlated
with narrower Ly« profiles (Figure 2a; Jaskot et al. 2019). A more highly ionized ISM
could be associated with lower HI column densities and hence narrow Ly« profiles. In
this picture, the Lya and LyC photons would travel through low, but not zero, column
density gas channels between denser neutral clouds. Ionization would control the column
density of these channels, which would then affect the Lya profile widths.

Intriguingly, narrow Awvry, also correlates strongly with low gas metallicities
(Figure 2b; Jaskot et al. 2019). This trend cannot be explained by dust extinction, the
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Figure 2. (a) The separation of the red and blue Lya emission peaks, Avrya, in the GPs

correlates with measures of ionization, such as [O11] A5007/[O11] A3727 (color scale) and
[O1] A6300/HS. (b) We observe an equally strong trend between Avry, and metallicity. The dot-
ted line connects two measures of Avryo for a GP with a triple-peaked Ly« profile. Reproduced
from Jaskot et al. (2019).

mass-metallicity relation, or metallicity-dependent ionizing luminosities, as none of these
factors correlates strongly with Awvry,. Rather, high ionization parameters appear to lie
at the root of this trend, since high [O 111]/[O 11] ratios do correlate with low metallicities.

We propose a physical scenario that may explain the observed correlation between low
metallicities, high ionization, and narrow Ly« profiles (Jaskot et al. 2019) and which
may also explain why GPs so often show signs of LyC escape. At high metallicity, strong
stellar winds push neutral gas into a relatively homogeneous superbubble shell, and LyC
and Ly« photons encounter few optically thin pathways. Conversely, at low metallicity,
mechanical stellar feedback is weaker (e.g., Vink et al. 2001; Ramachandran et al. 2019),
and hence, low-metallicity clusters may retain more of their dense natal gas, particularly
at young ages. This dense gas is likely clumpy; dense clumps near the ionizing source
exhibit high ionization parameters, and low-density paths between the clumps allow Ly«
and LyC photons to escape. This physical picture is consistent with the high-ionization
emission, inhomogeneous geometries, young ages, and weak outflows observed in the GPs.

4. Implications

Highly ionized galaxies like the GPs frequently show direct or indirect evidence of
LyC escape and may be similar to the galaxies that reionized the universe. At high
redshift, JWST may identify candidate LyC emitters via high ionization line ratios,
such as [O111]/[O 1] and [O1]/[O111]. In the case of ALMA, such galaxies will show high
[O111] A88 pum/[C11] A158 pm, which appears to be a common property of galaxies in the
epoch of reionization (Inoue et al. 2016; Carniani et al. 2017; Hashimoto et al. 2019).

LyC emitters may show high ratios of ionizing radiation to H1 mass. However, these
high ratios could arise from boosted ionizing photon production and do not necessarily
mean that LyC-emitting galaxies are deficient in neutral gas. In fact, we find high neu-
tral gas columns in LyC emitter candidates. ALMA could therefore potentially detect
molecular gas in LyC emitters, although their low metallicities may make such detections
challenging. The significant neutral gas columns in LyC-emitter candidates are consistent
with weak mechanical feedback in low-metallicity starbursts at young ages.
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We have uncovered a possible link between high nebular ionization, low metallici-
ties, and low HT1 column densities. Because low H1 column densities lead to narrow Ly«
spectral profiles, this link may help us constrain the Ly« spectral shape produced by high-
redshift galaxies before its subsequent radiative transfer through the IGM. Paradoxically,
weak feedback at low metallicities may enhance the ISM porosity, generating a low-density
inter-clump medium through which ionizing photons may escape. The inhomogeneity of
the neutral gas implies that LyC escape will depend on orientation, and large samples
will be required to pin down the dependence of LyC escape fraction on galaxy proper-
ties. To this end, we are undertaking the Low-Redshift Lyman Continuum survey (PI
Jaskot), a Cycle 26 HST program, which will measure escape fractions for 66 galaxies
and systematically test indicators of LyC escape.
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