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5.1 Illustrative model SED for a stellar population and HMXB . . . . . . 184
5.2 Photoionization model predictions for the flux of He ii and Nev . . . 188
5.3 Photoionization model predictions for the flux of He ii and Nev, vari-

able MBH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
5.4 Photoionization model predictions for the flux of He ii and Nev, vari-

able logU . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
5.5 Photoionization model predictions for the flux of He ii and Nev, vari-

able Z . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
5.6 Observed He ii profiles with multicomponent fits . . . . . . . . . . . . 201
5.7 Optical u-band imaging with Chandra contours overlaid . . . . . . . . 204
5.8 Follow-up spectroscopy of the X-ray source near HS1442+4250 . . . . 207
5.9 Observed He ii/Hβ versus LX,0.5−8 keV/SFR compared to photoioniza-

tion model predictions . . . . . . . . . . . . . . . . . . . . . . . . . . 210

6.1 Optical cutouts and the stacked SDSS spectrum highlighting WR
features . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

6.2 HST /COS target acquisition images . . . . . . . . . . . . . . . . . . 231
6.3 HST /COS UV spectra . . . . . . . . . . . . . . . . . . . . . . . . . . 234
6.4 Stellar He ii equivalent width vs C iv absorption . . . . . . . . . . . . 238
6.5 Results of fits to the nebular line measurements . . . . . . . . . . . . 245
6.6 Comparison of model fits to the UV C iv and He ii complexes . . . . 247
6.7 Comparison of model fits to the optical WR wind features . . . . . . 248
6.8 Peculiar He ii profiles for SB 179 and 191 . . . . . . . . . . . . . . . . 253
6.9 Equivalent width of C iii emission versus metallicity for WR galaxies 257

7.1 Detection of Fev photospheric absorption in HS1442+4250 . . . . . . 276
7.2 First UV spectra of O stars in Leo A . . . . . . . . . . . . . . . . . . 278



12

LIST OF TABLES

2.1 Basic properties of He ii-emitter HST /COS targets . . . . . . . . . . 41
2.2 Log of MMT observations . . . . . . . . . . . . . . . . . . . . . . . . 44
2.3 Log of ESI observations . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.4 Results of broadband photometric SED fitting . . . . . . . . . . . . . 49
2.5 Optical nebular line measurements . . . . . . . . . . . . . . . . . . . 52
2.6 Optical nebular line ratios and derived gas physical constraints . . . . 53
2.7 UV nebular emission line flux measurements . . . . . . . . . . . . . . 58
2.8 UV nebular emission line equivalent width measurements . . . . . . . 59
2.9 Parameter estimates from nebular line – photoionization grid com-

parison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
2.10 Decomposition of the Keck/ESI He ii λ4686 profile . . . . . . . . . . 68

3.1 Basic properties of new XMP HST /COS targets . . . . . . . . . . . . 104
3.2 Parameter estimates from broadband SED fitting for new XMP targets107
3.3 Summary of MMT observations . . . . . . . . . . . . . . . . . . . . . 108
3.4 Summary of Keck/ESI observations . . . . . . . . . . . . . . . . . . . 109
3.5 Optical line measurements and gas properties from MMT spectra . . 111
3.6 UV nebular emission line fluxes . . . . . . . . . . . . . . . . . . . . . 115
3.7 UV nebular emission line equivalent widths . . . . . . . . . . . . . . . 116

4.1 Basic properties of the candidates targeted with spectroscopic follow-up149
4.2 Summary of MMT BC/RC observations . . . . . . . . . . . . . . . . 151
4.3 Spectroscopic measurements and derived properties of the targeted

systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

5.1 Summary of properties of the analyzed star-forming galaxies with
Chandra and He ii constraints . . . . . . . . . . . . . . . . . . . . . . 196

5.2 New MMT observations . . . . . . . . . . . . . . . . . . . . . . . . . 199
5.3 Constraints on He ii and Nev from optical spectra . . . . . . . . . . . 202
5.4 Summary of the Chandra observations analyzed . . . . . . . . . . . . 205

6.1 Basic properties of the targeted high-sSFR WR galaxies . . . . . . . . 223
6.2 Summary of MMT observations . . . . . . . . . . . . . . . . . . . . . 225
6.3 Results of SED fits to the broadband photometry and Hβ . . . . . . . 227
6.4 Optical nebular line measurements and derived quantities . . . . . . . 229
6.5 HST /COS UV line measurements . . . . . . . . . . . . . . . . . . . . 233



LIST OF TABLES – Continued

13

6.6 Model parameter constraints from fits to the optical nebular lines and
UV stellar equivalent widths . . . . . . . . . . . . . . . . . . . . . . . 246

A.1 Optical and UV measurements for archival star-forming UV targets . 284

B.1 UV and optical measurements for all local XMPs with C iv constraints286



14

ABSTRACT

Over the last decade, unprecedented imaging campaigns and deep spectroscopy have

delivered our first glimpse of galaxies in the reionization era, and the results have

stymied interpretation. The prominent nebular emission in C iii], C iv, and other

high-ionization lines detected in the first rest-UV spectra at these redshifts suggests

that hard ionizing radiation fields are common at z > 6, in striking contrast to

typical star-forming systems at lower redshift. The difficulty in interpreting this

emission is fundamentally tied to the lack of empirical constraints on massive stars

at the very low metallicities we expect to encounter in the first billion years of the

Universe. Nearby star-forming regions hosting stars and gas extending to metallic-

ities below that of the SMC (< 20% solar) represent a critical laboratory for study

of such young stellar populations. In this dissertation, I first present HST /COS

UV spectroscopy of He ii-emitters which reveal a clear transition from UV spectra

dominated by stellar features above 20% solar metallicity to high-ionization neb-

ular line emission at lower metallicities, tracked by a significant hardening in the

inferred ionizing spectrum. I demonstrate that nebular He ii and C iv are ubiqui-

tous among local extremely metal-poor galaxies (XMPs, < 10% solar), and that

C iv in particular may be an effective signpost of rapidly-assembling systems at

these low metallicities in the distant Universe. I then present a new technique for

locating XMPs dominated by very young stars in broadband photometry, and apply

it to SDSS imaging to uncover 32 such systems at typical effective ages of tens of

megayears. I demonstrate that the nebular He ii commonly encountered in such sys-

tems is inconsistent with an origin in high-mass X-ray binaries or the most massive

short-lived stars, and suggest instead that this line may provide insight onto stripped

stars and other uncertain products of binary evolution at very low metallicity. I also

present evidence from stellar population synthesis modeling that an overabundance
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of massive stars or spun-up binary products are necessary to explain the strongest

stellar wind features in very young systems at higher metallicities where these winds

are prominent. Finally, I conclude by outlining a path forward from testing to direct

calibration of models for massive stars below the metallicity of the SMC.
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CHAPTER 1

Introduction

1.1 Overview

In this introduction, I first summarize the march towards observing the first starlight

in the Universe in Section 1.2. I discuss how pioneering spectroscopy of ionized gas

both at z ∼ 3 and at the edge of the reionization era z ∼ 6 have now revealed

evidence for surprising departures from stellar population models, including high-

ionization nebular emission lines which these models struggle to reproduce. In Sec-

tion 1.3, I briefly explore the progression of modern models for massive stars and

the method of their calibration, and motivate why disagreement with these models

especially at significantly sub-solar metallicity and at ionizing energies may not be

surprising. I then discuss the utility of very metal-poor star forming galaxies in

the local Universe for constraining these predictions and placing high-redshift star-

forming galaxies in an empirical context in 1.4, and summarize the remainder of

this dissertation in 1.5.

1.2 Puzzles at Cosmic Noon and Dawn

The progression of telescope size and sophistication over the last century has in-

turns both produced and been motivated by the push towards fainter, farther, and

thus earlier luminous systems in the Universe. The 100-inch (2.5 m) telescope on

Mount Wilson in the San Gabriel mountains achieved first light in 1917, and rapidly

brought about one of the great paradigm shifts in modern astronomy. Spurred by

the discovery of novae in the grand nebula in Andromeda, Edwin Hubble trained

the both the old 60- and 100-inch telescopes on this system for continuous weeks

in 1923–24, and discovered unambiguously the signature light curve of Cepheid



17

pulsation in several stars on the outskirts of the nebulae. Leveraging the positive

correlation between the period of pulsation and absolute magnitude of such variable

stars discovered by Leavitt (1908); Leavitt and Pickering (1912) in the Magellanic

Clouds a decade earlier, Hubble established clear evidence that this ‘nebula’ was in

fact an order of magnitude farther away and in fact roughly the same dimensions

as the collection of all other stars known; an island universe unto itself (Hubble,

1926, 1929b, though first published in a bulletin in the New York Times before

AAS meeting #33: Sharov et al. 1993). Subsequent measurement of distances and

velocities for 24 other NGC nebulosities revealed a curious trend towards higher

recessional velocities with increasing distance (Hubble, 1929a) — and our modern

conception of a Universe dotted with star-filled galaxies and ever-expanding was

born.

This distance ladder climbed steadily over the following decades, led in particular

by follow-up of visually clustered galaxies and radio-selected quasars and accelerated

early-on by the Hale 200-inch (5.1 m) in the Palomar mountains (see e.g. Stern and

Spinrad, 1999, and references therein). While interest in finding and studying truly

primeval star-forming galaxies was sustained throughout the intervening time period

(e.g. Partridge and Peebles, 1967; Sunyaev et al., 1978), the great breakthroughs into

the first several billion years of cosmic history as viewed in stellar light did not arrive

until the 1990s. This marked the advent of the Lyman break selection technique

which, applied to ∼ UGR photometry to identify U -band dropouts to follow-up with

the newly commissioned 10 m Keck I telescope on Mauna Kea, quickly established

the existence of a sizable population of massive and actively star-forming galaxies

at z ∼ 3–3.5 simply by virtue of the strongly absorptive properties of intergalactic

hydrogen (Madau, 1995; Steidel et al., 1996, and see Shapley 2011 for a review).

Extending this to significantly higher redshifts and thus redder Lyman continuum

breaks was complicated by both the need for very high-sensitivity optical photometry

and deep near-infrared imaging that was exceedingly difficult to perform from the

ground.

Continuing the search for the earliest galaxies would require a large space based
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UV–optical–IR observatory, a dream which fortunately had just been realized. The

Hubble Space Telescope (HST ) was launched in 1990, the culmination of a nearly

century-old idea of a traditional telescope born to space via rocket first mentioned

by Oberth (1923) and discussed in far more detail by Spitzer (1946). Though its

primary mirror was slightly smaller than that of the 100-inch telescope on Mount

Wilson with which its namesake first firmly established the existence of the extra-

galactic Universe, the lack of atmospheric disruption in low-Earth orbit has allowed

HST to provide the clearest view yet towards first starlight. High-quality imag-

ing with ACS/WFC and NICMOS acquired in the first deep-drill HST imaging

campaigns after these instruments were installed soon unveiled the tip of the z ∼ 6

star-forming galaxy population (Stanway et al., 2003; Dickinson et al., 2004; Bunker

et al., 2004). Coupled with the first successful searches for Lyα emission at z > 5

(Dey et al., 1998) which began to unveil far fainter sources with the aid of grav-

itational lensing (galaxy clusters once again paving the way to the most distant

galaxies; e.g. Ellis et al., 2001; Hu et al., 2002), these campaigns delivered the first

image of star formation less than a gigayear after the Big Bang. With the installa-

tion of the far more efficient near-IR imager Wide Field Camera 3 (WFC3) on HST

in 2008, the redshift frontier was rapidly pushed back again beyond z ∼ 7, with

hundreds of photometric candidates at z ∼ 8 (see Stark, 2016, for a review).

While these observations immediately delivered bulk constraints on the cosmic

star formation rate density over most of the history of the Universe, only so much

can be learned about these distant star-forming galaxies from photometry and Lyα

emission alone. Sufficiently high-resolution spectroscopy can provide far more phys-

ical information by accessing the narrow line emission excited by very young stars

with hot ionizing spectra, probing both the physical conditions of that gas (gas-

phase metal abundances, density) and the properties of the underlying stellar popu-

lation (the density of ionizing photons and the very recent star formation rate); see

e.g. reviews by Kennicutt (1998); Kewley et al. (2019). Non-primordial low-density

interstellar gas ionized and heated by massive stars tends to reach equilibrium tem-

peratures of-order 104 K by virtue of very efficient cooling by metal line emission.
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Conveniently for ground-based astronomy, many of the strongest transitions occur

in the optical range and lend nearby H ii regions and especially planetary nebulae a

distinctive green tint to the eye, as was noted by early astronomers before some of

the dominant forbidden lines such as that of doubly-ionized oxygen were positively

identified (Huggins and Miller, 1864). These optical nebular lines have defined the

spectroscopic classification and characterization of star-forming regions and galaxies

in the local Universe, but have largely shifted into the near-infrared by redshift 2

and the mid-infrared at z & 10 where ground-based spectroscopy is significantly

more challenging due to strong atmospheric absorption and emission.

Despite these challenges, deep near-infrared spectroscopy is now possible from

the ground, and its application to galaxies at high redshift has yielded surprising

new insight onto the nature of these systems. At z ∼ 2–4, the peak of cosmic star

formation, large samples of near-infrared spectra have now been acquired by several

teams leveraging modern high-throughput multiplexed near-infrared spectrographs

such as MOSFIRE on Keck and FMOS on Subaru (e.g. Kashino et al., 2013; Steidel

et al., 2014; Kriek et al., 2015). Intriguingly, the strong rest-optical nebular line

ratios measured in these large samples are found to be systematically offset from

the same measurements in galaxies at z ∼ 0, confirming previous results seen in

smaller spectroscopic samples at these redshifts (Erb et al., 2006; Shapley et al.,

2005; Hainline et al., 2009; Steidel et al., 2014; Sanders et al., 2016; Strom et al.,

2017).

Interpretations of these z ∼ 3 nebular emission line results vary significantly.

Some authors have found that most of these offsets can be explained simply by a

shift in the ISM conditions in which massive stars are embedded at high redshift

towards some combination of higher densities or pressures and different average

gas abundances of CNO elements. However, others suggest that the full set of

rest-optical line ratios and other spectral constraints in systems at z ∼ 3 can only

be explained by invoking systematically harder ionizing spectra than canonically

expected. One natural explanation for such an offset that has gained significant

traction is an enhanced α/Fe elemental abundance ratio produced by a rising SFH
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where ISM enrichment is dominated by Type II supernovae yields. This model

results in oxygen-rich gas ionized by stars with a much lower abundance of iron

than would otherwise be expected (assuming solar abundances) and consequently a

much harder ionizing spectrum (e.g. Steidel et al., 2016; Strom et al., 2017; Sanders

et al., 2020). In either case, the conclusions drawn about the stellar content and

gas-phase conditions in these distant galaxies are inextricably linked to assumptions

made about the ionizing spectrum powered by stars in these galaxies as a function

of metallicity.

The first deep NIR spectra at higher redshifts z > 6 have revealed even more

striking surprises. A variety of observational tracers indicate that the final major

phase transition of the Universe from neutral to reionized is actively underway at

these redshifts (e.g. Fan et al., 2006; Mason et al., 2018). Thus, we have already as-

sembled photometric samples probing the bright end of the early galaxy population

which potentially dominated cosmic reionization, underscoring the critical impor-

tance of characterizing their physical contents (see e.g. Dayal and Ferrara, 2018).

While the rest-optical emission lines of these galaxies are too far redshifted to target

with present facilities, Spitzer/IRAC colors sensitive to the equivalent width of these

lines indicate that the specific star formation rate (sSFR: SFR normalized by stel-

lar mass) of typical continuum-selected galaxies in the reionization era far exceed

those of comparable systems at lower redshift (e.g. Labbé et al., 2013; Roberts-

Borsani et al., 2016). The JHK atmospheric transmission windows accessible from

the ground at ∼ 1–2 microns instead probe light emitted by these systems in the

rest-frame ultraviolet. Canonically, essentially no emission lines besides Lyα were

expected to be powered in this wavelength range by stars alone. Theoretical models

suggested that He ii λ1640 might become an important probe of nearly metal-free

Population III stars with extraordinarily hot spectra (e.g. Tumlinson and Shull,

2000; Schaerer, 2003), but early UV spectroscopy of nearby star-forming galaxies

and rest-optical spectra at z ∼ 3 confirmed the notion that strong UV line emission

was otherwise reserved for galaxies hosting an AGN (e.g. see Steidel et al., 1996;

Shapley et al., 2003, and section 1.4 of this introduction).
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Instead, 10m-class telescopes trained on confirmed Lyα emitters at z > 6 have

revealed an often far from blank UV spectrum. These exploratory deep spectra

have revealed prominent nebular emission from doubly- and triply-ionized carbon

(C iii and C iv; Stark et al., 2015b,a, 2017; Mainali et al., 2017; Schmidt et al., 2017;

Hutchison et al., 2019) as well as potentially He ii (Sobral et al., 2015; Shibuya et al.,

2018; Sobral et al., 2019) and NV (Tilvi et al., 2016; Laporte et al., 2017; Mainali

et al., 2018). These detections clearly evince the presence of hard ionizing radiation

fields in these early galaxies, with sufficient power at extreme-UV (EUV) energies of

24–77 eV to photoionize these species. While this emission is not entirely ubiquitous

among the z > 6 galaxy population (e.g. Mainali et al., 2018), the high detection

rate suggests such emission is common especially for the highest-sSFR systems as

inferred from IRAC colors.

The prominent high-ionization emission in the reionization era had essentially

no precedent among archival samples of local star-forming galaxies. Without such a

reference, our ability to confidently interpret this emission is limited. The nearest to

a comparison sample known at the time of initial detection (and motivation for these

expensive exploratory exposures) were a small number of gravitationally lensed,

lower-mass, and lower-metallicity star-forming systems uncovered at redshifts of a

few (e.g. Erb et al., 2010; Christensen et al., 2012; Bayliss et al., 2014; James et al.,

2014; Stark et al., 2014). Stellar population synthesis modeling supported a picture

in which sufficiently metal-poor inefficiently-cooled gas excited by the hard ionizing

radiation of young low-metallicity massive stellar populations could be capable of

powering nebular emission approaching the strengths observed in C iii] and C iv (e.g.

Stark et al., 2015b). Searches for this line emission in larger samples at intermediate

redshifts have subsequently uncovered more examples, though the degree to which

AGN or other sources of photoionization play a role in these distant systems remains

unclear (e.g. Nakajima et al., 2018; Berg et al., 2018; Du et al., 2020).

A century after the extragalactic Universe was revealed, we are poised to ob-

tain an unprecedented physical picture of star-forming galaxies into the first billion

years of the Universe. However, pioneering observations at z ∼ 2–6 have already
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uncovered nebular emission line properties in significant tension with existing z ∼ 0

galaxy samples. The James Webb Space Telescope (JWST ) will soon deliver orders

of magnitude larger numbers of spectra, extending wavelength coverage at z ∼ 6

into the rest-optical and stretching the spectroscopic redshift limit to z > 10. Un-

derstanding the contents and properties of the star-forming galaxies probed by these

data will still rest in general on the interpretation of nebular emission lines powered

by ionizing radiation in these systems. It is thus imperative that the models used

to interpret these distant galaxies are placed on solid empirical ground. As we will

detail in the following section, these models are presently highly uncertain in the

regime relevant to interpretation of data in the JWST era.

1.3 On Stellar Models at Low Metallicity

The last half century has produced revolutionary advancements in our understanding

of and ability to model young stellar populations. Today, many model frameworks

exist for predicting the emergent spectral energy distributions (SEDs) of stellar pop-

ulations from the observed UV–optical–IR continuum to the EUV ionizing radiation

field and the nebular emission this powers in nearby gas (see Conroy, 2013, for a

review). Given a set of observed photometric fluxes or spectral measurements, these

frameworks allow the modern galaxy observer to derive constraints on the proper-

ties of the underlying stars and gas. However, while the stellar models underpinning

these tools have grown considerably in sophistication, there is good reason to con-

sider their limitations in the regime of very young effective ages and low heavy metal

abundances.

Much of the progress in the modeling of young stellar populations has occurred

in the context of the birth of ultraviolet astronomy, which began in-earnest with

UV spectrographs launched by sounding rockets beginning in the 1940s (see Savage,

1999; Linsky, 2018, for a review). While the first rocket-borne observing platforms

lacked the stabilization systems necessary to obtain spectra of anything besides

the Sun, a series of Aerobee rocket launches in 1965 provided the first UV spectra



23

of massive OB stars, targeting first two early B stars in the Scorpius-Centaurus

Association and the three stars composing Orion’s Belt (Morton and Spitzer, 1966;

Morton, 1967a). These latter spectra revealed strong P-Cygni signatures indicative

of fast-outflowing material, and preliminary estimates of the mass entrained in these

winds suggested that these stars would lose an appreciable fraction of their total

mass during their brief lifetime (Morton, 1967b).

The presence of strong mass outflows has a dramatic impact both on the evolu-

tion of massive stars and on their emergent spectra. While signatures of outflows

had already been identified in stars like P Cygni and in rare Wolf-Rayet (WR) stars

with broad optical line emission indicative of a highly-ionized and optically-thick ex-

panding atmosphere (Wolf and Rayet, 1867), these results defined a new paradigm

in which all massive stars drive dense winds. These winds were soon generally un-

derstood as driven primarily by radiation pressure acting on ionized gas, facilitated

by numerous metallic absorption lines in the EUV regime (Castor et al., 1975; Ab-

bott, 1982). Consequently, the strength of these radiatively-driven winds should

scale strongly with stellar metallicity, with stars at subsolar iron abundances losing

far less mass in winds significantly more transparent to hard ionizing radiation (e.g.

Kudritzki et al., 1987; Vink et al., 2001). Model atmospheres for massive stars ad-

vanced quickly alongside computational resources to account for these winds, from

simplified static plane-parallel models incorporating non-LTE effects (e.g. Auer and

Mihalas, 1972; Kurucz, 1979) to unified models with self-consistent treatment of

the expanding envelope including line-blanketing calculations for the plethora of

metal absorption lines in the EUV–UV appropriate for massive O and WR stars

(e.g. Pauldrach, 1987; Gabler et al., 1992; Hillier and Miller, 1998; Gräfener et al.,

2002; Gräfener and Hamann, 2005). While still employing approximations to make

computation on reasonable timeframes feasible, these detailed atmosphere models

finally allowed for realistic calculations of the full SED for young massive stars, from

wind and photospheric lines to the ionizing radiation these stars pour into nearby

gas.

Alongside improvements in atmosphere modeling came significant advancements
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in stellar evolution calculations to which these atmosphere models could be cou-

pled. The picture at the turn of the century for massive stars focused on their

isolated evolution. In this view, the primary deviation for massive stars from the

simple evolutionary progression dictated by hydrostatic nuclear burning is due to

the impact of wind-driven mass loss, which can remove the outer hydrogen envelopes

for the most massive stars and expose the helium-burning core as a WR star (e.g.

Chiosi and Maeder, 1986). A treatment of moderate rotation was also incorporated

into some evolutionary predictions, which by means of efficient mixing can result

in significantly longer lifetimes and hotter evolution for massive stars (e.g. Maeder

and Meynet, 2000; Meynet and Maeder, 2000). This was the state of the art in

stellar input physics when the first widely-used ‘evolutionary’ population synthesis

frameworks (coupling empirical and/or theoretical stellar atmospheres directly to

isochrone predictions; Tinsley, 1968) were produced (e.g. Charlot and Bruzual A,

1991; Leitherer and Heckman, 1995).

However, a variety of new physics uncovered in the subsequent decades has be-

gun a significant diversification in stellar population synthesis predictions. One of

the driving forces behind this is the renewed recognition of the importance of bi-

nary interaction on massive star evolution. Radial velocity studies indicate that

most massive stars in the Milky Way have at least one companion with which they

will interact strongly during their evolution (Sana et al., 2012, e.g.). Mass trans-

fer during such an interaction can spin-up and rejuvenate the mass-receiving star,

potentially enough to mix nuclear burning products throughout the star and even

initiate quasi-chemically homogeneous burning (de Mink et al., 2009; Eldridge and

Stanway, 2012). Simultaneously, the mass donor can be efficiently stripped of its

outer opaque hydrogen layers, exposing the hot nuclear-burning core underneath

(e.g. Götberg et al., 2017, 2018). Both of these processes would be expected to

yield in many cases WR-like emission spectra and very hard ionizing radiation fields

at ages and masses where canonical single stellar evolutionary pathways consider-

ing only winds and rotation would not. This is especially true in the context of

recent revisions to canonical mass loss calibrations for massive OB stars towards
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lower values, indicating winds may be less efficient drivers of stellar evolution than

previously thought (see Smith, 2014, for a review). Several groups have now pub-

lished stellar population synthesis predictions incorporating some of these effects,

confirming that binary evolution can have significant impact on the integrated light

and nebular emission from star-forming galaxies (e.g. Eldridge and Stanway, 2009;

Eldridge et al., 2017; Götberg et al., 2019).

While binary mass transfer is likely to play a significant role in the lives of massive

stars, other groups producing population synthesis predictions have focused on other

effects. Revised predictions for the effects of high rotation rates on massive stars

have been found to produce similar predictions for spectral hardening (e.g. Leitherer

et al., 2014; Choi et al., 2016; Byler et al., 2017), and new mass loss predictions and

atmospheres for very massive stars have also significantly shifted predictions for

the spectra of very young star-forming galaxies (e.g. Gutkin et al., 2016). All of

these codes diverge significantly in their predictions, especially at the EUV ionizing

photon energies which power nebular gas emission (Wofford et al., 2016; Stanway

and Eldridge, 2019). The wide range of assumptions and predictions from modern

stellar population synthesis codes underscores the crucial need for calibration.

Empirically testing the fundamental physics underlying these models requires

study of resolved massive stars. The burgeoning of ultraviolet and space astron-

omy alongside modern massive stellar atmosphere and evolution models promoted

heavy investment in quantitative spectroscopy and crowded-field photometry of large

samples of massive stars in the Milky Way and Magellanic Clouds. These efforts

provided critical constraints on stellar physics ranging from the scaling of wind

strengths (Puls et al., 1996; Mokiem et al., 2007) to the effective temperature scale

(Massey et al., 2005) and to the relative numbers of very massive stars and their

evolved products (see Massey, 2003, for a review). In recent years large spectro-

scopic samples have begun to reveal clear evidence for the effects of high rotation

rates and binary mass transfer on massive stellar evolution (Martins et al., 2013;

Smith and Tombleson, 2015; Smith et al., 2018), approaching direct calibration for

these uncertain processes.
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However, the metallicity range spanned by Local Group galaxies in which large

numbers of massive stars can be resolved is extremely limited. This work can gen-

erally proceed only in the Milky Way and the Large and Small Magellanic Clouds,

which reside at ∼ 1/2 and 1/5 solar metallicity. As a result, we presently have no

direct constraints on stellar atmospheres or evolution below 20% solar metallicity.

Unfortunately, the most uncertain aspects of stellar models are likely to play a much

larger role for more metal-poor stars. In addition to metal-poor massive stars evolv-

ing to hotter effective temperatures on the main sequence due to reduced interior

opacities, reduced metal line driven wind strengths lead to far less mass and angular

momentum loss via this channel. This leads to both less efficient damping of high

rotation rates, and implies many more stars in binaries will have significant mass

in their envelopes to exchange once their orbits and evolutionary states allow for

interaction.

Both atmospheres and evolutionary channels for massive stars are thus likely

to change substantially as metallicity drops below that of the SMC. But despite

efforts to locate more metal-poor OB stars in local dwarf irregulars (e.g. Bouret

et al., 2015), spectra of massive stars below 20% solar metallicity remain elusive.

This means that besides indirect constraints on the properties of more metal-poor

populations from compact object mergers and supernovae for instance (e.g. Gehrels

et al., 2009; Eldridge and Stanway, 2016), models for sub-SMC massive stars are

essentially entirely theoretical.

Indeed, all predictions of stellar population synthesis in the EUV beyond the

Lyman limit (< 912 Å) are theoretical. Because of the high opacity of intergalactic

hydrogen, even the Extreme Ultraviolet Explorer satellite (EUVE) was unable to

directly observe the ionizing spectrum of any massive stars earlier than B1 (Bowyer

et al., 2000). Even then, the spectra of β and ε Canis Majoris revealed substantial

discrepancies with then state of the art NLTE atmospheres, guiding significant re-

visions to their predictions in this regime (Cassinelli et al., 1995, 1996). Local H ii

regions ionized primarily by a single star or cluster provide the closest approach to

empirical calibration of this radiation (e.g. Crowther et al., 1999; Bresolin et al.,



27

1999; Zastrow et al., 2013) and proved instrumental in guiding massive stellar at-

mosphere calculations towards a reasonable set of approximations. But when such

studies have been extended to large samples, they have generally focused on the

strongest optical lines, yielding little information about the shape of the ionizing

spectrum at very high > 40 eV energies (e.g. Levesque et al., 2010; Xiao et al.,

2018). Additionally, by virtue of the small number of such accessible nearby H ii

regions, the vast majority of this work has focused on relatively high-metallicities

near or above that of the SMC. Fortunately, sizable populations of young massive

stars at significantly lower metallicities can be found just slightly farther afield.

1.4 Local Metal-Poor Star-Forming Galaxies as a Critical Laboratory

While mapping out bright galaxies and galaxy clusters to greater and greater dis-

tance with the Palomar 48- and 200-inch telescopes in the mid-twentieth century, a

parallel search for compact stellar systems barely resolved with these large telescopes

uncovered a peculiar double system at 9h30m30s+55◦27′ (B1950 Zwicky, 1964, 1966).

A spectrum of this system with catalog identification IZw18 taken with the 200-inch

revealed strong nebular emission similar to giant H ii regions in nearby galaxies, but

with ratios unlike most such systems; in particular, Hβ stronger than [O iii] 5007,

and notable emission in He ii λ4686. Subsequent quantitative analysis revealed that

not only were these systems effectively dominated by recent star formation, but the

abundances of oxygen and neon in these systems was far below solar values (Sar-

gent and Searle, 1970; Searle and Sargent, 1972). It was immediately suggested

that these systems might represent genuinely young galaxies, with near-primordial

chemical abundances.

Subsequent objective prism surveys and UV-excess work uncovered more of these

systems (alongside contaminating AGNs). However, none were found with abun-

dances significantly below that of IZw18; and only 31 below 10% solar metallicity

were known at the turn of the century (those below this arbitrary cutoff are dubbed

extremely-metal poor galaxies, or XMPs; Kunth and Östlin, 2000). The SDSS
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spectroscopic survey (Abazajian et al., 2009) placed fibers on many previously un-

characterized star-forming clumps, and substantially expanded this number to over

one hundred below 10% and over 20 below ∼ 5% (Morales-Luis et al., 2011; Guseva

et al., 2017). Debate continues as to the degree to which these systems are gen-

uinely young, and as to the mass of the stars formed in previous generations (e.g.

Hunt et al., 2003; Aloisi et al., 2007; Papaderos and Östlin, 2012). Regardless, these

XMPs and similar blue compact dwarf galaxies extending to higher metallicities

have provided crucial insight into a wide range of astrophysics, from the primordial

helium abundance (Izotov et al., 1994) to chemical enrichment and stellar feedback

in low-mass halos (Ekta and Chengalur, 2010; Berg et al., 2012). And in addition,

these systems host the brightest and most accessible populations of massive stars

below the metallicity of the SMC, where resolved stellar constraints are completely

lacking.

Star-forming galaxies in the local ∼ 100 Mpc volume provide a unique opportu-

nity to test models of very young stellar populations. Coupled with blue compact

dwarf galaxies and giant H ii regions extending to higher metallicities, these unre-

solved systems host star formation at metallicities and intensities unavailable in the

Local Group, and comparable to those of galaxies identified in the reionization era.

While unresolved, these systems have the advantage of being sufficiently bright to

allow simultaneous study of both nebular emission and the continuum signatures of

the massive stars which power it. Yet while high-ionization emission lines such as

He ii λ4686 have long been noted in the optical spectral range for these systems (e.g.

Garnett et al., 1991; Thuan and Izotov, 2005), the ultraviolet observations necessary

to study this nebular emission and the underlying stars in greater detail have only

recently become possible.

With the exception of the brightest clusters in the nearest XMPs such as IZw18

and SBS0335-052, the first space-based UV spectrographs capable of targeting

galaxies focused entirely on star formation in relatively massive, high metallicity

(Z/Z� & 20%) galaxies. The ultraviolet spectral atlases for galaxies assembled by

the International Ultraviolet Explorer satellite (IUE) and the first UV spectrographs
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aboard HST (the Goddard High Resolution Spectrograph, GHRS; and Faint Object

Spectrograph, FOS) that defined expectations for emission from star formation in

this wavelength regime were entirely dominated by stellar and interstellar absorp-

tion signatures, with essentially no strong nebular emission besides Lyα and some

emission in C iii] (e.g. Kinney et al., 1993; Garnett et al., 1995; Heckman et al.,

1998; Leitherer et al., 2011). The Cosmic Origins Spectrograph (HST /COS), in-

stalled in 2009 during HST Servicing Mission 4 (STS-125; Green et al., 2012), has

revolutionized work in this wavelength regime by providing far higher sensitivity in

the FUV and greater spectral resolution than these earlier instruments. This allows

for far more confident separation of nebular and stellar signatures from the large

number of ISM and MW absorption lines spanning this regime; and enables UV

spectroscopy to be extended to far fainter targets including star-forming regions at

lower metallicity and higher specific star formation rate than targeted previously

1.5 Goals and Outline of This Dissertation

In the work presented in this dissertation I will address several outstanding ques-

tions motivated by the surprising discovery of high-ionization nebular emission at

high-redshift and the lack of constraints on metal-poor stellar populations discussed

above. First, we would like to determine whether young stellar populations are ca-

pable of powering high-ionization UV nebular lines comparable in strength to that

observed in the reionization era at all; and if so, under what conditions is such

prominent emission supported. Second, we aim to investigate possible sources of

the hard ionizing radiation required to produce such lines in the optical and UV;

and explore the possibility of using star-forming galaxies dominated by young stellar

populations to constrain massive stellar evolution at extremely low metallicity. Fi-

nally, we will test whether state-of-the-art stellar population synthesis frameworks

are capable of self-consistently reproducing nebular line emission in star-forming

regions with properties similar to those expected at high-redshift, and explore im-

plications of relying on these model predictions for inference in the JWST and ELT
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era.

This dissertation is organized as follows. In Chapter 2, I present results from

a pilot HST /COS spectroscopic survey targeting star-forming regions hosting very

young stellar populations spanning from 10%–50% solar metallicity, and highlight

a striking transition from UV spectra dominated by stellar features at metallici-

ties above 20% to prominent nebular line emission below this cutoff. This trend

is tracked by a marked increase in the inferred hardness of the ionizing spectrum

beyond the He+-ionizing limit, suggesting that very hot products of stellar evolution

at low-metallicity accounted for in standard population synthesis predictions may

be responsible for some of the high-ionization emission observed at high-redshift.

In Chapter 3, I compile a library of UV spectra for extremely metal-poor galaxies

at yet lower metallicities including HST /COS spectra for six new systems, which

reveal that nebular He ii and in particular C iv emission are ubiquitous at these

metallicities for galaxies dominated by very young stellar populations. In Chap-

ter 4, I investigate the commonly-invoked possibility that high-mass X-ray binaries

(HMXBs, products of common envelope binary evolution, yielding a compact ob-

ject accreting from a high-mass binary companion) might be responsible for the

observed He ii emission. I demonstrate both through photoionization modeling and

archival Chandra observations of local He ii-emitters that these systems are un-

likely to dominate production of He+-ionizing photons at these low metallicities.

In Chapter 5, I present a new photometric selection technique designed to locate

extremely metal-poor galaxies dominated by recent star formation in large photo-

metric surveys. Follow-up MMT spectroscopy is used to confirm 32 new XMPs at

very high specific star formation rate, ideal laboratories for studying the ionizing

spectrum of very metal-poor young stellar populations. Preliminary investigation of

the He ii-emission in these systems suggests that it is common even on timescales of

& 10 Myr, consistent with an origin in products of uncertain binary mass transfer

processes. In Chapter 6, I present new HST /COS spectra of star-forming regions

between LMC and SMC metallicities but very young effective ages selected to show

strong WR emission signatures. I demonstrate that state-of-the-art single-star stel-
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lar population synthesis models fit including the nebular line emission are unable

to reproduce the strongest stellar wind features in the UV, suggesting an overabun-

dance of massive stars or potentially the presence of stars spun-up by mass transfer

or collisions. Finally, I summarize these results and the path towards calibrating

stellar models at very low metallicity in Chapter 7.
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CHAPTER 2

Ultraviolet spectra of extreme nearby star-forming regions — approaching a local

reference sample for JWST †

Abstract: Nearby dwarf galaxies provide a unique laboratory in which to test

stellar population models below Z�/2. Such tests are particularly important for

interpreting the surprising high-ionization UV line emission detected at z > 6 in

recent years. We present HST /COS ultraviolet spectra of ten nearby metal-poor

star-forming galaxies selected to show He ii emission in SDSS optical spectra. The

targets span nearly a dex in gas-phase oxygen abundance (7.8 < 12+log O/H < 8.5)

and present uniformly large specific star formation rates (sSFR ∼ 102 Gyr−1). The

UV spectra confirm that metal-poor stellar populations can power extreme nebular

emission in high-ionization UV lines, reaching C iii] equivalent widths comparable

to those seen in systems at z ∼ 6 − 7. Our data reveal a marked transition in UV

spectral properties with decreasing metallicity, with systems below 12 + log O/H .

8.0 (Z/Z� . 1/5) presenting minimal stellar wind features and prominent nebular

emission in He ii and C iv. This is consistent with nearly an order of magnitude

increase in ionizing photon production beyond the He+-ionizing edge relative to H-

ionizing flux as metallicity decreases below a fifth solar, well in excess of standard

stellar population synthesis predictions. Our results suggest that often neglected

sources of energetic radiation such as stripped binary products and very massive O-

stars produce a sharper change in the ionizing spectrum with decreasing metallicity

than expected. Consequently, nebular emission in C iv and He ii powered by these

stars may provide useful metallicity constraints in the reionization era.

†This chapter has been published previously as Senchyna et al. (2017)
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2.1 Introduction

The first deep spectra of galaxies at z > 6 present a striking contrast to the prop-

erties of typical star-forming galaxies at lower redshift. Ground-based spectroscopy

probing the rest frame ultraviolet (rest-UV) of gravitationally lensed Lyman-α emit-

ters at z > 6 has revealed nebular emission in transitions of highly-ionized species

including C2+, O2+, and C3+ (Stark et al., 2015a,b, 2017; Mainali et al., 2017). The

observed equivalent width of C iii] and O iii] exceed that seen in typical UV-selected

star-forming galaxies at z ∼ 2 − 3 by an order of magnitude, and nebular C iv is

rarely seen in emission at all in these or local star-forming samples. Studies with

ALMA targeting [C ii] and [O iii] emission and with Spitzer probing rest-optical

nebular line excesses in broadband photometry at z > 6 paint a similar picture,

suggesting that extreme radiation fields are more common in star-forming galaxies

at these early times (see Stark 2016 for a review).

The rest-UV properties of these objects are not entirely without precedent in

lower-z samples. For instance, nebular C iv and He ii emission (requiring flux be-

yond ∼ 50 eV) is seen in some lensed star-forming dwarf galaxies at z ∼ 2− 3 (Erb

et al., 2010; Christensen et al., 2012; Stark et al., 2014; Vanzella et al., 2016, 2017).

This suggests that the additional ionizing flux may be provided by low-metallicity

stars. Rest-optical spectroscopy of galaxies at z ∼ 2−3 has also revealed differences

with respect to models calibrated at near-solar metallicity. In particular, offsets in

diagnostic line ratios have been interpreted as due to some combination of higher ni-

trogen abundance and harder ionizing radiation fields at these redshifts (e.g. Kewley

et al., 2013; Steidel et al., 2014; Shapley et al., 2015; Sanders et al., 2016; Kashino

et al., 2017; Strom et al., 2017; Kojima et al., 2017).

Indeed, these surprising detections at high-z were presaged by spectroscopy of

low-metallicity dwarf galaxies in the nearby universe. Detections of nebular He ii

λ4686 emission in nearby stellar-photoionized H ii regions date back to at least 1985,

and its origin remains mysterious (e.g. Garnett et al., 1991; Thuan and Izotov, 2005;

Brinchmann et al., 2008a; Shirazi and Brinchmann, 2012; Kehrig et al., 2015). The
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nebular He ii λ1640 and 4686 lines are emitted in the cascading recombination of

He++, produced by ionizing photons beyond 54.4 eV. Due to strong absorption in

the atmospheres and winds of massive stars, even very hot stellar models considered

in standard population synthesis prescriptions generally predict very few photons in

this energy range. The necessary ionizing flux has thus been attributed variously to

very massive stars, high-mass X-ray binaries, and fast radiative shocks.

Ultraviolet spectra of nearby star-forming regions are far less ubiquitous than op-

tical spectra, but previous UV work also hints at some commonalities with extreme

high-z galaxies. The International Ultraviolet Explorer satellite (IUE; e.g. Kinney

et al., 1993; Giavalisco et al., 1996; Heckman et al., 1998, and references therein)

as well as the Goddard High Resolution Spectrograph (GHRS) and Faint Object

Spectrograph (FOS) previously onboard the Hubble Space Telescope (HST ; Gar-

nett et al., 1995; Leitherer et al., 2011) enabled detailed study of rest-UV stellar and

nebular features in local star-forming galaxies. Data from these instruments reveal

that the [C iii], C iii] λλ1907, 1909 semi-forbidden doublet (hereafter C iii] doublet)

reaches extremely high equivalent widths in a handful of systems below half-solar

metallicity, but does not appear to follow a monotonic trend with gas-phase oxygen

abundance or Lyα equivalent width (e.g. Bayliss et al., 2014; Rigby et al., 2015).

Further interpretation of this data is complicated by the limited resolution and sen-

sitivity of these UV spectrographs and by the small number of metal-poor objects

with archival coverage.

Observations of both nearby massive stars and peculiar galaxies in the distant

universe have motivated a great deal of work in both stellar modeling and stellar

population synthesis. Models of the atmospheres and winds of massive stars have

advanced considerably in the past decades, incorporating non-LTE effects and full

hydrodynamical modeling of winds, with substantial effects on the predicted emer-

gent ionizing flux (e.g. Kudritzki et al., 1987; Pauldrach et al., 2001; Smith et al.,

2002; Todt et al., 2015). The incorporation of physics such as stellar rotation (e.g.

Maeder and Meynet, 2000; Levesque et al., 2012; Szécsi et al., 2015) and binary

mass transfer (e.g. Eldridge et al., 2008; de Mink et al., 2014; Götberg et al., 2017)
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has significant effects on the evolution of individual stars, and both tend to en-

hance the ionizing flux produced by composite stellar populations (e.g. Figure 2 of

Wofford et al., 2016). Much progress has also been made in self-consistently pre-

dicting the emergent stellar continuum and nebular emission of galaxies and linking

spectral observations to underlying physical parameters of interest (e.g. Charlot and

Longhetti, 2001; Eldridge and Stanway, 2009; Chevallard and Charlot, 2016; Gutkin

et al., 2016; Leja et al., 2017; Byler et al., 2017; Vidal-Garćıa et al., 2017, Charlot &

Bruzual 2017 in-prep). However, the calibration of all components of these models

is most challenging at the low metallicities expected in the reionization era.

The relatively-common detection of high-ionization emission at z > 6 and in

star-forming dwarf galaxy populations nearby suggests substantial evolution in the

ionizing spectra of stellar populations with metallicity. Empirical constraints on

stellar models at low metallicities are difficult to obtain. Individual stars can only

be resolved reliably within the Local Group, and thus direct calibration of massive

star models extend down only to approximately Z/Z� ∼ 1/5, or 12 + log O/H ∼ 8.0

(see e.g. Massey, 2003; Garcia et al., 2014; Bouret et al., 2015; Crowther et al., 2016).

Comprehensive tests of stellar population models at the highest masses and lowest

metallicities requires high-sSFR populations outside the Local Group, and detailed

spectroscopy of weak nebular lines and stellar features in integrated light spectra of

individual systems is generally only possible at low-redshift (see e.g. Leitherer et al.,

2011; Wofford et al., 2014). The metal-poor dwarf galaxy population nearby (within

a few hundred Mpc) is thus a critical laboratory in which to test stellar population

synthesis models at sub-SMC metallicities.

However, locating and studying local galaxies with UV emission comparable

to that seen in z > 6 systems has proved challenging. In particular, no nearby

star-forming galaxies with nebular C iv approaching the ∼ 20 − 40 Å observed

at z ∼ 6 − 7 (Stark et al., 2015b; Mainali et al., 2017) have yet been identified.

Previous local UV spectroscopic samples have focused on Lyα, the UV slope, and

C/O as probed via the C iii] and O iii] doublets (e.g. Giavalisco et al., 1996; Garnett

et al., 1995; Leitherer et al., 2011; Berg et al., 2016). While sufficient to reveal that
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C iii] equivalent widths do reach ∼ 20 Å in some metal-poor galaxies (Rigby et al.,

2015), these observations lack the coverage and resolution necessary to study the

most extreme UV lines. Measuring C iv and He ii especially at low equivalent width

requires sufficient resolution to disentangle nebular emission from broad stellar wind

lines and interstellar absorption; and thus all but the strongest nebular emission is

difficult to constrain with FOS and COS low-resolution gratings (R ≡ λ/∆λ . 2000,

unbinned). Archival samples are also biased towards relatively high metallicities;

the FOS/GHRS atlas compiled by Leitherer et al. (2011) contains only six galaxies

below 12 + log O/H . 8.0. In order to study nebular line production and constrain

the associated stellar populations, we require large samples of metal-poor galaxies

(necessarily probing to fainter objects) with moderate resolution spectral coverage.

The Cosmic Origins Spectrograph (COS) installed by HST Servicing Mission 4 now

provides the sensitivity and medium-resolution gratings (R > 16000, unbinned)

necessary to begin this work in-earnest.

We have undertaken a campaign to investigate the stellar populations and phys-

ical conditions which power high-ionization nebular emission locally. In Cycle 23

(GO: 14168, PI: Stark) we obtained HST /COS UV spectra of ten star-forming

galaxies selected to have He ii λ4686 emission in optical SDSS spectra (Shirazi and

Brinchmann, 2012). This emission is indicative of the hard & 50 eV radiation

necessary to power UV high-ionization lines. Grating settings were selected to con-

strain the full suite of high-ionization UV lines detected at high-z: C iv, He ii, O iii],

and C iii]. The galaxies were chosen to span nearly a dex in gas-phase metallicity

7.6 . 12 + log O/H . 8.4 (roughly 1/10 < Z/Z� < Z/2) in order to explore the

metallicity dependence of the UV spectra. We discuss the sample and data in more

detail in Section 2. In Section 3, we present the HST /COS UV spectra in the con-

text of the optical measurements. We describe first results from stellar population

synthesis fits to the full UV spectra in Section 4, to be continued in a follow-up pa-

per (Chevallard et al. 2017, in-prep). We then discuss implications for high-redshift

observations and stellar population synthesis at low-metallicities in Section 5, and

conclude in Section 6.
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We assume a solar oxygen abundance of 12 + log10 ([O/H]�) = 8.69 (Asplund

et al., 2009). For distance calculations and related quantities, we adopt a flat cos-

mology with H0 = 70 km s−1 Mpc−1.

2.2 Sample Selection and Data

2.2.1 SDSS Galaxies With He ii Emission

To find a set of metal-poor galaxies with hard ionizing stellar spectra, we rely on

the detection of diagnostic lines in SDSS optical spectra. Shirazi and Brinchmann

(2012, SB2012 hereafter) searched the SDSS DR7 spectral database (Abazajian

et al., 2009; York et al., 2000; Ahn et al., 2012) for nebular He ii λ4686 emission.

This helium recombination line (technically a blended multiplet) is indicative of a

very hard ionizing continuum, as the energy required to strip He+ of its one electron

is 54.4 eV (λ ' 228 Å).

The SDSS DR7 spectroscopic sample consists of all objects targeted in SDSS I

and II. Ignoring the stars and supernovae targeted as part of SDSS-II (SEGUE and

the SDSS Supernova Survey), this sample is equivalent to the SDSS Legacy survey.

The SDSS Legacy Survey selected galaxies, quasars, and luminous red galaxies for

spectroscopic follow-up by making a variety of photometric cuts (Strauss et al.,

2002; Richards et al., 2002; Eisenstein et al., 2001). In particular, the main galaxy

sample is estimated to be complete to >99% for all galaxies in the SDSS footprint

with r-band Petrosian magnitudes r ≤ 17.77 and half-light surface brightnesses

µr,50 ≤ 24.5 mag/arcsec2 (Strauss et al., 2002). In total, the sample contains ∼ 1.5

million spectra collected over ∼ 8000 deg2. While the SDSS spectroscopic sample

is not complete to all dwarf galaxy morphologies (see, for instance, James et al.,

2015), our selection goal was to identify metal-poor objects sufficiently bright and

compact for HST /COS follow-up.

In order to separate AGN from predominantly star-forming galaxies, SB2012 em-

ployed a range of line ratio diagnostics. Shirazi and Brinchmann required a S/N > 3

detection of Hβ, [O iii] λ5007, Hα, and [N ii] λ6584 so as to enable a traditional Bald-
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win, Phillips, and Terlevich (1981, BPT) diagram analysis. In addition, nebular line

diagnostics incorporating He ii were used to place firmer constraints on the hard-

ness of the ionizing spectrum and minimize contamination from AGN. This analysis

identified 2865 He ii detections with linewidths comparable to the strong forbidden

and recombination lines; and 189 with line ratios indicating a predominantly stellar

ionizing spectrum.

The final SB2012 star-forming subsample is overwhelmingly nearby, with the

vast majority located at z < 0.1. The objects span the metallicity range 7.5 <

12 + log10(O/H) < 9.5. They range in character from H ii regions embedded in

larger galaxies to isolated blue compact dwarfs.

We selected ten of these star-forming He ii-emitters to target with HST /COS

UV spectroscopy in the HST program GO 14168 (PI: Stark). Our primary goal was

identifying moderately metal-poor (12 + log10(O/H) ∼ 7.7− 8.2, i.e. Z/Z� ∼ 1/8−
1/3) objects with intense radiation fields. Thus, we selected targets spread evenly

throughout this range. We utilized the gas phase metallicity estimates produced

by SB2012 who used the grid of photoionization models described by Charlot and

Longhetti (2001) to fit the measured emission line fluxes.

In addition, we selected targets such that approximately half showed signs of

Wolf-Rayet (WR) stars in the optical according to SB2012. These stellar wind

signatures are the broad blue and red wind emission bumps located near 4650 and

5808 Å respectively, consisting of blended He ii λ4686, C iv λλ5801−12, and various

metal lines (e.g. Crowther, 2007). While Wolf-Rayet stars have been suggested as

the most likely stellar population to produce the hard ionizing spectrum required for

nebular He ii emission, previous studies have found an unclear association between

this nebular emission and the WR wind bumps at low metallicity (e.g. Shirazi and

Brinchmann, 2012; Brinchmann et al., 2008a; Guseva et al., 2000).

The targets selected for HST /COS observation (see Table 2.1) reside in a vari-

ety of environments, from isolated dwarf galaxies to H ii regions embedded in larger

disk systems; and range in distance from ∼ 10 − 200 Mpc. The final sample of

ten is listed in Table 2.1, and SDSS cutouts for each are plotted in Fig. 2.1. To
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estimate distances, we adopt the local velocity flow model described by Tonry et al.

(2000) with H0 = 70 km s−1 Mpc−1 and check the literature for more robust mea-

surements. The uncertainty in redshift-only distance estimates is dominated by the

random motion of galaxies and by systematic error arising from group assignment.

The inverse model relating observed recessional velocity to distance does not have a

unique solution for objects near the Virgo cluster. In cases where the sky position

and redshift are consistent with Virgo, and no other literature distances or group

assignments are available, we assume a distance of 16.5 Mpc (Mei et al., 2007). A

case-by-case distance analysis is presented in Appendix A.1. Uncertainty in the pro-

cess of distance assignment in this work translates mainly into potential systematic

uncertainty in inferred stellar masses and absolute star formation rates.

Since this work is primarily concerned with understanding the UV spectra of

young star-forming regions, we focus our analysis on the HST /COS aperture. At

these distances, the projected HST /COS aperture radius corresponds to physical

scales ranging from 60 – 1200 pc; but the star formation rate and stellar mass surface

densities within this aperture span a much smaller dynamic range (see Section 2.3).

The bulk properties of the galaxies in which several of our objects are embedded

likely have negligible direct impact on the emergent spectra of the star-forming

regions within the HST /COS aperture, and thus are beyond the scope of this paper.

Selecting systems by high-ionization line emission such as in He ii may result in

a bias towards systems with unusual IMF sampling. As found in Section 2.3.1, the

masses and star formation rates (& 104.7M� and & 10−2M�/yr) of our sample are

above the range where stochastic sampling of the IMF has been previously inferred

to significantly impact UV and Hα emission (e.g. Lee et al., 2009). However, the

impact of stochastic sampling on stellar wind features and the > 54.4 eV continuum

is less clear. We do not expect IMF sampling to have a significant impact on

our interpretation of trends in our sample beyond potentially introducing scatter,

but future work considering these effects will be important especially for detailed

comparisons with stellar population synthesis models (Vidal-Garćıa et al., in prep.).
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SB2

10''

SB36

SB80

SB82

SB110

SB111

SB179

SB182

SB191

SB198

Figure 2.1: SDSS u, g, r montage images centred on our targets. The scalebar is fixed
at 10′′ in length (SB111 is zoomed-in to avoid the edge of the SDSS frame). The
objects span a range of environments, from isolated dwarfs to H ii regions embedded
in larger galaxies.

2.2.2 HST/COS

The HST /COS observations were performed in the NUV at ∼ 1910 Å (with the

G185M grism) and the FUV targeting 1450−1700 Å (G160M) with the 2.5′′ diameter

Primary Science Aperture (PSA). These grisms provide an optimal balance between

spectral resolution and wavelength coverage for our program. The observations

are described in Table 2.1. Wavelength settings were chosen for each target to

provide rest-frame coverage of [C iii] 1907, C iii] 1909 Å; O iii] λλ1661, 1666; He ii

1640; and C ivλλ1548, 1550. The targets were acquired in ACQ/IMAGE mode with

MIRRORA and 43-95 second exposures (adjusted for the GALEX/NUV flux of each

target). The target acquisition images are displayed in Fig. 2.2.

The data were taken in TIME-TAG mode with FP-POS=ALL and

FLASH=YES. These settings allow a flat image to be constructed and minimize

the impact of fixed-pattern noise in the detectors. The data were reduced using

CALCOS 3.1.7 (2016-02-03) and the latest calibration files (as of 2016-07-01) down-

loaded using STSDAS.

Extraction was performed using the default parameters for each detector. The
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SB2

100 pc

SB36

691 pc

SB80

227 pc

SB82

361 pc

SB110

311 pc

SB111

88 pc

SB179

98 pc

SB182

937 pc

SB191

58 pc

SB198

90 pc

Figure 2.2: HST /COS NUV/MIRRORA target acquisition images. The white circle
in each represents the SDSS 3′′ fiber aperture centred on the SDSS coordinates of
the target; and the red circle represents the COS 2.5′′ aperture after centring on
the flux centroid of the image. The 1′′ scalebar is labelled with an estimate of the
comoving distance corresponding to this angle at the redshift of each target.

NUV extraction is performed using the BOXCAR algorithm by default; we con-

firmed that all target flux visible in the 2D NUV corrtag spectra was within the

default extraction box. As our targets are not point sources, we checked to ensure

that the FUV TWOZONE extraction (optimized for point sources) was collecting

all available target flux. To do so, we re-ran the FUV extractions with the BOX-

CAR algorithm after checking to ensure that the box width captured the entirety

of the target trace in the 2D corrtag spectra. The final 1D spectra extracted using

these two methods were virtually indistinguishable, so we chose to use the preferred

TWOZONE output for the FUV data.

The G160M and G185M gratings have dispersions of 12.23 and 34 mÅ/pixel; or

(since the FUV XDL and NUV MAMA have 6 and 3 pixels per resolution element)

73.4 and 102 mÅ/ resolution element. We checked the approximate attained res-

olution of the spectra by fitting narrow Milky Way absorption features. As these

are much more common in the FUV/G160M wavelength range, most of our con-

straints come from this grism. These fits yield line σ (FWHM) of approximately

0.254 Å (0.598 Å) on average, corresponding to approximately 3.5 (8.1) resolution
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elements in the FUV and 2.5 (5.9) resolution elements in the NUV, respectively.

The one-dimensional spectra are binned via boxcar averaging over the length of this

resolution element (or a multiple thereof) to achieve higher S/N per pixel.

2.2.3 MMT

The redshifts of our sample shift [O ii] λ3727 into the SDSS spectral range for only

two galaxies. We obtained supplementary optical spectra for the other eight targets

with the Blue Channel spectrograph on the MMT. These observations were made

with the 1.5′′x180′′ slit and either the 800 or 300 lines/mm grating. The resulting

800 lpm (300 lpm, respectively) spectra have a dispersion of 0.75 (1.96) Å/pixel,

a spectral FWHM resolution measured from the [O iii] lines of approximately 3.3

(6.9) Å, a spatial scale of ∼ 0.6′′pixel along the slit, and all cover the wavelength

range 3200-5200 Å. Data for SB2 and 80 were taken on the night of January 20th,

2016 with the 800 lpm grating at airmass . 1.5 and with (guider) seeing ranging

from 0.9′′ to 1.5′′. The targets SB 179, 110, 82, 191, 198, and 111 were observed

in the second half of the night of January 8th, 2017 with the 300 lpm grating at

airmass . 1.2; seeing reported by the guider remained near 1′′. Arcs were obtained

for each target with the HeAr and HgCd lamp combinations separately to cover the

full observed wavelength range. Standard stars LB 227, GD 108, and Feige 66 were

observed at the beginning, middle, and end of the night (resp.) on January 20th

2016; and Feige 34 was observed on January 8th 2016. Each target was observed

at the parallactic angle to minimize slit loss. The observations are summarized in

Table 2.2. The data was reduced with standard longslit techniques in IRAF1, and

strong line fluxes were compared with the SDSS measurements to obtain an effective

aperture correction for each target.

1IRAF is distributed by the National Optical Astronomy Observatories, which are operated by

the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with

the National Science Foundation.
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Table 2.2: Log of MMT observations from the nights of January 20 2016 and January
8 2017.

SBID Airmass Exposure (s)

January 20 2016
80 1.2 4500
2 1.2 2833

January 8 2017
179 1.1 1200
110 1.1 1200
82 1.2 1200
191 1.0 900
198 1.1 1200
111 1.0 1500

2.2.4 ESI

We also obtained data with the Echellette Spectrograph and Imager (ESI, Sheinis

et al., 2002) on Keck II for our targets. These data were taken with the 1′′x20′′ slit

on March 29, 2016 and January 20–21, 2017 under seeing ranging from ∼ 0.8 – 1.2

arcseconds (see Table 2.3). This yields spectra covering the wavelength range 3900-

10900 Å with approximately 11.5 km/s/pixel dispersion and 0.154 arcseconds/pixel

along the slit.

We reduced the ESI spectra using the ESIRedux code2. Dome flats and HgNeX-

eCuAr lamp exposures were used to perform flat and wavelength calibrations. The

object continuum was used to trace the echelle orders in each exposure, and the

spectra were boxcar-subtracted with a radius of 20 pixels to ensure all object flux

was captured. Since an archival sensitivity curve was used to perform first-order flux

corrections, the final one-dimensional spectra are flux-calibrated only in a relative

sense. These spectra yield an extremely high-resolution view of optical lines, which

is critical in crowded line complexes such as that near He ii λ4686.

2http://www2.keck.hawaii.edu/inst/esi/ESIRedux/

http://www2.keck.hawaii.edu/inst/esi/ESIRedux/
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Table 2.3: Log of ESI observations.

SBID Airmass Exposure (s)
March 29, 2016

110 1.1 8100
82 1.3 9000
191 1.1 5400
198 1.4 4200

January 20, 2017
2 1.6 7200
182 1.4 9000
111 1.1 8100

January 21, 2017
80 1.3 6400
179 1.1 5400
36 1.2 9600

2.2.5 SDSS

Our targets were selected using optical fiber spectra and imaging originally released

in SDSS DR7. We obtained reduced spectra and imaging frames for our objects from

the SDSS archive. The spectra cover approximately the wavelength range 3800-9200

Å at a spectral resolution R ∼ 1800. The fiber diameter is approximately 3′′ on-sky

York et al. (2000). Imaging from SDSS covers 5 filters denoted u, g, r, i, and z,

with central wavelengths ranging from 3551 to 8932 Å.

2.2.6 Line Measurement and Photometry

We use custom fitting software to measure line features in the one-dimensional

spectra. For isolated emission and absorption lines, we adopt a model consisting of a

linear function describing the local continuum plus a Gaussian described by a mean,

total area, and standard deviation. For close doublets and lines with potentially

two different velocity components, we add a second Gaussian to this model (in

the former case, with linewidths enforced to be similar to the first). We define the

Bayesian posterior likelihood function as the product of a χ2 likelihood describing the

data-model difference with a flat prior over physically-plausible ranges of the model
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parameters. To infer parameter values given our model and data, we explore the

resulting posterior distribution using the affine-invariant Markov chain Monte Carlo

(MCMC) ensemble sampler emcee (Foreman-Mackey et al., 2013). After removing

burn-in, we adopt the 16 − 50 − 84 percentiles from the sampler distribution as

our parameter value and error estimates. These fits are initiated with parameters

centred on a guess at the feature to be fit; we adjust burn-in and check the results

visually to ensure the chain has converged on a reasonable model and that the

resulting likelihood functions are not significantly multimodal.

The spectroscopic apertures of COS and SDSS are roughly circular and of-order

the same size (2.5′′ and 3′′ in diameter, respectively); thus aperture photometry is

appropriate for analysis of the broadband properties of the targets. We measure flux

in the SDSS images using a 3′′-diameter circular aperture and estimate the local sky

background within 1′ after sigma-clipping (low 10σ, high 3σ).

2.2.7 Dust Corrections

Correction of attenuation due to dust absorption and scattering is of paramount

concern in the UV. The choice of attenuation model can have a significant effect on

parameters inferred from UV spectral features (see e.g. Wofford et al., 2014). For

fitting photometry and UV spectral features in this paper, we adopt the 2-component

model presented by Charlot and Fall (2000), as described in Section 2.4.

For the purposes of correcting optical emission lines for dust attenuation in

Section 2.3, we adopt a simplified approach. In particular, we utilize extinction

curves rather than an attenuation model, as scattering should have a minimal effect

in the optical over the small field of view probed by the SDSS aperture. First,

we correct for Galactic dust extinction towards each object. Galactic extinction

maps and curves are relatively well-determined; in particular, we use the maps of

Schlafly and Finkbeiner (2011) to determine E(B-V) and assume the RV = 3.1

extinction curve of Fitzpatrick (1999). To estimate the residual intrinsic reddening

of the nebular emission in each galaxy, we measure the Balmer decrement relative to

the Case B recombination value of Hα/Hβ computed with PyNeb (Luridiana et al.,
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2015) for the Te and ne values computed from [O iii] with this software as described

in Section 2.3.2 — we repeat the process of deriving ne, Te, and E(B− V) until

these quantities converge (which occurs within three iterations). The final adopted

values of Hα/Hβ range from 2.78 to 2.86. We adopt the SMC bar average extinction

curve measured by Gordon et al. (2003). The results for optical lines are essentially

unchanged if we instead use the Galactic diffuse average curve of Fitzpatrick (1999),

since these curves diverge significantly only in the UV. These systems are dominated

by young stars, such that correction of the Balmer lines due to underlying stellar

absorption is negligible; the ESI data reveal underlying absorption in Hβ for only

one system (SB 111) at 4% of the total line flux.

For each object, we check that the extinction derived via the Balmer decrement is

consistent with Case B predictions for the other Balmer lines accessible in the SDSS

spectra (Hγ, Hδ). The agreement is good to within a few percent and consistent

with the measurement errors in the line ratios, except in the case of SB 2. The

reddening inferred from Hα/Hβ yields Case B predictions for Hδ and Hγ which are

very inconsistent with the observed values even accounting for reasonable variation

in Te. In addition, the Hα line profile for SB 2 shows an asymmetric redward

extension which accounts for about half the total flux in the line and does not appear

in the other strong nebular lines or in the ESI spectrum of this source. Ignoring Hα

and instead using the ratio of Hβ/Hγ to de-redden the optical yields an intrinsic

E(B− V) in much better agreement with the other objects (c. f. ∼ 0.5 using Hα/Hβ)

and good agreement with Hδ. For the purposes of measuring extinction and other

properties of the nebular gas in this object, we ignore the raw Hα flux and instead

predict it where-necessary from Hβ/Hγ and Case B.

2.3 Results

The UV spectra of star-forming systems are sensitive to both gas conditions as

well as the winds and ionizing spectra of massive stars. In this section, we first

present measurements and physical parameters derived from optical photometry and
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spectra. We then explore the HST /COS UV spectra in the context of these other

measurements. Finally, we present the Keck/ESI optical spectra, which provide a

close look at He ii λ4686 and the Wolf-Rayet stars in these systems.

2.3.1 Bulk Stellar Population Constraints From Photometry

The optical broadband photometry provides constraints on the total stellar mass and

star formation activity. We fit the SDSS photometry using the Bayesian spectral

analysis code beagle3 (Chevallard and Charlot, 2016); this code and the parameter

space explored by the models are described in-detail in Section 2.4. We adopt

a constant star formation history for our analysis as this provides an adequate

fit to the measurements. Incorporating an older stellar population by fitting an

exponentially-delayed plus burst star formation model increases the inferred stellar

mass by 0.4 ± 0.2 dex. Since beagle incorporates nebular line predictions from

cloudy, photometric band contamination from strong optical lines is naturally

and self-consistently modeled. We experiment with excluding the g and r bands

(contaminated by the strong lines Hβ, [O iii]4959, 5007, and Hα) and with including

aperture-corrected GALEX magnitudes (using T-PHOT: Merlin et al., 2015), but

neither have a significant effect on the derived masses or specific star formation

rates. For simplicity and to avoid systematic error due to aperture effects, we present

results from fitting the full set of SDSS photometry only (bands u, g, r, i, and z)

which probe the stellar continuum and strong optical emission lines from ∼ 3500−
9000 Å. A visual inspection confirms that the u, i, and z bands closely approximate

the continuum in the SDSS spectra. The results are displayed in Table 2.4.

The photometric data suggest that the systems are dominated by recently-formed

stars. We infer total stellar masses spanning 2 orders of magnitude, from 105 to 107

M�. The lowest-mass objects log10M?/M� . 5.5 are predominantly giant H ii

regions embedded in nearby disk systems (SB 198, 191, 179; see Fig. 2.1). Adopting

the HST /COS spectroscopic aperture as a rough measure of the size of the star-

forming region probed, the implied stellar mass surface densities span approximately

3http://www.jacopochevallard.org/beagle/
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Table 2.4: Parameter estimates derived from broadband SED fitting with beagle
(see Section 2.4 for details). These measurements indicate that the systems are
low-mass (within the spectroscopic and photometric aperture: log10(M/M�) ∼ 4.7
– 7.5) and dominated by recent star formation, yielding extremely large specific star
formation rates (median sSFR 100 Gyr−1 from photometry only). Note that the
SFR indicated here is measured over the last 10 Myr.

SBID log10(M/M�) log10(SFR/(M�/yr)) τ̂V
2 5.1± 0.0 −1.88± 0.04 0.57± 0.10
36 7.5± 0.2 −0.25± 0.08 0.08± 0.08
80 6.1± 0.1 −0.94± 0.06 0.33± 0.13
82 6.4± 0.1 −0.58± 0.06 0.25± 0.06
110 6.4± 0.1 −0.91± 0.05 0.02± 0.02
111 5.6± 0.2 −2.20± 0.10 0.19± 0.08
179 5.2± 0.1 −1.77± 0.05 0.20± 0.07
182 7.3± 0.1 0.23± 0.04 0.27± 0.05
191 4.9± 0.1 −2.11± 0.07 0.37± 0.07
198 4.7± 0.3 −2.27± 0.12 0.03± 0.04

a half-dex around 106.5M�/ kpc2. They are generally unreddened, with V -band

optical depth to dust τ̂V . 0.6 (corresponding approximately to AV . 0.6). The

derived specific star formation rates (sSFRs) are uniformly high, 10 − 100 Gyr−1,

implying these systems have undergone intense recent star formation. These sSFRs

are comparable to those measured for large samples of local extreme emission-line

galaxies such as the green peas (Cardamone et al., 2009; Izotov et al., 2011), though

our objects are lower in mass than the median for such samples (∼ 109M� total

with 107M� in a recent burst; Izotov et al., 2011). The sSFRs in our sample are

comparable to those inferred for photometric samples at z ∼ 7 (Schaerer and de

Barros, 2010; Stark et al., 2013; Salmon et al., 2015), as well as those inferred from

photoionization modeling of systems at z ∼ 6 − 7 with high-ionization UV line

detections (Stark et al., 2015b; Stark, 2016). Very young local star-forming galaxies

such as these are likely to have moderately metal-poor gas and extreme nebular line

emission reflecting the presence of numerous massive stars.
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2.3.2 Gas Conditions From Optical Spectra

Nebular lines in the optical spectra provide information about the ionization state,

physical conditions, and composition of the gas. We report diagnostic line ratios

as well as several derived parameters in Tables 2.5 and 2.6. In these tables and in

the rest of the paper (unless explicitly stated), all equivalent widths are measured

in the rest-frame. In these tables and in deriving quantities in this section, all line

measurements are from SDSS with the exception of [O ii] λ3727, which is measured

in the MMT spectra where noted. For measurements involving [O ii], we scale the

MMT [O ii] flux by the median ratio of strong lines measured in both SDSS and

MMT for aperture correction. This correction factor varies by < 10% between lines

spanning 3900 − 5000 Å for each object; we add an additional 10% uncertainty

in-quadrature to the measured [O ii] λ3727 uncertainty to account for this aperture

correction.

We use the direct-Te method to measure gas-phase oxygen abundances. In par-

ticular, we determine the electron temperature and density appropriate for singly

and doubly ionized oxygen separately using the getCrossTemDen method provided

by PyNeb (Luridiana et al., 2015). For O ii and O iii, we fit a temperature-

sensitive line ratio ([O ii] λλ3726, 3729 / [O ii] λλ7320, 7330 and [O iii] λ4363 /

[O iii] λλ4959, 5007, respectively) alongside the density-sensitive [S ii] λ6731 / [S ii]

λ6716 doublet. We adopt the most up-to-date atomic and collisional data packaged

with PyNeb for the three species involved, since adjustments to these quantities

can have a significant impact on the gas properties derived using forbidden-line

diagnostics (e.g. Sanders et al., 2016). We use collision strengths from Tayal and

Zatsarinny (2010) for [S ii], Kisielius et al. (2009) for [O ii], Storey et al. (2014) for

[O iii]; and atomic data from Froese Fischer and Tachiev (2004) for [O ii] and [O iii]

alongside Tayal and Zatsarinny (2010) for [S ii]. With Te and ne measured directly

for [O ii] and [O iii] in-hand, we then compute total gas-phase oxygen abundance

from the [O ii] λλ3726, 3729 and [O iii] λλ4959, 5007 fluxes relative to Hβ using

the getIonAbundance method in PyNeb. Uncertainties are propagated through this
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process by repeating the computation with resampled line fluxes from the line fit

posterior distributions. As described in Section 2.2.7, we compute the intrinsic Case

B Balmer spectrum used to estimate extinction with these Te, ne values, and iterate

until convergence. In addition, we infer star formation rates from the Hα luminosi-

ties by converting to an ionizing photon luminosity above 13.6 eV assuming Case

B using the PyNeb-derived Te and ne, applying the ratio between ionizing photon

luminosity and SFR derived from a Z�/5 constant star formation history model

at 100 Myr with a Chabrier (2003) IMF produced with beagle (Chevallard and

Charlot, 2016). This is then compared to the stellar masses inferred from photomet-

ric SED fitting assuming the same IMF and a constant star formation history (see

Table 2.4) to derive specific star formation rates. We present total oxygen abun-

dances, Te(O iii), ne(S ii), and specific star formation rates derived in this manner

in Table 2.6.

The direct-Te method as-applied has the advantage of being independent from

photoionization modeling and assumptions about the ionizing spectrum, but has

some limitations. For simplicity, we ignore contributions from O3+ in this direct

metallicity computation as we lack access to any lines from this species. Izotov

et al. (2006) provides an approximate correction formula for this species based upon

the He2+/He+ ionic abundance; using the nebular He ii λ4686 / He i λ6678 ratio

measured in the high-resolution ESI data (dust-corrected, ≤ 2.2) and the abun-

dance formulae provided by Benjamin et al. (1999), we find He2+/He+ ≤ 0.06, and

a negligible . 0.01 dex correction to our derived oxygen abundances. Recently, Paal-

vast and Brinchmann (2017) described a systematic offset towards lower Te-derived

metallicities at very low star formation rates due to stochastic IMF sampling; but

they predict this effect to be negligible (� 0.1 dex) at the star-formation rates

probed here (& 10−2M�/yr). Finally, this method implicitly assumes a simplified

two-zone ionization structure; but note that the metallicities derived here are in

reasonable agreement with those derived from full photoionization modeling of the

strong UV and optical lines, as described in Section 2.3.3.

The optical line measurements confirm the extreme nature of these objects. The
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Figure 2.3: The relevant segment of the BPT diagram depicting our sources (red)
and the log-histogram of SDSS galaxies with S/N> 3 in each of the relevant lines
(background density plot). The maximum starburst lines of Kewley et al. (2001, the-
oretical) and Kauffmann et al. (2003, empirically-modified) are displayed as dashed
lines. Our galaxies lie in the extreme tail of the star-forming sequence, with very
high [O iii]/Hβ ratios.
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strength of Hα and [O iii] are very different from typical nearby galaxies. The star

formation rates inferred from Hα validate the very large specific star formation

rates suggested by the SED fits (Table 2.4), spanning the range 20 − 300 Gyr−1.

Our objects all have >500 Å equivalent width [O iii] λλ4959, 5007 and &100 Å

Hβ emission, placing them securely in the realm of rare z ∼ 0 extreme emission

line galaxies (e.g. Cardamone et al., 2009; Izotov et al., 2011). While rare at low-

redshift, optical equivalent widths of the magnitude observed here have been inferred

routinely from IRAC band contamination in systems at z & 7 (e.g. Labbé et al.,

2013; Smit et al., 2014; Huang et al., 2016; Roberts-Borsani et al., 2016). As for the

photometric measurements above, this suggests that the relative intensity of star

formation in these systems is comparable to that occurring in UV-selected galaxies

at high-redshift.

The gas in these systems is both metal-poor and highly ionized. The direct-

temperature metallicities range from 12+log10(O/H) ∼ 7.8−8.5, i.e.∼ Z�/8−Z�/2.

In the BPT diagram (Fig. 2.3), they lie in the extreme tail of the star-forming

sequence towards low [N ii]/Hα and high [O iii]/Hβ. Our objects show no signs

of a deviation from the local SDSS star-forming locus towards higher [N ii]/Hα

as observed at z ∼ 2 − 3 (e.g. Steidel et al., 2014; Shapley et al., 2015; Sanders

et al., 2016; Kashino et al., 2017; Strom et al., 2017); note that this is a natural

consequence of their selection using BPT diagram cuts designed to select z ∼ 0 star-

forming galaxies (Shirazi and Brinchmann, 2012). The quantity O32 = [O iii] λ4959

+ λ5007 / [O ii] λλ3727, 3729, a proxy for the ionization parameter (or density of

ionizing radiation), is also significantly larger than in typical star-forming galaxies

nearby. The O32 ratio ranges from 2 to 10 in our sample with a median of 6, whereas

the vast majority of nearby SDSS galaxies present O32 . 1 (e.g. Sanders et al., 2016)

at similar R23 (= [O iii] λ4959 + λ5007 + [O ii] λλ3727, 3729 / Hβ). These extreme

O32 values indicate that the gas in these objects is exposed to ionizing radiation from

very recently formed stars, and may imply significant Lyman continuum escape (e.g.

Jaskot and Oey, 2013; Izotov et al., 2016; Stasińska et al., 2015).

The photometry and optical spectroscopy together reveal systems dominated
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by recent star formation (sSFR ∼ 100 Gyr−1) with little intrinsic dust reddening

(E(B− V) . 0.1) and extreme optical line emission (O iii] λλ4959, 5007 EWs ∼
500 − 2500 Å). Systems with comparable properties observed in the rest-UV at

z ∼ 2 reveal strong UV nebular emission, with C iii] emission reaching EWs of ∼ 15

Å (e.g. Erb et al., 2010; Stark et al., 2014); and at the highest redshifts, similarly

strong C iii] and even more extreme C iv at ∼ 40 Å (Stark et al., 2015a,b, 2017;

Mainali et al., 2017). Though strong UV nebular emission appears to be common

at the highest redshifts, the stellar populations which power it and its dependence

on bulk galaxy properties (metallicity, ionization parameter) remain unclear.

2.3.3 The UV Spectra

The HST /COS FUV and NUV spectra reveal extreme nebular emission and strong

stellar features from the winds of massive stars. Despite the fact that the systems are

uniformly undergoing extreme star formation (sSFR & 20 Gyr−1), there is significant

variation in their UV nebular properties. We plot the spectra in Fig. 2.4 with key

features highlighted; and present nebular line measurements in Tables 2.7 and 2.8.

Figure 2.4 highlights a clear metallicity trend in the UV spectra. Above 12 +

log O/H > 8.1, the average object is characterized by prominent stellar wind features

— deep C iv λλ1548, 1550 P-Cygni stellar wind features (dominated by massive O

stars) and broad He ii λ1640 emission (produced in the dense, highly-ionized winds

of WR stars and very massive OIf supergiants). The stellar winds of O stars are

driven by metal line opacities and observed via a carbon transition, and are thus

inherently metallicity-dependent. The winds of WR stars likely depend similarly on

metallicity — we discuss these winds in more detail in Sec. 2.5.3. The most extreme

nebular lines (He ii, C iv) are undetected in this metal-rich subset. In contrast, the

spectra of the more metal-poor objects (12 + log O/H . 8.0) show weak stellar C iv

and He ii features and are instead dominated by nebular emission in C iii, C iv, and

He ii.

We discuss the UV spectrum of each object in the context of their optical mea-

surements individually below, in order of decreasing gas-phase direct-Te metallicity.
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Figure 2.4: The HST /COS spectra obtained for our systems, ranked by gas-phase
metallicity obtained via the direct method applied to the optical oxygen lines (see
Sec. 2.3.2). The spectra have been median-normalized and offset vertically for dis-
play; and the key metal lines (C iv, He ii, O iii], C iii]) are highlighted. The relatively
metal-poor objects (left panel, 12+log10 O/H . 7.9) show extreme emission in these
lines, with the C iii] doublet reaching equivalent widths ∼ 15 Å and nebular He ii,
C iv appearing in four of the five, emission rarely seen in typical star-forming galax-
ies. In contrast, above this metallicity the spectra show relatively weak nebular
emission (except C iii], which still reaches equivalent widths ∼ 10 Å in SB 179 and
191) and are increasingly dominated by stellar wind features in C iv and He ii.
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The most metal-rich object in our sample (at 12 + log O/H = 8.48, or Z�/2) is

SB 198, a star-forming region of stellar mass 104.7M� embedded in a spiral galaxy

at 16.5 Mpc. The UV spectrum of this object is dominated by the C iv P-Cygni

feature. For this and all following objects, we quantify the strength of the C iv wind

feature by integrating the absorption component over 1528–1551 Å, with continuum

defined as a linear fit to flux on either side of this interval. Before integrating this

feature, we subtract Gaussian fits to any nebular (σ < 200 km/s) C iv emission

and absorption present with continuum defined as a local linear model, and smooth

via Fourier filtering to resolution > 200 km/s to remove residual MW absorption

features. This results in a C iv absorption equivalent width of−5.2±0.2 Å. The C iii]

doublet is detected at 3 Å EW, but the O iii] lines are not. Despite an extremely

large sSFR of 150 Gyr−1, the system shows a very low O32 of 1.7 and comparatively

minimal UV nebular emission.

The next most metal-rich object is SB 179 at 12 + log O/H = 8.35. This is an-

other giant H ii region / super star cluster complex embedded in a larger disk system

at 25 Mpc, with a correspondingly low mass (105.2M�). The UV spectrum reveals

a prominent C iv P-Cygni stellar feature and clear nebular emission from C iii] and

O iii]. The C iv absorption equivalent width is measured at −5.6, comparable to

that of SB 198. However, SB 179 shows prominent broad stellar He ii emission as

well, as expected given the detection of broad wind emission in the optical SDSS

spectra (see Table 2.1 and Shirazi and Brinchmann, 2012). This wind emission is

indicative of a substantial population of Wolf-Rayet stars, which we discuss in more

detail in Section 2.3.4. A two-component fit to He ii λ1640 identifies purely broad

1600 km/s FWHM emission with equivalent width 3.1+0.3
−0.7 Å. Strong C iii] is detected

in this system at 8.7 Å equivalent width.

The next most metal-rich object in our sample (at 12 + log O/H = 8.30) is SB

191, a 104.9M� star-forming region in a barred-spiral at 10 Mpc. SB 191 is marked

by very prominent stellar C iv and He ii features in the FUV, similar to SB 179. The

C iv stellar absorption in the spectrum of SB 191 has EW −6.7±0.1 Å; and the He ii

stellar emission fit yields equivalent width 4.3 ± 0.4 Å — one of the largest values
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attained in nearby star-forming regions (c.f. Wofford et al., 2014; Smith et al., 2016).

Nebular O iii] λ1661 is detected at equivalent width 0.7 Å, but the 1666 component

of the doublet is contaminated by an Al ii MW absorption line. The C iii] doublet

is very prominent, with an equivalent width of 11 Å. Neither nebular He ii or C iv

is detected to a 3σ upper-limits of 0.5 Å. This object has the largest Hβ equivalent

width in our sample at 400 Å (sSFR of 130 Gyr−1), and an extremely large O32

of 10, further confirming that this object is undergoing a rapid buildup of massive

stars.

SB 80 at 12 + log O/H = 8.24 is another embedded H ii region, this time at 46

Mpc with stellar mass 106.1M�. The UV spectrum shows clear stellar He ii (3.1±0.3)

and stellar C iv absorption (−4.3 ± 0.2). The only nebular lines detected are the

O iii] doublet at 2.2 Å combined EW (with a 3σ upper limit to C iii] < 4 Å). The

O32 ratio of this system is quite low relative to the rest of the sample at 3.7, implying

a relatively low ionization parameter.

SB 110 is an isolated compact system (63 Mpc, 106.4M�) at 12+log O/H = 8.17.

Stellar He ii emission is visible, though significantly less obvious than in SB 191 and

179. The C iv P-Cygni absorption has about the same depth as SB 80, at −4.4

Å. The C iii] doublet is undetected at . 3σ (< 3 Å), making O iii] 1666 the only

confidently-measured nebular line at EW 0.5 Å.

The next system, SB 182, presents a substantially different UV spectrum. This

object is at gas-phase metallicity 12 + log O/H = 8.01, or Z/Z� ' 1/5. It is an

isolated compact galaxy with the second-highest mass (107.3M�) of the sample. At

a distance of 191 Mpc, the HST /COS aperture radius subtends the largest physical

scale probed by our UV spectra: ∼ 1.2 kpc. The UV stellar features have nearly

disappeared (stellar C iv absorption EW > −1.5 Å and no clear stellar He ii), and

the HST /COS spectra are instead characterized by intense nebular emission. The

C iii] doublet reaches 13 Å and O iii] λ1666 nearly 2 Å. In addition to C iii] and

O iii] emission, we now see nebular He ii (at EW 0.95 Å) and nebular C iv (doublet

combined EW 1.5 Å). The presence of nebular He ii emission (requiring substantial

flux < 228 Å) and the large ratio O32 = 5.4 suggest both a large ionization parameter
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and hard ionizing spectrum.

SB 36 (12 + log O/H = 7.92) is another isolated system (141 Mpc away) with

similar stellar mass (107.5M�) to SB 182. Its lower Hβ EW (93 Å compared to

150 Å in SB 182, the second-lowest in the sample) presages its weaker UV nebular

spectrum. Both C iii] (EW ∼ 5 Å) and O iii are detected; but nebular C iv and

He ii are not (< 0.4 Å EW).

SB 82 (12 + log O/H = 7.91), a compact galaxy with 106.4M� in stars at 76

Mpc, shows extreme UV emission. Though there is some hint of a C iv P-Cygni

feature (equivalent width of absorption 1.5±0.1 Å), C iv nebular emission is clearly

present (at combined EW 1.1 Å). We also detect nebular He ii λ1640 at EW 0.5

Å (the nearby MW absorption line does not impact this measurement; we fit it

simultaneously with the nebular emission). The C iii] doublet is measured at 12 Å

EW. The extreme O32 ratio of 9 measured for this system is similar to the relatively

metal-rich object SB 191, but here both nebular C iv and He ii are confidently

detected alongside the strong C iii] emission.

The first of the two most metal-poor systems, SB 2 (12 + log O/H = 7.81,

∼ Z�/8), is comparable to SB 82 and 182 in its UV spectrum. This BCD component

is closer (19 Mpc) and lower in mass (105.1M�) than SB 82 and 182; and presents

very strong Hβ (EW of 270 Å) and large O32 = 7.5. The C iii] EW achieved is the

highest in this sample, at nearly 15 Å. Both nebular He ii and C iv are detected,

with He ii at 1.7 Å and C iv at 0.5 Å combined EW.

Finally, SB 111 is a low-mass (105.6M�) compact galaxy 16 Mpc away and also

at gas-phase metallicity 12+log O/H = 7.81. The UV spectrum shows nebular He ii

(1.4 Å) and C iv (combined 0.65 Å), as well as O iii] (with a strong 1666 component

at 2.7 Å); yet C iii] is undetected (< 4 Å EW). The detection of both C iv and He ii

suggest that SB 111 has significant hard ionizing flux beyond ∼ 50 eV.

Before discussing fits to the full UV spectra (Sec. 2.4), we examine the measured

nebular emission in C iv, C iii], and O iii] in the context of photoionization modeling.

These line provide a nearly direct estimate of the relative abundance of carbon in

the ISM (e.g. Garnett et al., 1995), and together with the strong optical lines paint a
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clearer picture of the state of ionized gas in these objects. We compare the measured

fluxes of nebular C iv λλ1548, 1551, O iii] λλ1661, 1666, and C iii] λλ1907, 1909

along with [O iii] λλ4959, 5007, [O iii] λ4363, [O ii] λ3727, Hα, and Hβ to the grid

of models described by Gutkin et al. (2016). The main adjustable parameters of this

model are described in Gutkin et al. (2016) and Section 2.4 below; in particular, here

we allow C/O, the density of the photoionized ISM nH, the upper-mass cutoff of the

IMF mup, and the typical ionization parameter of newly-formed H ii regions US to

vary. We adopt a simplified version of the attenuation model described by Charlot

and Fall (2000) in this analysis, assuming a slope λ−1.3 in birth clouds and λ−0.7 in

the ambient ISM. For simplicity, we adopt a constant star formation model fixed

at an age of 100 Myr. We derive parameter estimates and 68%-confidence intervals

for US, C/O, and τ̂V using a χ2 analysis; the results are displayed in Table 2.9.

These strong emission lines are very well-fit by this model, and prefer gas-phase

metallicities and attenuation optical depths in good agreement with those measured

above, with median offset from the direct-Te measurements of 0.2 ± 0.4 dex. In

addition, this modeling suggests that the gas in these systems is highly-ionized

(−4 < logUS < −2) and subsolar in carbon abundance (−1.4 . log(C/O) . −0.5).

Note that while this method of deriving C/O differs from the Te method applied

by Berg et al. (2016), it is similar to the method of Pérez-Montero and Amoŕın

(2017, found to be consistent with Te) and the bulk range of derived abundances is

consistent with that found for galaxies of similar metallicity using these methods. We

discuss implications of the derived C/O measurements in more detail in Section 2.5.1

below.

2.3.4 The ESI Spectra

As hot massive stars, Wolf-Rayet (WR) stars may be an important source of the

ionizing radiation necessary to power the observed UV nebular emission. The

HST /COS spectra reveal strong stellar He ii λ1640 emission in several systems

(Fig. 2.4). In particular, three objects above 12 + log O/H > 8.2 have broad 1600

km/s FWHM He ii components with equivalent widths > 2 Å (SB 80, 191, 179). To
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Table 2.9: Parameter estimates derived from comparison of strong optical and neb-
ular C iv, O iii], and C iii] UV emission line fluxes to the Gutkin et al. (2016) stellar
photoionization model grid.

SBID logUS log(C/O) τ̂V
2 −4.00+0.25

−0.25 −1.36+0.06
−0.06 0.00+0.05

−0.05

36 −2.75+0.17
−0.17 −0.81+0.09

−0.24 0.19+0.11
−0.06

80 −2.75+0.17
−0.17 −0.74+0.35

−0.54 0.26+0.26
−0.12

82 −2.25+0.17
−0.17 −0.52+0.04

−0.04 0.53+0.04
−0.18

110 −2.75+0.17
−0.17 −0.68+0.17

−0.38 0.07+0.08
−0.05

111 −2.74+0.18
−0.18 −1.02+0.23

−0.07 0.12+0.11
−0.08

179 −3.25+0.17
−0.17 −1.01+0.23

−0.07 0.05+0.03
−0.03

182 −2.75+0.17
−0.17 −0.75+0.10

−0.07 0.22+0.05
−0.08

191 −2.25+0.17
−0.17 −0.74+0.10

−0.07 0.00+0.09
−0.05

198 −3.25+0.17
−0.17 −0.80+0.13

−0.25 0.13+0.17
−0.12

further characterize the WR populations present and ultimately assess their impact

on the UV spectra, we also investigate WR emission in the deep optical ESI data.

WR stars are O stars stripped of their outer layers of hydrogen and observation-

ally defined by the presence of broad emission lines from highly-ionized winds (e.g.

Crowther, 2007). This includes lines of helium and nitrogen (CNO cycle) as well as

carbon and sometimes oxygen (triple-α process) — nuclear processed material being

swept-off the exposed core of a massive star. The WR class is subdivided primarily

into two categories. WN stars are dominated by lines of helium and nitrogen from

hydrogen burning, especially He ii 1640, 4696. In contrast, WC stars primarily show

carbon emission, particularly C iv λ5808. The relative numbers of these subtypes

can inform understanding of how these stars are produced — likely some combina-

tion of wind-driven mass loss and binary mass transfer at low metallicity (e.g. Conti,

1976; Maeder and Meynet, 1994; Schaerer and Vacca, 1998; Eldridge and Stanway,

2009). Very massive OIf supergiants can also contribute to broad He ii emission

during their hydrogen-burning main sequence lifetime, as they drive similar dense

ionized winds during this time (e.g. Crowther et al., 2016; Smith et al., 2016).

The impact of WR and WR-like stars on high-ionization emission remains un-

clear. The Lyman continuum flux from WR stars is generally comparable to that
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of O stars, but the contribution to He+-ionizing flux may be substantial for the

hottest WR stars (Crowther, 2007). Stellar population synthesis models often pre-

dict a boost in photons beyond < 228 Å in the short timespan when WR stars are

active (e.g. Schaerer and Vacca, 1998; Leitherer et al., 1999; Vidal-Garćıa et al.,

2017), suggesting they may play a large role in powering high-ionization nebular

emission. However, previous observational studies have found nebular He ii emis-

sion without accompanying WR signatures (e.g. Garnett et al., 1991; Brinchmann

et al., 2008a; Shirazi and Brinchmann, 2012). Determining the impact these stars

have on UV nebular emission is critical for interpreting UV lines at high-redshift.

The resolution of the ESI data allow us to confidently identify broad FWHM

> 150 km/s emission in the He ii λ4686 Å line. We plot the ESI spectra centred

on this line in Fig. 2.5. The results of a simultaneous fit to the broad and narrow

components to the lines are displayed in Table 2.10; since the region around this

transition is crowded with other nebular lines, we use median-filtering (with kernel

size 10 Å) to better represent the continuum beyond 25 Å from line centre. As

seen for He ii λ1640 with HST /COS (Sec. 2.3.3), the ESI data reveal a range of

He ii λ4686 nebular strengths; from undetected to He iiλ4686/Hβ ' 4× 10−3. Two

systems (SB 179 and 191) reveal purely stellar He ii emission, mistaken in low-

resolution SDSS spectra for nebular. Broad components are detected only in the

five most metal-rich systems, above 12 + log O/H > 8.1 (Z/Z� > 1/4). These

are uniformly measured at 1200 km/s FWHM, with fluxes relative to Hβ ∼ 10−2

(Table 2.10). We also investigate the dominant line emitted by WC stars, C iv

λ5808 Å. This line is detected at & 3σ in four galaxies (80, 110, 179, and 191) with

5− 15% the stellar He ii λ4686 flux.

We can also constrain the number of WR stars relative to O stars present in

these systems. This measurement comes with a significant caveat: since WR winds

are metallicity-dependent (discussed further in Sec. 2.5.3), we must use a scaling

relation to estimate the wind line luminosity of WN and WC stars at the gas-phase

metallicity of each galaxy. The resulting number estimates are subject directly to

systematic uncertainties in these wind scalings, which are presently calibrated with
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individual SMC and LMC stars (Crowther and Hadfield, 2006). For simplicity, we

assume that only WN stars are present — the flux of the C iv λ5808 stellar feature

(using the wind luminosity scalings below) implies very small WCE/WNL ratios

< 10%. This is consistent with expectations from population synthesis models

(e.g. Eldridge and Vink, 2006) that at these metallicities stripping is insufficient to

reach He-burning products.4. In this simple calculation we do not correct for OIf

supergiants, as we are primarily interested in the relative number of massive stars

driving dense ionized winds. Using the simple linear metallicity relation derived by

López-Sánchez and Esteban (2010) from the models of Crowther and Hadfield (2006)

to predict the line luminosity of a single WNL star, we estimate the ratio of WNL

stars to the equivalent number of O7V stars derived from Hβ. For the five galaxies

in which the stellar 4686 line is detected in our ESI spectra, we obtain a ratio of

WR/O ' 0.04− 0.1 (see Table 2.10). The remaining systems, at metallicities below

12+log O/H < 8.1, appear to harbor smaller proportions of WR stars, . 0.05. These

results are broadly consistent with that derived for larger samples of WR galaxies

and with the predictions of binary population synthesis models (e.g. Brinchmann

et al., 2008b; López-Sánchez and Esteban, 2010).

2.4 Full UV Spectral Synthesis

Stellar population synthesis coupled with photoionization modeling has become a

commonplace tool in the analysis of galaxy spectra. However, comprehensive tests

of this mode of analysis with typical datasets is difficult. In particular, while much

work has been done to quantify the performance of different population synthe-

sis models on photometric data (e.g. Wofford et al., 2014) and on integrated-light

spectra probing older stellar populations (e.g. Bruzual and Charlot, 2003; Schiavon

et al., 2004; Conroy et al., 2009), tests in the regime of young stellar populations

dominated by massive stars and nebular emission are comparatively few. Recently,

4However, it is important to note that SDSS samples will likely be biased against purely WC-

dominated systems as the dichroic split occurs at 5900− 6100 Å, near C iv λ5808 for low redshift

galaxies.
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Figure 2.5: Cutouts of Keck/ESI optical spectra centred on the He ii λ4686 line for
all ten objects, ordered by gas-phase direct-Te metallicity. The more metal-poor
galaxies in our sample tend to show stronger nebular emission and weaker broad
stellar components, which suggests evolution in both the stellar winds and ionizing
spectral slope with metallicity.
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Table 2.10: He ii stellar and nebular fluxes measured from simultaneous two-
component fits to the ESI data. The WR to O star ratio is estimated as described
in Sec. 2.3.4. Upper limits represent the 84th-percentile confidence interval.

SBID He ii λ4686 / Hβ He ii λ4686 / Hβ N(WR)/N(O)
nebular (x103) stellar (x103)

2 13.0± 0.6 < 3.4 < 0.02
36 14.6± 0.5 < 13.3 < 0.06
80 3.1± 0.3 12.0± 0.9 0.05
82 8.5± 0.2 < 6.4 < 0.03
110 15.3± 0.5 22.6± 1.6 0.09
111 39.4± 1.3 < 5.9 < 0.03
179 < 1.4 14.8± 1.1 0.05
182 12.4± 0.6 < 4.6 < 0.02
191 < 1.4 13.5± 1.2 0.05
198 4.3± 0.3 12.0± 1.2 0.04

joint analysis of optical and UV stellar and nebular features at z ∼ 2 has become

possible (Steidel et al., 2016), revealing significant discrepancies between inferred

stellar and nebular abundances; but at these distances, this analysis can only be

performed on stacked spectra or a small number of lensed systems. The data pre-

sented here provide a rare opportunity to test these tools and the underlying stellar

models by fitting jointly both nebular emission and the wind features of the massive

stars present in individual galaxies, covering a range of metallicities and UV spectral

properties.

Here we present our initial results obtained by fitting the COS spectra of the

10 galaxies in our sample, while more extensive modeling results of these data will

be presented in a companion paper (Chevallard et al. 2017, in-prep). We fit, pixel

by pixel, the full HST /COS UV spectrum of each object, with the goal of match-

ing both strong stellar and nebular features simultaneously. To achieve this we use

the Bayesian spectral interpretation tool BEAGLE (Chevallard and Charlot, 2016),

which incorporates in a flexible and consistent way the production of radiation in

galaxies and its transfer through the interstellar and intergalactic media. Before

running the fitting, we remove ISM and MW absorption features and smooth the

spectra to a uniform resolution of 2.3 Å FWHM, appropriate for comparison to the
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stellar templates. We rely on the full set of models of Gutkin et al. (2016) which

combine the latest version of the Bruzual and Charlot (2003) stellar population syn-

thesis model with the standard photoionization code cloudy (Ferland et al., 2013)

to compute the emission from stars and the interstellar gas. In particular, the neb-

ular emission is computed following the prescription of Charlot and Longhetti 2001,

where the main adjustable parameters of the photoionized gas are the interstellar

metallicity, ZISM, the dust-to-metal mass ratio, ξd (which characterizes the depletion

of metals on to dust grains), and the typical ionization parameter of newly ionized

H ii regions, US (which characterizes the ratio of ionizing-photon to gas densities

at the edge of the Stroemgren sphere). We consider here models with hydrogen

density nH = 100 cm−3 and C/O abundance ratios ranging from 0.1 to 1.0 times

the solar ratio [(C/O)� ≈ 0.44]. Finally, we describe attenuation by dust using the

2-component model of Charlot and Fall (2000).

Following Section 3.3, we adopt a constant star formation history of variable

age, where we let the age freely vary in the range 6.0 ≤ log(age/yr) ≤ 9, finding

negligible differences in the results when adopting a more complex SFH. We adopt

a standard Chabrier (2003) initial mass function and we test two different values for

the upper mass cutoff, 100 and 300 M�. We further adopt the same metallicity for

stars and star-forming gas (Z = ZISM) and assume that all stars in a galaxy have

the same metallicity, in the range −2.2 ≤ log(Z/Z�) ≤ 0.25. We let freely vary the

dust-to-metal mass ratio and the ionization parameter in the ranges 0.1 ≤ ξd ≤ 0.5

and −4 ≤ logUS ≤ −1 respectively. We consider V -band dust attenuation optical

depths in the range 0 ≤ τ̂V ≤ 5 and let the fraction of this arising from dust in the

diffuse ISM rather than in giant molecular clouds freely vary in the range 0 ≤ µ ≤ 1.

In Fig. 2.6 we show an example of a fit to a relatively metal-rich galaxy (SB

191; direct-Te 12 + log O/H = 8.3) and one of the most metal-poor systems (SB

2; direct-Te 12 + log O/H = 7.8). The stellar C iv and He ii and nebular C iii],

O iii], and C iv are reproduced very well in all cases while the prominent nebular

He ii emission in SB 2, 182, and 111 is difficult to achieve. Increasing the maximum

allowed stellar mass Mup to 300 M� increases the strength of nebular He ii, and
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Figure 2.6: beagle fits to the HST /COS UV spectra of two representative galaxies
from our sample. The observed UV spectra are displayed in shades of green, and
the maximum a posteriori estimation model is displayed as a thicker orange line
(note that ISM/MW absorption lines were removed and the data was smoothed
before fitting). The models are able to simultaneously reproduce well both stellar
and nebular features in both cases, with the exception of nebular He ii λ1640. The
extremely strong stellar He ii in SB 191 (and SB 179) is matched very well. However,
the prominent nebular He ii in SB 2 (and SB 111, 182) is not reproduced by the
fiducial models without invoking extremely low metallicities inconsistent with the
optical spectra.

does allow the emission in SB 111 to be fit; but only for extremely low metallicity

12 + log O/H ' 6.5 inconsistent with the optical data. These fits will be explored in

quantitative detail in Chevallard et al. (2017, in-prep). We discuss the discrepant

nebular He ii empirically below.

2.5 Discussion

Spectroscopy of local star-forming galaxies in the UV provides an important em-

pirical baseline for interpreting observations at high redshift and informs our un-

derstanding of low-metallicity stellar populations. Deep observations at both z ∼ 2

and now z ∼ 6 − 7 have revealed emission in C iii] and C iv far stronger than in

typical star-forming systems at low redshift. The gas properties and stellar popula-
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tions necessary and sufficient to power such high-ionization emission remain unclear,

especially with limited existing data below Z�/3. In Section 2.5.1 we discuss the

empirical properties of the strong UV line emitters and the potential utility of UV

nebular emission as diagnostics of physical conditions in the reionization era. Then

we discuss the shape of the ionizing spectrum inferred from the nebular emission in

Section 2.5.2, before addressing directly the possible sources of the necessary flux in

Section 2.5.3.

2.5.1 Characterizing Strong UV Line Emitters

Detections of strong C iii], C iv, and other high-ionization lines in the reionization

era represent a new opportunity. Since they originate from species with ionization

potentials in the range of extreme-UV photons, they are more sensitive to the most

extreme radiation emitted by young metal-poor stellar populations. This sensitivity

also makes these lines challenging to interpret — without an observational baseline,

the results of photoionization modeling will be subject to substantial systematic

uncertainties. To draw robust inferences about reionization-era galaxies from rest-

UV nebular emission, we must develop an empirical understanding of the stellar

populations and gas conditions which support these lines. This in turn requires a

local sample of extreme UV line emitters to which photoionization modeling and

high-redshift observations can be compared.

Nearby star-forming galaxies with high-ionization UV emission comparable to

that seen at z > 6 have proved mostly elusive. Archival studies focused on select-

ing UV-bright star-forming galaxies have not yet identified a significant population

analogous to that observed at z ∼ 7. Individual galaxies at z ∼ 6− 7 have revealed

C iii] at rest-frame equivalent widths in-excess of 20 Å (Stark et al., 2015a, 2017)

and C iv at ∼ 20 − 40 Å (Stark et al., 2015b; Mainali et al., 2017). Only seven

(one) star-forming galaxies with secure C iii] equivalent widths > 10 Å (> 15 Å,

respectively) have been found by FOS, GHRS, IUE, and COS; and only three with

detections of nebular C iv 5.

5As discussed in Appendix A.2, this ignores two star-forming regions in the LMC and SMC
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The ten star-forming galaxies presented here include four new extreme > 10 Å

C iii] emitters, including the second highest C iii] equivalent width detected locally

at 15 Å (SB 2). In addition, our data constrain both stellar and nebular C iv and

He ii. Four of our UV spectra reveal clear nebular C iv and He ii in emission, which

(together with three strong emitters from the sample presented by Berg et al., 2016)

allows us to conduct the first thorough analysis of these extreme UV lines in nearby

star-forming galaxies. The detection rate of UV nebular emission in this sample

selected to show He ii emission in the optical is extremely high, with O iii] detected

in all but one; yet even in this sample we see a wide range of UV nebular properties.

We expect metallicity to play a role in modulating UV nebular emission. Metal-

poor gas cools less efficiently, leading to higher electron temperatures and stronger

collisionally-excited emission; and lower metallicity stars evolve to hotter effec-

tive temperatures with weaker winds, yielding harder emergent stellar spectra (e.g.

Schaller et al., 1992; Schaerer, 2003). Previous authors have found unclear trends

between C iii] equivalent width and metallicity, focusing on the large scatter at

fixed metallicity (e.g. Bayliss et al., 2014; Rigby et al., 2015). In Figure 2.7, we

plot the C iii] doublet equivalent widths versus gas-phase metallicity for our sample

as well as for archival local data gathered from IUE, GHRS, FOS, and COS (see

Appendix A.2). There is a striking transition with metallicity evident in these local

galaxies. Above 12 + log O/H & 8.4, C iii] equivalent widths do not exceed ∼ 5 Å,

and only reach a median of 0.9 Å. Below this metallicity (Z/Z� . 1/2), the median

increases by a factor of five (to 5.0 Å), and individual systems display extremely

strong emission ∼ 15 − 20 Å, approaching reionization-era values. In our sample,

we see a hint of evolution below half-solar metallicity as well, with stronger me-

dian equivalent width at and below metallicities 12 + log O/H . 8.0 (∼ 12 Å) than

above (∼ 3.4 Å). We observe a similar trend in O iii] λλ1661, 1666 in our sample,

with galaxies below Z/Z� . 1/5 reaching median doublet equivalent width 2.4 Å,

three times higher than at higher metallicities (0.8 Å). Evidently, metallicity has a

for which the FOS aperture subtends a very small physical distance; and Tol 1214-277, where the

continuum was undetected by FOS.
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substantial effect on UV nebular emission; suppressing strong C iii] and O iii] en-

tirely above a half-solar, and enhancing it at yet lower metallicities (at least down

to Z/Z� ∼ 1/8).

Our data reveal a similar but lower threshold for nebular C iv and He ii produc-

tion. As is clear in Fig. 2.4, we detect nebular C iv and He ii in four of the five

most metal-poor objects, but none above 12 + log O/H > 8.0 (Z/Z� > 1/5). The

three detections of likely nebular C iv and He ii from Berg et al. (2016) all occur

in systems below a fifth-solar, and the highest equivalent width in C iv (11 Å com-

bined) is attained at 12 + log O/H ' 7.44. This implies that the ionizing flux (and

in the case of C iv, high electron temperatures) necessary to power these lines is not

present above a fifth solar — see Sec. 2.5.2 for further discussion. We are currently

limited by small number statistics in this extremely metal-poor regime. However,

the present detections suggest that very strong > 10 Å C iv emission may require

even lower metallicities, Z/Z� . 1/10.

The strength of C iii] emission is clearly not a function of only metallicity. The

BPT diagram probes both the gas composition and the incident ionizing spectrum,

which allows for a more nuanced separation of objects than metallicity alone. In

Fig. 2.8, we plot our objects alongside the archival sample (Appendix A.2) on the

BPT diagram, coloured according to observed restframe C iii] equivalent width. The

R23-O32 diagram separates galaxies in a similar way, but with greater sensitivity to

the ionization state of the gas uncoupled from abundances. The upper right of

this diagram corresponds to high ionization parameter (high O32) and moderately

metal-poor gas at high temperature (high R23, peaking around 12 + log O/H ∼
8.0− 8.5; e.g. Kobulnicky et al. 1999; Dopita et al. 2000). We plot these line ratios

for our data and the comparison sample in Fig. 2.9. In both diagrams, we see that

strong C iii]-emitters systematically populate the regions corresponding to highly-

ionized metal-poor gas. The objects with C iii] equivalent widths above > 10 Å

have median log [N ii]6584/Hα = −1.8 and log [O iii]5007/Hβ > 0.55 (median 0.75),

placing them securely in the extreme upper-left tail of the star-forming sequence in

the BPT diagram. Similarly, these systems present median R23 = 8.8 and O32 > 3.8
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Figure 2.7: Equivalent width of the combined C iii] λλ1907, 1909 semi-forbidden
doublet as a function of gas-phase metallicity. In addition to the HST /COS data
presented in this paper, we plot archival data from nearby galaxies catalogued by
Leitherer et al. (2011, L11), Giavalisco et al. (1996, G96), and Berg et al. (2016,
B16) — see Appendix A.2 for more details. These data suggest an empirical metal-
licity threshold for C iii]: above 12 + log O/H ∼ 8.4 (marked by the dash-dotted
line), C iii] equivalent widths do not exceed ∼ 5 Å. Below this threshold, extremely
high equivalent widths & 15 Å are achieved (comparable to that observed in the
reionization era: Stark et al. 2015a, 2017), though not uniformly.
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(median 7.8), indicative of a substantially more ionized medium than typical in

nearby galaxies (c.f. the SDSS greyscale histogram in Figures 2.8 and 2.9).

The equivalent width of [O iii] emission in the optical also appears to correlate

strongly with C iii] equivalent width in these local galaxies. In Figure 2.10 we

plot C iii] doublet equivalent widths against the equivalent width of [O iii] λ5007.

The [O iii] λ5007 EWs are measured from SDSS spectra only to enforce aperture

consistency — thus this plot only includes systems for which an SDSS spectrum

with pointing matched to within 2′′ of the COS/FOS pointing was available. In

these local metal-poor galaxies, C iii] emission at > 5 Å only occurs in galaxies

with extreme optical line emission, with [O iii] λ5007 equivalent width & 500 Å.

In addition, this plot suggests a rising trend beyond even this cutoff, with galaxies

above & 750 Å in 5007 displaying typical C iii] equivalent widths ∼ 10 − 15 Å.

Equivalent widths of this magnitude are extremely rare in the local universe out to

z ∼ 1, found only in low-mass systems with very high sSFR (e.g. Cardamone et al.,

2009; Amoŕın et al., 2010).

These empirical correlations paint a clearer picture of the factors which govern

UV metal line production. Exciting the UV lines requires the presence of massive

hot stars capable of providing the necessary ionizing flux, and is thus associated

with very recent star formation. Above half-solar metallicity, some combination of

efficient gas cooling and inefficient production of hard & 25 eV photons prevents

C iii] from reaching equivalent widths > 5 Å. As a result, strong (> 10 Å) C iii]

emitters have optical line signatures indicative of metal-poor, highly-ionized gas.

This is supported by detailed photoionization modeling focusing on C iii], which

show a similar metallicity threshold (Jaskot and Ravindranath, 2016). The high

electron temperatures and ionizing flux & 50 eV necessary to power nebular C iv

and He ii appears to require even more metal-poor stellar populations and gas, below

a fifth-solar metallicity.

Understanding in detail how various physical parameters influence UV line equiv-

alent widths is critical for predicting and understanding the spectra of distant pop-

ulations. Two additional factors complicate interpretation of C iii] in particular.
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Figure 2.8: The BPT diagram with colour indicating the measured C iii] EW for our
sample (circles) and local predominantly star-forming galaxies from the literature
observed with IUE (Giavalisco et al., 1996, G96), FOS (Leitherer et al., 2011, L11),
and COS (Berg et al., 2016, B16). The greyscale log-histogram in the background
represents all local SDSS galaxies with S/N > 3 in the relevant lines. It is apparent
that on-average, the highest C iii] EWs occur in systems in the extreme upper left,
where [O iii]/Hβ is maximized and [N ii]/Hα is minimized, corresponding to highly-
ionized, lower-metallicity systems.
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Figure 2.9: The O32-R23 diagram, with symbols as-in Fig. 2.8. Like the BPT di-
agram, these line ratios performs surprisingly well at separating the most extreme
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Figure 2.10: Equivalent width of the combined C iii] λλ1907, 1909 doublet plotted
against [O iii] λ5007 equivalent width measured in matched SDSS spectra. In ad-
dition to the HST /COS data presented in this paper, we plot archival data from
nearby galaxies catalogued by Leitherer et al. (2011, L11) and Berg et al. (2016,
B16). This plot reveals a correlation between the equivalent widths of these lines,
and implies that selecting galaxies based on optical [O iii] equivalent width may be
an efficient way to find strong UV line emitters.
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First, the strength of C iii] relative to O iii] is related directly to the C/O ratio

since both have similar ionization and excitation potentials. Due to some form of

(pseudo)secondary production and release of carbon, C/O is found to correlate with

O/H such that low-metallicity systems have systematically low C/O (e.g. Garnett

et al., 1995; Berg et al., 2016). As expected for such metal-poor galaxies, photoion-

ization modeling of our galaxies indicates systematically sub-solar C/O, ranging

from −0.5 ≥ log C/O ≥ −1.4 (Sec. 2.3.3). In addition, the strength of C iii] is

further modulated by the ionization state of carbon: if sufficient flux is available

above 47.9 eV, carbon may be triply-ionized in quantities sufficient to weaken C iii]

emission.

The scatter in C iii] equivalent width at fixed metallicity observed in our sample

is well explained in this context, as we illustrate for the most prominent outliers.

First consider SB 111, the lowest metallicity system (see Fig. 2.4 and Table 2.8). The

C iii] doublet is undetected, but nebular O iii] is present as well as C iv, consistent

with both a low C/O ratio (log C/O = −1; see Table 2.9) and highly-ionized carbon.

Second, SB 36 presents a drastically different UV spectrum from SB 82 despite being

at the same gas-phase metallicity. In SB 82 we see prominent C iii] (12 Å) as well

as nebular He ii and C iv; whereas C iii] in SB 36 is relatively weak (∼ 5 Å) and

the only other UV line detected is O iii]. Though both have very high sSFR, SB 82

has a higher [O iii] λλ4959, 5007 equivalent width (1300 Å compared to 600 Å) and

stronger Hβ (180 Å versus 90 Å). This suggests that the very recent star formation

history in SB 82 has produced a somewhat more dominant population of massive

stars in this galaxy, reflected in the substantially different UV nebular spectra.

In contrast with the trends described above, two galaxies in our sample with rel-

atively metal-rich gas (SB 191 and 179, Z/Z� ∼ 1/3) present large C iii] equivalent

widths (> 5 Å). In addition to their high [O iii] equivalent widths (SB 191 has the

highest in our sample, with [O iii] λλ4959, 5007 together reaching 2400 Å), these

two systems have prominent broad stellar wind features in the UV (He ii emission

and C iv P-Cygni; see Fig. 2.4). As we will discuss further in Sec. 2.5.3, this sug-

gests that Wolf-Rayet stars at moderately low metallicity (∼ Z�/3) are capable of
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powering strong & 10 Å C iii] emission. These systems present the highest C iii]

equivalent widths at their metallicities, very close to the empirical cutoff discussed

above (see Fig. 2.7). Such extreme stellar He ii λ1640 equivalent widths (> 3 Å) are

rare in the local universe (Wofford et al., 2014), and the range of C iii] equivalent

widths systems in this state can power is presently unclear.

The empirical correlations we have discussed above have significant implications

for reionization-era galaxies observed in deep rest-UV spectra. Consider EGS-zs8-1,

an extremely bright 3×L∗UV galaxy selected by IRAC broad-band colour indicative

of high equivalent width [O iii]+Hβ and confirmed to lie at z = 7.73 via Lyα (Oesch

et al., 2014; Roberts-Borsani et al., 2016). A deep Keck/MOSFIRE spectrum of this

object revealed strong C iii] emission at 22 Å equivalent width (Stark et al., 2017).

At z = 1−3, typical massive ∼ L∗ star-forming galaxies emit in C iii] at the ∼ 1−2

Å level, with the most extreme Lyα emitters (W0,Lyα > 20 Å) reaching C iii] ∼ 5 Å

(e.g. Shapley et al., 2003; Du et al., 2017). Photoionization modeling and the bulk

of local star-forming galaxies suggest that C iii] equivalent widths & 15 Å are only

attained below Z/Z� . 1/5 (Fig. 2.7). Indeed, stellar population synthesis modeling

applied to EGS-zs8-1 indicate that this system requires a very low metallicity of

Z/Z� = 0.11± 0.05. However, the surprising detection of C iii] at ∼ 10 Å alongside

extreme stellar He ii emission and strong [O iii] at Z/Z� ∼ 1/3 presented here

opens the possibility that short-lived massive stars at higher metallicity may also be

capable of powering comparable emission in systems with particular high sSFR. As

we discuss further in Sec. 2.5.3, uncertainties in the evolutionary channels producing

these stars and in their emergent ionizing spectra have significant consequences for

physical quantities like metallicities inferred from photoionization modeling of UV

lines.

While C iii] emission approaching reionization-era detections has been found

in local systems, no nearby star-forming galaxies have yet been found with C iv

comparable to the∼ 20−40 Å emission found at z > 6. There are now two detections

of nebular C iv in the reionization era (Stark et al., 2015b; Mainali et al., 2017).

These systems are gravitationally lensed and lower mass (∼ 108M�) than bright
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unlensed systems like EGS-zs8-1. On the basis of the trends discussed above and in

Sec. 2.5.2, and one detection of > 10 Å C iv at yet lower metallicities, this emission

may be associated with extremely low-metallicity gas and stars below a tenth solar

metallicity. HST /COS programs targeting very metal poor (Z/Z� < 1/10) galaxies

(e.g. GO:13788, PI: Wofford; GO:14679, PI: Stark) will be essential to establishing

this, and identifying the stellar populations and conditions capable of powering this

extreme C iv emission.

We have uncovered a variety of optical indicators which distinguish strong UV

line emitters. The high prevalence of extreme [O iii]+Hβ emission inferred from

IRAC excesses at z > 6 (e.g. Labbé et al., 2013; Smit et al., 2014) suggests that

these rest-UV lines are far more common in the reionization era than at lower

redshift, which has already been borne-out in the first deep spectroscopy of galaxies

in this era. These indicators may be of significant utility in locating UV line emitters

at z ∼ 2 as well, where increasingly large samples of rest-optical spectra are being

assembled (e.g. Steidel et al., 2014; Shapley et al., 2015; Kashino et al., 2017). For

the highest redshifts z > 12 where the rest-optical is inaccessible to JWST , the rest-

UV lines may be our only tools. At all redshifts, high-ionization UV lines provide

an extremely sensitive probe of the ionizing spectrum which powers them.

2.5.2 The Ionizing Spectrum

The sudden appearance of high-ionization nebular emission with decreasing metal-

licity discussed above suggests a significant transition in the ionizing spectrum.

Triply-ionizing carbon to allow nebular C iv emission requires 47.9 eV photons, and

nebular He ii λ1640 and λ4686 are recombination lines powered by photons beyond

the He+ ionizing edge at 54.4 eV. Direct observation of the extreme-UV (∼ 10−100

eV) output of massive O stars is essentially impossible at any metallicity due to

the weak emergent flux and heavy attenuation by nascent gas towards these stars.

High-ionization nebular emission thus potentially provides one of the only windows

into the ionizing spectrum of metal-poor young stellar populations.

The ratios of high-ionization lines provide powerful constraints on the shape of
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the ionizing continuum. Photoionization modeling suggests that UV line diagnostic

diagrams are useful tools for differentiating stellar from AGN ionization and poten-

tially for inferring metallicity (Feltre et al., 2016; Gutkin et al., 2016), especially

at low metallicities where traditional optical line diagnostics can fail to separate

AGN from highly-ionized star-forming regions (e.g. Groves et al., 2006). However,

empirical constraints on the precise diagnostic line space populated by star-forming

galaxies are lacking due to the rarity of multiple UV line detections. In Figure 2.11,

we plot the ratios C iv/C iii] and O iii 1666 / He ii for the four systems from our

sample with detected C iv and He ii alongside photoionization models from Feltre

et al. (2016) for AGN and Gutkin et al. (2016) for star-forming galaxies. In addition,

we plot photoionization predictions for fast radiative shocks (see Sec. 2.5.3) from

Allen et al. (2008, shock plus precursor), which span a range of shock velocities 100

– 1000 km/s and metallicities down to 30% solar. We also include measurements

of the three extreme galaxies from Berg et al. (2016) with detected nebular C iv

and He ii. The position of our observations on this diagram fall within the locus of

star-forming models. The hard break in the stellar spectrum beyond the He+ ioniz-

ing edge, absent from the flatter power-law spectra yielded by AGN and radiative

shocks, produces a clear separation in O iii]/He ii (Feltre et al., 2016; Mainali et al.,

2017). All of our observations lie to the star-forming side of this division, with O iii]

λ1666 comparable or much stronger than He ii λ1640. Similar bulk agreement with

the stellar photoionization predictions is achieved in a plot of C iv/He ii against

O iii]/He ii. The disjoint position of our objects with respect to the AGN and shock

models strongly implies that the nebular C iv and He ii we observe are primarily

powered by stellar photoionization.

The deep ESI spectra we obtained also provide constraints on the shape of the

ionizing spectrum between 10− 50 eV. The ratio of flux between the nebular He ii

and H recombination lines is closely related to the ratio of He+-ionizing (< 228 Å)

to H-ionizing photons (< 912 Å). The optical He ii λ4686 and Hβ lines are ideal

for avoiding the uncertainties introduced by dust and aperture corrections. Our

ESI spectra easily resolve the nebular and broad components of the He ii line (see
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Figure 2.11: A line diagnostic diagram incorporating all of the high-ionization UV
lines. The background circles are photoionization models powered by AGN (dark
blue; Feltre et al., 2016), stellar (salmon; Gutkin et al., 2016), and shock (fuchsia,
shock and precursor; Allen et al., 2008) spectra with fixed solar C/O abundance.
The four metal-poor systems presented in this paper with detections of both nebular
He ii and C iv are plotted as black stars (or, in the case of SB 111, as a lower-limit
caret corresponding to the C iii] upper-limit). Three similar systems from Berg et al.
(2016) with COS detections of all four lines are plotted as blue squares. The ratios
of O iii]/He ii are inconsistent with any AGN models — all have more flux in O iii]
1666 than He ii 1640.
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Fig. 2.5) and thus allow a robust simultaneous fit to both, to which Hβ in the same

spectrum can be compared (Sec. 2.3.4 and Table 2.10). The (dust-corrected) ratio

of nebular He ii/Hβ is plotted as a function of gas-phase metallicity in Fig. 2.12.

In addition to the sample presented here, we plot the published measurements of

this ratio for the local Wolf-Rayet galaxies analyzed by López-Sánchez and Esteban

(2010). The axis on the right displays the ratio Q(He+)/Q(H) assuming ideal Case

B recombination proceeds for both H and He+ (and 104 K, 102 cm−3; Hummer and

Storey 1987; Draine 2011). The Case B predictions should be treated with care as

collisional excitation and low ionization parameters can result in deviations from this

assumption (e.g. Stasińska and Izotov, 2001; Raiter et al., 2010), but demonstrate

clearly the effect of changing the ionizing spectrum slope at the He+ ionizing edge.

The nebular He ii/Hβ ratio reveals a sharp transition in the ionizing spectrum

with decreasing metallicity. The maximum value of He ii/Hβ increases as the gas-

phase metallicity decreases, with a marked upturn in this envelope around 12 +

log O/H ∼ 8.0 − 8.2. Systems below 12 + log O/H < 8.2 (< Z�/3) reach relative

nebular He ii fluxes nearly ten times higher than those above this metallicity. This

implies an order of magnitude increase in Q(He+)/Q(HI) as the metallicity of a

young stellar population is decreased from Z� to Z�/10. A similar trend towards

higher He ii/Hβ below 12 + log O/H < 8.0 was found in the full sample of SDSS

spectra analyzed by Brinchmann et al. (2008a) and Shirazi and Brinchmann (2012),

though we find a far more pronounced transition. This may be due in part to

confusion of strong stellar He ii for nebular emission in SDSS — our higher-resolution

ESI spectra revealed that both SB 179 and 191 have purely stellar emission in this

line. This increase in He ii/Hβ mirrors the transition we noted in the UV spectra,

with the only nebular C iv detections occurring below . Z�/5. A trend towards

more highly-ionized gas is also seen in the flux ratio of He ii λ4686 / He i λ4713

visible in Fig. 2.5, which increases from . 1 in the four most metal-rich objects to

& 2 (up to 8 in SB 111) below 12 + log O/H < 8.2.

Our selection method complicates interpretation of Fig. 2.12, but does not easily

explain the observed transition. Both our sample and that of López-Sánchez and
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Figure 2.12: Measured nebular He ii 4686 / Hβ values (a proxy for the ratio of
He+-ionizing to H-ionizing photons) versus gas-phase metallicity. Both our galaxies
(blue circles, backed by red squares if nebular C iv was detected) and the Wolf-Rayet
galaxies presented by López-Sánchez and Esteban (2010) are presented. The right
axis indicates the corresponding Q(He+)/Q(H) assuming Case B recombination for
both species. Both observational samples show a sharp transition with metallicity,
with substantially larger ratios and harder spectra below 12 + log O/H ∼ 8.
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Esteban (2008) were selected to show emission at He ii λ4686 (in the latter case,

broad stellar rather than nebular; Schaerer et al., 1999). We are thus biased towards

higher He ii/Hβ than a He ii-blind sample. There is no clear reason why we would

be biased against finding any objects in the upper-right of Fig. 2.12 — that is, with

high nebular He ii/Hβ and 12+log O/H > 8.2. It is possible that strong nebular and

stellar He ii were partially blended for some moderately metal-poor objects in SDSS,

yielding very high He ii/Hβ values and resulting in an AGN classification in SB2012.

However, classification as an AGN in the SB2012 scheme required the identification

of AGN-like features such as broad Balmer lines, strong Nev λ3426, Fe ii emission, or

an unusual [O iii] λ4363/Hγ ratio in the SDSS data as well. Regardless, future work

targeting galaxies without considering He ii emission in selection will enable a more

complete study of this emission as a function of metallicity (e.g. HST GO:14679,

PI: Stark).

There is significant tension between these results and commonly-used stellar

population synthesis models. Shirazi and Brinchmann (2012) found that both

Starburst 99 (Leitherer et al., 1999, 2010) and BPASS (Eldridge and Stanway,

2009) can reproduce nebular He ii/Hβ ratios as high as 1-10% for instantaneous

bursts of star formation, but only for a short period of time approximately 3 Myr

after the burst; and only above Z/Z� > 1/5. This modeling suggests that strong

nebular He ii should only occur when Wolf-Rayet (WR) stars are active, and that

large WR populations should power strong He ii/Hβ & 1%. This is in contrast to

the observations, where nebular He ii is commonly seen in systems without WR

features at low metallicity (Figure 2.5; see also Brinchmann et al., 2008a; Shirazi

and Brinchmann, 2012). At the relatively high-metallicity end (12 + log O/H > 8.1)

where strong WR features are seen, our high-resolution view of He ii reveals that

nebular He ii is consistently weaker than predicted (He ii λ4686/Hβ < 1%). As dis-

cussed in Sec. 2.4, fits to the UV spectra presented here indicate that the prominent

nebular He ii λ1640 emission visible in SB 111, 2, and 182 cannot be fit with the

models of Gutkin et al. (2016) without simultaneously invoking Mup = 300M� and

metallicity substantially lower than the optically-derived gas-phase metallicity. If
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we are to accurately interpret high-ionization emission in distant galaxies, we must

understand the origin of these discrepancies.

2.5.3 Sources of Ionizing Radiation

Accurate predictions for extreme ultraviolet (EUV) ionizing flux from star-forming

galaxies are critical for modeling and interpreting the high-ionization UV nebular

lines that this flux powers. As discussed above, current stellar population synthe-

sis models do not reproduce the strong metallicity dependence observed in He ii/Hβ

near Z/Z� ∼ 1/4 (Fig. 2.12). Our data reveals a sharp transition in this ratio consis-

tent with an order of magnitude increase in Q(He+)/Q(HI) as gas-phase metallicity

is decreased from Z� to Z�/5 (Sec. 2.5.2). Identifying the physical origin of this

transition will help direct adjustments or additions to these models.

Our deep moderate-resolution HST /COS and ESI data allow us to put direct

constraints on the massive stellar populations and other ionizing sources potentially

present in these systems. By virtue of their selection using He ii diagnostics (see

Sec. 2.2.1 and Shirazi and Brinchmann, 2012) and as inferred from sensitive UV line

diagnostics (Fig. 2.11), an AGN contribution to photoionization is highly unlikely

in these systems. This leaves three primary ionizing sources which could contribute

to the high-ionization emission lines, which we discuss in-turn: stars, fast radiative

shocks, and X-ray binaries.

Stars

The EUV flux output from young stellar populations which powers high-ionization

nebular emission lines is very uncertain and intimately linked to stellar winds. Both

OB stars and their hydrogen-stripped relatives Wolf-Rayet (WR) stars drive winds

through metal line absorption in the EUV, which diminish in strength as stellar

metallicity is decreased (e.g. Castor et al., 1975; Kudritzki et al., 1987; Crowther

et al., 2002; Vink and de Koter, 2005; Crowther and Hadfield, 2006) The amount of

EUV flux which passes through these winds to power nebular emission is decreased
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substantially by high-density winds and difficult to calibrate directly, especially be-

yond the He+ ionizing edge (e.g. Smith et al., 2002; Crowther and Hadfield, 2006;

Smith, 2014). As metallicity decreases and winds weaken, WR stars will be pro-

duced less efficiently by wind-driven mass loss. However, mass transfer in binaries

can efficiently remove the outer layers of a donor star, producing a hot stripped star

without the need for high wind mass loss (e.g. Maeder and Meynet, 1994; Eldridge

et al., 2008; Götberg et al., 2017; Smith et al., 2018). In addition, the mass gainer

in a binary system may be sufficiently spun-up by angular momentum transport to

become fully-mixed during its hydrogen burning phase, leading to quasi-chemically

homogeneous evolution and similarly high effective temperatures (Maeder, 1987;

Yoon and Langer, 2005; Eldridge and Stanway, 2012; de Mink et al., 2013). If suffi-

cient metals are available, these stars will reveal themselves in broad wind emission

lines such as He ii like canonical WR stars; but at low metallicities, these sources of

hard ionizing radiation will be effectively invisible except for their impact on neb-

ular emission. The efficiency of mass transfer and the effects of rotation are both

likely enhanced at lower metallicities, where weaker stellar winds allow massive stars

to retain their mass longer (e.g. Maeder and Meynet, 2000; Eldridge and Stanway,

2009; Szécsi et al., 2015). Our moderate-resolution HST /COS and ESI spectra al-

low us to measure stellar wind features directly, and thus ascertain whether the

wind properties of the massive stars present correlate with the nebular emission we

detect.

The UV spectra reveal a significant weakening in stellar wind lines with declin-

ing gas-phase metallicity (Fig. 2.4). The five systems above 12 + log O/H & 8.2

have C iv P-Cygni absorption deeper than −4 Å; whereas the feature is uniformly

weaker than this for the lower-metallicity systems. Quantitatively, the trend is con-

sistent with other local galaxies. The empirical relation derived by Crowther et al.

(2006) predicts a gas-phase oxygen abundance of 12 + log O/H = 8.2 for a P-Cygni

absorption depth of −4 Å, in good agreement with our direct-Te gas-phase metallic-

ities. The largely monotonic decrease in the strength of this feature with decreasing

gas-phase oxygen abundance is strong evidence that the stellar metallicity and thus
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stellar wind strengths track the gas-phase metallicity, as expected. This confirms

that the systems with the strongest observed high-ionization UV emission harbor

populations of very metal-poor stars in addition to hot metal-poor gas.

The five relatively high-metallicity systems show surprisingly strong WR star

signatures. The stacked G160M spectra of the systems above 12 + log O/H > 8.1

reveals very strong broad He ii λ1640 emission, with equivalent width 3.4 ± 0.2 Å

and resolution-corrected FWHM 1600 km/s — easily distinguished from the purely

nebular emission seen in the low-metallicity stack (Fig. 2.13). While the width of this

feature is consistent with typical late WN-type (WNL) stars (WN6-WN8: Chandar

et al., 2004), the strength is larger than expected by common population synthesis

predictions, which do not typically exceed 2 Å below solar metallicity (Brinchmann

et al., 2008a). Incorporating quasi-homogeneous evolution for mass gainers in binary

population synthesis prescriptions enhances this wind line by producing more very

hot stars capable of driving ionized winds at moderately low metallicity (Eldridge

and Stanway, 2012). In addition, IMF variations that allow for more very massive

stars will boost this line, and may be required to explain even stronger stellar He ii

emission in nearby star clusters (e.g. Wofford et al., 2014). The fits presented in

Section 2.4 are able to qualitatively reproduce the extreme stellar He ii in SB 179

and 191 (Fig. 2.6) with the updated single-star models of Charlot & Bruzual (2017,

in-prep) which incorporate an updated treatment of WR atmospheres. In any case,

the prominence of broad He ii emission in these systems means that massive stars

at these metallicities are driving dense winds. These winds require the absorption

of EUV ionizing radiation which would otherwise escape to power nebular emission.

Strong broad He ii emission in our sample is accompanied by nebular emission

in C iii] and O iii], but weak emission in higher-ionization lines. As discussed above,

nebular C iv and He ii are undetected in the UV above 12 + log O/H > 8.1 where

broad He ii emission is detected. This is consistent with strong absorption of EUV

flux in the dense winds we see in broad emission. However, at Z/Z� > 1/5, two

of the three systems with extreme stellar He ii equivalent widths > 2 Å show very

strong C iii] emission, at 9 and 11 Å (SB 179 and 191, respectively; Fig. 2.4). This
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Figure 2.13: Stacked HST /COS spectra centred on He ii 1640 for the five most
metal-rich galaxies (SB 110, 179, 191, 80, 198) and the five metal-poor systems (SB
111, 2, 36, 82, 182; transparent). Samples from the MCMC Gaussian fit poste-
rior to the metal-rich stack are overlaid in black. The moderately metal-poor stack
(12 + log O/H & 8.1) reveals purely broad stellar emission at extremely large equiv-
alent width (3.4 Å). The low-metallicity stack, in contrast, is dominated by nebular
emission with no obvious stellar wind contribution.
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is in striking contrast to the systems at similar metallicity but with lower equivalent

width stellar He ii λ1640 (SB 198 and 110), where C iii] is < 5 Å. While moderately

metal-poor massive stars do not appear to be efficient producers of He+-ionizing

photons, this result and the archival analysis of Rigby et al. (2015) suggests they

may be an important source of the less extreme radiation necessary to produce C iii].

If this alternative channel (extreme Z/Z� ∼ 1/2 massive star populations) can power

emission comparable to the 22 Å equivalent width C iii] detected in a massive > L?

reionization-era galaxy (Stark et al., 2017), extremely metal-poor Z/Z� < 1/10

gas and stars may not need to be invoked (see Sec. 2.5.1). However, the efficacy

of this channel is presently unclear — both SB 80 and the cluster NGC 3125-A1

analyzed by Wofford et al. (2014) show > 3 Å stellar He ii λ1640 but undetected

C iii] emission, whereas NGC 5253 contains a cluster with > 3 Å stellar He ii and

8 Å C iii] emission (Smith et al., 2016). As Smith et al. (2016) highlight, what we

interpret in this paper as WR emission in He ii may in some cases be produced largely

by very massive H-burning stars rather than canonical He-burning WR stars — but

since they drive similarly dense winds, these OIf supergiants likely present similar

EUV spectra. These systems with strong stellar He ii emission must have undergone

very recent star formation to produce the observed massive stars. However, as

discussed above, significant uncertainties in stellar evolutionary channels result in

uncertain predictions for the ionizing spectrum and nebular emission from these

stellar populations. Clearly, more data is required to quantify the range of C iii]

equivalent widths these stars can power.

The strongest nebular emission in our sample appears below 12+log O/H < 8.1,

where stellar wind signatures vanish. Nebular C iv and He ii, and the highest C iii]

equivalent widths in our sample (15 Å), are found in those systems where broad stel-

lar He ii emission is undetected (Fig. 2.4); and the ESI data reveal He ii/Hβ & 0.01 in

these systems, systematically higher than for the more metal-rich objects (Fig. 2.12).

The number of WR stars relative to O stars appears to decrease below this thresh-

old (Table 2.10), as previously observed and predicted by population synthesis (e.g.

Brinchmann et al., 2008a). Though visible WR stars become less common at low
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metallicities, models predict that lower metallicity stellar populations will still con-

tain hot stripped cores produced via binary mass transfer and rotation effects (e.g.

Götberg et al., 2017). Due to declining wind densities, all of these stars are predicted

to show both weaker wind lines and commensurately stronger EUV flux, especially

beyond the He+-ionizing edge — just as we infer from their nebular emission.

Our results suggest that hot stars likely dominate production of the observed

nebular emission. However, we have shown that the transition to strong nebular

He ii and C iv may be sharper than predicted from population synthesis (Sec. 2.5.2),

consistent with dense stellar winds blocking more > 50 eV ionizing flux than pre-

dicted at higher metallicities. This suggests that these emission lines are potentially

more useful probes of metallicity than we might have expected theoretically. Deep

spectra of nearby integrated stellar populations provide one of the only windows

onto the uncertain emergent ionizing spectra of metal-poor stars, with significant

implications for nebular emission modeling at z > 6. Further work is needed to

ensure that population synthesis models are able to fully reproduce the nebular and

stellar features in extreme systems such as these.

Fast Radiative Shocks

Fast radiative shocks produced by supernovae explosions or stellar winds can provide

significant EUV flux (e.g. Allen et al., 2008), but their ability to explain the nebular

He ii emission in these systems is unclear. Shocks are not expected to produce

the strong metallicity dependence observed in the He ii/Hβ ratio (Fig. 2.12). At

fixed shock velocity, the resulting He ii/Hβ ratio typically increases with increasing

metallicity, opposite the observed trend (see Izotov et al. 2012, using the models of

Allen et al. 2008). There is no clear reason that these shocks should become more

prevalent with decreasing metallicity. In addition, UV line ratios are expected to

discriminate effectively between shock and stellar photoionization (e.g. Villar-Martin

et al., 1997; Allen et al., 1998; Jaskot and Ravindranath, 2016). Figure 2.11 reveals

that the observed UV line ratios are inconsistent with pure shock photoionization,

but note that current model grids do not extend below SMC metallicities (Allen
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et al., 2008).

In local star-forming galaxies, shocks have been invoked primarily to explain

[Nev] λ3426 emission (e.g. Thuan and Izotov, 2005; Izotov et al., 2012). The ion-

ization potential necessary to quadruply-ionize neon is 97.1 eV, requiring photons

nearly twice as energetic as for doubly-ionizing helium and potentially a harder ion-

izing spectrum such as that provided by radiative shocks. Our MMT spectra did

not reach the blue-end depth necessary to detect this line at a few percent Hβ.

However, SB 111 has a previously reported detection of [Nev] emission at the ∼ 2σ

level (J1230+1202 in Izotov et al., 2012). The ratio of [Nev]/He ii (0.2) is the lowest

in the sample explored by Izotov et al.. Though the nebular line ratios produced by

shocks are predicted to be quite different from those expected by stellar photoion-

ization, Izotov et al. (2012) found that they may explain the rare [Nev] emission

if the shock contribution to the strong lines is small and for shock velocities in the

narrow range of 300-500 km/s.

With the spectral resolution provided by ESI and HST /COS, we can check

directly for evidence of broad shock contributions to the optical lines. First, we

do not see any evidence for the FWHM∼ 1000 − 2000 km/s broad emission in

Hβ and [O iii] observed in some [Nev] emitters and attributed to adiabatic shock

propagation (Chevalier, 1977). Though He ii may be produced in the compressed

pre-shock region at smaller widths, we would expect to see some broad contribution

to He ii and strong optical lines such as Hβ and [O iii] at widths near the shock

velocities (300 − 500 km/s: Izotov et al., 2012). The He ii λ4686 Å lines show no

evidence for contributions besides the σ < 65 km/s nebular component and the

very broad > 1500 km/s stellar one (see Fig. 2.5). We detect broad components

to Hβ and [O iii] λ4959 in some systems, at ∼ 0.5 − 2% of the narrow flux and

with σ . 300 km/s; but these broad components show no clear correlation with

the observed He ii/Hβ ratio, and the velocity is lower than the 300 − 500 km/s

expected from modeling of [Nev] emitters (Izotov et al., 2012). We conclude that

fast radiative shocks are unlikely to contribute substantially to the high-ionization

nebular emission in these systems.
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X-Ray Binaries

Another possible source of hard ionizing radiation in star-forming galaxies are high-

mass X-ray binaries (HMXBs), systems in which a compact object (neutron star

or stellar-mass black hole) is accreting material from a massive O or B companion.

Recently, detailed study of metal-poor star-forming galaxies nearby has revealed a

strong metallicity dependence in the observed hard X-ray luminosity. At fixed SFR,

lower metallicity systems appear to be significantly more X-ray luminous (Prest-

wich et al., 2013; Brorby et al., 2014, 2016). This is likely due to some combination

of weaker stellar mass loss and thus more efficient Roche lobe overflow; and more

efficient mass transfer due to weaker X-ray heating of metal-poor gas (e.g. Thuan

et al., 2004; Linden et al., 2010). However, archival data do not show a one to one

correspondence between He ii (or [Nev]) and X-ray point source detections, lead-

ing other authors to conclude that HMXBs are not primarily responsible for this

emission (e.g. Thuan et al., 2004; Thuan and Izotov, 2005; Shirazi and Brinchmann,

2012). In addition, adding HMXBs to stellar population synthesis models will gener-

ally yield a flatter ionizing continuum in the EUV (e.g. Power et al., 2013), resulting

in high-ionization line ratios divergent from the stellar locus in Fig. 2.11.

Archival Chandra data is available for the most extreme nebular He ii-emitter

in our sample, SB 111. A Chandra X-ray point source was reported as associated

with SB 111 ([RC2] A1228+12 by Brorby et al. (2014). We reprocessed this data

following the same approach, and found that this detection is > 11′′ (> 0.9 kpc at

16 Mpc) offset from the centre of the SDSS optical fiber. No point source is detected

within the ∼ 3′′ spectroscopic aperture to a limiting luminosity of LX ∼ 3 × 1038

erg/s in the 0.3-8 keV band; the reported point source cannot be responsible for

the observed He ii emission. More data is required to characterize the X-ray binary

content of metal-poor galaxies such as these, and may additionally help constrain

binary population synthesis predictions in a novel way.
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2.6 Summary

We present HST /COS UV spectra of ten nearby galaxies with signatures of very

recent star formation. The medium-resolution gratings easily disentangle nebular

emission, stellar wind features, and interstellar absorption; and enable measurement

of the full suite of nebular emission lines emerging in high-z rest-UV studies: C iii],

O iii], C iv, and He ii (see Figure 2.4). The systems are all vigorously forming stars

(with sSFR of-order 100 Gyr−1), yet show a remarkable diversity of UV spectral

properties. Emission in the C iii] semi-forbidden doublet is detected in seven objects,

with equivalent widths reaching extremely high values in some cases (∼ 10 − 15

Å). Systems above Z�/5 (12 + log O/H & 8.0) are dominated by stellar features,

presenting strong P-Cygni absorption at C iv formed in the winds of massive O-stars

and broad ∼ 1600 km/s emission in He ii indicative of hot ionized winds from WR or

very massive O stars. Below Z�/5, these wind features disappear and are replaced

by prominent nebular emission in both He ii and C iv.

We investigate the variation in C iii] equivalent width in detail. In combination

with archival local samples, our data support a metallicity threshold for C iii] pro-

duction in star-forming galaxies, with equivalent widths > 5 Å achieved only below

12 + log O/H . 8.4 (Z/Z� . 1/2; Fig. 2.7). Below this threshold, some objects

reach equivalent widths comparable to those seen in reionization-era systems, while

in others the doublet is undetected. This variation appears to be well-explained

by variation in C/O and specific star formation rate. The hot stars and inefficient

ISM cooling found below Z�/2 appears to be required to power high-EW C iii],

but emission is only observed in systems with a population of very recently-formed

massive stars (sSFR & 10 Gyr−1) which can provide the necessary ionizing flux. We

find that galaxies with C iii] above > 5 Å are associated with high [O iii] λ5007 EW

& 500 Å, [O iii]λ5007/Hβ & 3, and O32 & 4 (Section 2.5.1). In this context, the

high C iii] detection rate thus far at z > 6 (Stark et al., 2015a; Zitrin et al., 2015;

Stark et al., 2017; Ding et al., 2017) is entirely consistent with the increasingly large

[O iii]-Hβ EWs inferred from IRAC excesses (e.g. Smit et al., 2014, 2015). Both
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imply that the galaxies with UV metal line detections at z > 6 are metal-poor

(confidently Z/Z� < 1/2) and undergoing rapid star formation. We also find strong

∼ 10 Å C iii] emission alongside prominent WR signatures at Z/Z� ∼ 1/3. Massive

stars produced in very recent bursts of star formation may be able to power extreme

C iii] at higher metallicity than predicted by population synthesis models, though

the typical nebular output of such populations remains unclear at present.

The appearance of nebular C iv and He ii below Z/Z� . 1/5 implies a lower

metallicity cutoff for emission in these lines. Indeed, we observe a sharp increase

in the ratio of He ii/Hβ at this metallicity, consistent with an order of magnitude

increase in the hardness of the ionizing spectrum beyond the He+-ionizing edge

(Q(He+)/Q(H)) below 12 + log O/H ∼ 8.0 (Figure 2.12). This transition is more

rapid than predicted by stellar population synthesis models, suggesting stellar wind

densities and evolutionary pathways yielding hot stripped stars may change more

quickly than anticipated over this metallicity range. Our results suggest that nebular

He ii and C iv may prove to be useful probes of metallicity in distant galaxies;

but none of our systems exceed ∼ 2 Å equivalent width in either. A previous

detection of C iv at combined doublet EW 11 Å in a nearby star-forming system

at 12 + log O/H ∼ 7.44 (Berg et al., 2016) provides a hint that such extreme C iv

may only be produced below Z/Z� < 1/10. The detection of C iv at > 20 Å at

z ∼ 6−7 (Stark et al., 2015b; Mainali et al., 2017) thus may indeed require extremely

metal-poor gas and stars.

The HST /COS and ESI spectra acquired for our targets enable constraints to be

placed on the origins of this ionizing flux. The clean transition from primarily stellar

to purely nebular He ii with decreasing metallicity (Fig. 2.5) is naturally explained

by the weakening of O and WR star winds, which leads to both easier escape of > 50

eV flux and to more efficient production of hot EUV-bright stars via binary mass

transfer and rotation (Section 2.5.3). Massive stellar evolution is poorly constrained

by observations in this metallicity regime, and thus high-ionization nebular emission

in metal-poor dwarf galaxies is a useful window into the ionizing spectrum of these

stars. While we cannot firmly rule out a contribution from shocks or X-ray binaries,
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these sources appear unlikely to provide the bulk of the EUV flux in these galaxies.

We find no clear evidence for fast radiative shocks in high-resolution Keck/ESI

spectra, and the most extreme He ii-emitter has archival Chandra data which puts

a stringent upper limit on the presence of high-mass X-ray binaries.

With the growing number of high-ionization UV line detections in the reion-

ization era, understanding how to interpret these features is becoming increasingly

important. Observations at z ∼ 0 are critical for understanding both what stellar

populations power this emission and how to translate rest-UV observations at high-z

into meaningful physical constraints. Our results confirm that these lines will be

useful not only for redshift measurement, but as empirical probes of metallicity and

star formation in the very early universe.
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CHAPTER 3

Extremely metal-poor galaxies with HST /COS: laboratories for models of

low-metallicity massive stars and high-redshift galaxies †

Abstract: Ultraviolet (UV) observations of local star-forming galaxies have begun

to establish an empirical baseline for interpreting the rest-UV spectra of reionization-

era galaxies. However, existing high-ionization emission line measurements at z > 6

(WCIV,0 & 20 Å) are uniformly stronger than observed locally (WCIV,0 . 2 Å), likely

due to the relatively high metallicities (Z/Z� > 0.1) typically probed by UV sur-

veys of nearby galaxies. We present new HST /COS spectra of six nearby (z < 0.01)

extremely metal-poor galaxies (XMPs, Z/Z� . 0.1) targeted to address this limi-

tation and provide constraints on the highly-uncertain ionizing spectra powered by

low-metallicity massive stars. Our data reveal a range of spectral features, including

one of the most prominent nebular C iv doublets yet observed in local star-forming

systems and strong He ii emission. Using all published UV observations of local

XMPs to-date, we find that nebular C iv emission is ubiquitous in very high spe-

cific star formation rate systems at low metallicity, but still find equivalent widths

smaller than those measured in individual lensed systems at z > 6. Our moderate-

resolution HST /COS data allow us to conduct an analysis of the stellar winds in

a local nebular C iv emitter, which suggests that some of the tension with z > 6

data may be due to existing local samples not yet probing sufficiently high α/Fe

abundance ratios. Our results indicate that C iv emission can play a crucial role in

the JWST and ELT era by acting as an accessible signpost of very low metallicity

(Z/Z� < 0.1) massive stars in assembling reionization-era systems.

†This chapter has been published previously as Senchyna et al. (2019)
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3.1 Introduction

The first spectroscopic detections of emission lines other than Lyα in reionization-era

galaxies have proved to be surprisingly challenging to interpret. Prominent emission

in C iii], C iv, He ii, and Nv detected at z > 6 belies the presence of very hard

ionizing radiation fields at these early times, and is essentially without precedence

in lower-redshift star-forming galaxy samples (e.g. Stark et al., 2015a,b; Sobral et al.,

2015; Stark et al., 2017; Mainali et al., 2017; Laporte et al., 2017; Mainali et al.,

2018; Dors et al., 2018; Shibuya et al., 2018; Sobral et al., 2019). Preliminary

modeling of this emission suggests that the observed C iii], C iv, and He ii may be

the signature of very low-metallicity massive stars. However, this interpretation is

presently extremely uncertain due to limitations in our understanding of the ionizing

spectra of metal-poor massive stars (e.g. Crowther and Hadfield, 2006; Levesque

et al., 2012; Götberg et al., 2018; Stanway and Eldridge, 2018).

The stellar population synthesis models used to interpret high-redshift galaxy

observations are anchored by observations in the local universe. Spectra of individual

massive stars have been used to calibrate the effective temperatures and stellar winds

of the massive O and B stars which dominate the ionizing continuum in young

galaxies (e.g. Kudritzki et al., 1987; Massey et al., 2005; Crowther and Hadfield,

2006; Tramper et al., 2011; Garcia et al., 2014; Crowther et al., 2016). Unfortunately,

this is only possible with current facilities inside the Local Group where individual

stars can be reliably resolved, which limits this work to metallicities above Z/Z� '
0.1 (e.g. Vink et al., 2001; Bouret et al., 2015; Camacho et al., 2016). As a result,

effective temperature and wind scaling relations have not been directly calibrated

for massive stars at lower metallicities, and predictions of the ionizing spectra these

stars power are essentially entirely theoretical (e.g. Lejeune et al., 1997; Gräfener

et al., 2002; Smith et al., 2002; Lanz and Hubeny, 2003).

Nearby but unresolved star-forming galaxies outside the Local Group provide

laboratories in which to study populations of massive stars at ages and metallicities

relevant to reionization-era galaxy models. Most studies with early UV spectroscopic
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instruments focused on relatively bright, massive, relatively high-metallicity star-

forming systems (typical metallicity 12 + log O/H ' 8.2: Leitherer et al., 2011);

but the harder stellar ionizing spectra and higher gas temperatures expected in

low metallicity H ii regions are likely conducive to stronger high-ionization nebular

emission. The Cosmic Origins Spectrograph onboard the Hubble Space Telescope

(HST /COS) has revolutionized this work, providing the sensitivity and resolution

necessary to investigate the ultraviolet high-ionization nebular and wind features

powered by the youngest stars in relatively faint low-metallicity galaxies. In HST

Cycle 23, we obtained moderate-resolution G160M and G185M COS spectra of 10

star-forming regions characterized by very large specific star formation rates (sSFRs

∼ 102 Gyr−1) and nebular or stellar He ii emission in the optical, targeting C iv

λλ1548, 1550, He ii λ1640, O iii] λλ1661, 1666, and C iii] λλ1907, 1909 (Senchyna

et al., 2017, hereafter S17). The targets in this initial study spanned metallicities

7.8 ≤ 12+log O/H ≤ 8.5 (i.e. 0.1 . Z/Z� . 0.6), and reveal a significant variation in

nebular emission over this range. Nebular C iv emission and the highest equivalent

width C iii] both appear in the most metal-poor galaxies in the sample at 12 +

log O/H < 8.0, suggestive of a rapid hardening of the ionizing spectrum below

Z/Z� < 0.2 (see also Chevallard et al., 2018). While this study confirmed that stars

can power nebular C iv emission, the equivalent width of this doublet in the S17

sample still falls an order of magnitude short of the & 20 Å emission observed in the

reionization era. Due to the limited observed sample size, the empirical question of

whether the massive stars encountered in extremely metal-poor galaxies (XMPs) at

12 + log O/H < 7.7 (Z/Z� < 0.1) are capable of powering nebular emission similar

to that observed at z > 6 remains unanswered.

To address this paucity of data, in HST Cycle 24 we obtained HST /COS ob-

servations of six star-forming XMPs with the moderate-resolution grisms G160M

and G185M necessary to disentangle nebular emission from stellar and interstellar

absorption in C iv (GO: 14679, PI: Stark). In addition, we gather all archival ultra-

violet observations of XMPs which cover C iii] and C iv. In this paper, we provide

the first systematic analysis of these nebular lines and massive stellar wind features
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in all local XMPs with ultraviolet constraints, directly assessing the range of nebular

emission powered by Z/Z� < 0.1 stellar populations. We outline the data and mea-

surements in Section 3.2, present our new results in Section 3.3, discuss implications

for stellar population modeling in Section 3.4, and conclude in Section 3.5.

For comparison with solar metallicity, we assume a solar gas-phase oxygen abun-

dance of 12 + log10 ([O/H]�) = 8.69 (Asplund et al., 2009) unless otherwise noted.

For distance calculations and related quantities, we adopt a flat cosmology with

H0 = 70 km s−1 Mpc−1. All equivalent widths are measured in the rest-frame and

we choose to associate emission with positive values (W0 > 0).

3.2 Data and Analysis

3.2.1 Archival Context

Unfortunately, XMPs have rarely been included in ultraviolet spectroscopic cam-

paigns up to this point. Here we assess the status of the literature on XMPs in

the UV to provide context for our sample and for inclusion in our analysis later in

this paper. Measurements are presented in the appendix in Table B.1. The legacy

spectroscopic atlas assembled in Leitherer et al. (2011) summarized the state of ul-

traviolet spectra prior to the installation of HST /COS, consisting of essentially all

useful spectra of star-forming galaxies obtained with the Faint Object Spectrograph

(FOS) and Goddard High Resolution Spectrograph (GHRS). The earlier Interna-

tional Ultraviolet Explorer telescope (IUE) only allowed R � 1000 spectra and

achieved relatively low S/N, making study of C iii] challenging and C iv essentially

impossible (e.g. Dufour et al., 1988). The Leitherer et al. (2011) sample contained

spectra of regions in four XMPs: SBS 0335-052, I Zw 18, SBS 1415+437, and

Tol 1214-277. However, while C iii] constraints are available for these systems, the

wavelength settings of these observations miss C iv λλ1548, 1550 in all four cases.

Despite its improved sensitivity and spectral resolution, HST /COS has not yet

been used extensively to study XMPs. Among published HST /COS observations

with coverage in the 1400–1700 Å range, we find a small number of local star-
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forming galaxies with gas-phase metallicities 12 + log O/H < 7.7. Subregions of the

canonical very nearby XMPs I Zw 18, SBS 0335-052, and DDO 68 have been tar-

geted at moderate-resolution with HST /COS, but analysis of the nebular emission

in these systems will be presented in Wofford et al. (in-preparation). A total of 15

galaxies with gas-phase oxygen abundances in the XMP regime were observed at

lower resolution with G140L (R ∼ 2000) and presented by Berg et al. (2016, 2019b),

including coverage of C iv. We measure flux in or upper limits on the combined

C iv emission in these spectra in the same way as for nebular lines in our spectra

(see Section 3.2.4). Measurements of C iv emission in these observations with the

COS/G140L grating may be underestimated due to blending of interstellar absorp-

tion with nebular emission at this lower spectral resolution, but since we cannot

directly remove this we proceed with the line measurements as-is (this absorption

is likely small; see Figure 3.3). To summarize, we are able to place constraints on

C iv emission in fifteen XMPs with G140L spectra from the literature, including

detections at equivalent widths ranging from 1–11 Å (Table B.1).

3.2.2 XMP Sample Selection for HST/COS

Motivated by the lack of moderate-resolution UV spectra available at these lowest

metallicities, we selected six new XMPs for study with the Cosmic Origins Spectro-

graph in HST Cycle 24. Our target selection was guided by several considerations.

First, we focused on redshifts z < 0.03, where the C iii] λλ1907, 1909 doublet is still

accessible to the G185M grism. Second, we aimed to span at least 0.3 dex below

12 + log O/H < 7.7 to investigate metallicity dependence in this regime. Finally,

we required the targets to have a compact star-forming region bright enough in the

UV to be studied in a single orbit per grism. In particular, we selected systems

with GALEX NUV magnitudes i . 18, which yield ETC-predicted signal-to-noise

ratios > 3 per resolution element in the G185M continuum at 1900 Å in one orbit

(assuming a flat continuum in Fν). We selected 6 XMPs without existing ultraviolet

spectra satisfying these requirements from the archival sample of XMPs assembled

in Morales-Luis et al. (2011). The GALEX NUV magnitudes (ranging from 16.3 to
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17.9) of the 6 selected targets span the brightest quartile of the Morales-Luis et al.

(2011) archival catalog. Their basic properties are summarized in Table 3.1.

Distance estimates are necessary to compute total stellar masses and star for-

mation rates. Because these systems reside at redshifts cz . 1500km/s, peculiar

velocities can significantly affect their apparent position in a smooth Hubble flow.

We uniformly compute luminosity distances using the local velocity flow model pre-

sented by Tonry et al. (2000), which provides coarse-grained corrections for the

peculiar velocities of galaxies in nearby clusters. We assume H0 = 70 km s−1 Mpc−1

(Hinshaw et al., 2013) and redshifts measured from strong nebular lines in the op-

tical spectra (see Section 3.2.4). This procedure yields distances ranging from 8–29

Mpc for the newly-targeted XMPs (Table 3.1). At these distances, the 2.5′′ COS

aperture corresponds to physical scales of 100–400 pc. We will discuss the broad-

band imaging in the following subsection 3.2.3, and proceed to describe the optical

and UV spectra in Sections 3.2.4 and 3.2.5, respectively.

3.2.3 Imaging

Broadband optical imaging provides important information about the stellar pop-

ulations underlying the ultraviolet spectra. We plot optical mosaic images of our

targets in Figure 3.1. Sloan Digital Sky Survey (SDSS) ugriz imaging covers five

of the six galaxies studied in this paper, while J0405-3648 was imaged by DECam

in grizY as part of the first data release of the Dark Energy Survey (DES: Abbott

et al., 2018). Since this paper is concerned primarily with optical and ultraviolet

spectra probing regions on the scale of . 3′′, we fit SDSS aperture photometry

measured within a 1.5′′ radius centered on the HST /COS targets. This photometric

aperture is standard for SDSS fiber analysis, and matches the size of the 1.25′′ radius

HST /COS aperture after convolving with the typical SDSS seeing (1.35′′ FWHM

in the r-band).

We use the SED fitting software beagle1 (Chevallard and Charlot, 2016) to de-

rive constraints on the recent star formation in these objects. In particular, we adopt

1Version 0.19.9; http://www.jacopochevallard.org/beagle/

http://www.jacopochevallard.org/beagle/
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HS1442+4250

10”

J0940+2935

J1119+5130 SBSG1129+576 UM133

J0405-3648

Figure 3.1: Optical imaging centered on our targets, ordered alphabetically. We
plot DES DR1 gri imaging for J0405-3648 and SDSS ugr montages for the others.
The objects under study are the bright compact star-forming regions centered in
each image and targeted with the 2.5′′ HST /COS aperture.
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the full Gutkin et al. (2016) model grid which combines the latest version of the

Bruzual and Charlot (2003) stellar population synthesis results with the photoion-

ization code cloudy (Ferland et al., 2013) to self-consistently fit the combination

of stellar continuum and nebular emission underlying the broadband photometry.

We fit the circular 3′′ aperture SDSS/DES photometry in all available optical bands

alongside the equivalent width of Hβ emission measured from the optical spectra

(Section 3.2.4) to explicitly constrain nebular band contamination. We assume a

constant star formation history2 and allow the star formation rate, stellar mass,

metallicity (gas-phase and stellar, which we assume are identical here), gas ioniza-

tion parameter logU , and effective attenuation τ̂V to vary. For this photometric

fitting, we adopt the 2-component attenuation model presented by Charlot and Fall

(2000). The redshift and distance is fixed as measured in Table 3.1. In addition to

the aperture magnitudes fit here, we also measure total flux of each galaxy in the

i-band from a segmented image (produced using photutils: Bradley et al., 2018) and

present these measurements in Table 3.1. This total flux ranges from 3–24 times

that measured in the circular aperture, so assuming a constant mass-to-light ratio

the total stellar masses may be larger by up to 1.4 dex.

The resulting constraints on the stellar mass, star formation rate, and attenu-

ation are displayed in Table 3.2. These fits indicate that the stellar populations

within 3′′ are low in stellar mass (4.9 < log10(M/M�) < 6.4) and attenuation

(τ̂V ≤ 0.12), and forming stars at a range of rates: with the specific star formation

rate sSFR = SFR/M� ranging from 2.1–18 Gyr−1. These masses are comparable

to those of the higher-metallicity galaxies presented in S17, but the sSFR values

are lower than the 100 Gyr−1 which characterize those particularly extreme star-

forming regions. Correspondingly, we infer significantly older ages as well (in this

constant star formation history framework, simply the inverse of the sSFR), ranging

2As discussed in (Senchyna and Stark, 2019), the assumption of a constant star formation

history minimizes the number of free parameters being fit and allows for consistent comparison

with SED fitting conducted at z > 6, but will yield systematically lower stellar mass estimates

than fits assuming a declining or multiple-component star-formation history.
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Table 3.2: Results from broadband SED fitting assuming a constant star formation
history with beagle. These fits reveal relatively low total mass in stars within the
spectroscopic aperture, log10(M/M�) ∼ 4.9 – 6.4), with specific star formation rates
ranging from 2–18 Gyr−1. Note that the SFR indicated here is measured over the
last 10 Myr.

Name log10(M/M�) log10(SFR/(M�/yr)) sSFR (Gyr−1)
HS1442+4250 5.2± 0.2 −2.59± 0.10 17.5± 8.2
J0405-3648 5.3± 0.2 −3.01± 0.18 4.6± 3.4
J0940+2935 4.9± 0.2 −2.96± 0.14 12.6± 6.6
J1119+5130 6.4± 0.2 −2.26± 0.13 2.3± 1.1
SBSG1129+576 6.1± 0.2 −2.53± 0.06 2.1± 1.0
UM133 5.9± 0.2 −1.96± 0.09 14.5± 6.3

from 57–471 Myr compared to the median 10 Myr derived in S17. This implies that

we are viewing stellar populations with an older characteristic age in these XMPs.

These systems are lower in mass (as measured assuming a constant star formation

history) than galaxies at z > 6 with rest-frame UV metal line detections (109–1010

M�, e.g. Stark et al., 2015a,b; Mainali et al., 2017), but the measured sSFR values

extend into the range of values inferred for the general LBG population at z ∼6–8

(e.g. Labbé et al., 2013; Smit et al., 2014; Salmon et al., 2015; Faisst et al., 2016;

Williams et al., 2018).

3.2.4 Optical Spectra

A uniform set of publicly-available optical spectra were not initially available for

these XMPs, so we pursued observations with Blue Channel on the 6.5m MMT and

the Echellete Spectrograph and Imager (ESI, Sheinis et al., 2002) on Keck II. The

former provides access to the strong lines including the auroral [O iii] λ4363 line

and critically the (blended) [O ii] λλ3727, 3729 doublet missed by ESI. ESI provides

a high-resolution view of line complexes such as that near He ii λ4686 which would

otherwise be intractable to study with a lower resolution grating.

We used MMT Blue Channel to observe the five northern targets on January

25, 2017. The systems were observed at airmasses ≤ 1.5, and WFS measurements

indicated seeing was steady near 1.3′′ throughout the night. The observations are



108

Table 3.3: Summary of MMT observations on the night of January 25, 2017.

Name Airmass Integration time (s)
January 25, 2017

HS1442+4250 1.1 6300
J0940+2935 1.3 7200
J1119+5130 1.2 4500
SBSG1129+576 1.2 5400
UM133 1.1 6300

summarized in Table 3.3. The data were taken with the 300 lines/mm grating, which

provides continuous coverage over 3200–8000 Å with a dispersion of 1.96 Å/pixel.

We utilized HeAr/Ne lamp exposures for wavelength calibration. To obtain relative

flux calibration sufficient for the measurement of line ratios, we applied a sensitivity

curve derived from observations of the standard star G24-9. All observations were

conducted at parallactic to minimize slit losses. The data were reduced using a cus-

tom python reduction pipeline, which found arc solutions and performed overscan

bias correction and flat-fielding, median-combination of the individual data frames,

rectification, background subtraction, and airmass-corrected flux normalization us-

ing the standard star observations.

We also observed the five northern targets with ESI at Keck II in January and

February 2017. The exposure times are summarized in Table 3.4, and average to

2 hours per target. Conditions were generally good, with typical seeing of 0.8′′,

1.0′′, and 1.1′′ on January 20, 21, and February 21 2017 (respectively). We utilized

the 1′′x20′′ slit, producing spectra spanning 3900–10900 Å with 11.5 km/s/pixel

dispersion. The standard set of HgNeXeCuAr arcs, dome flats, and biases were

conducted at the beginning of the night, and archival sensitivity corrections were

used to provide relative flux calibration of our observations (we only report line

ratios from these data). The continuum was sufficiently bright to trace the object

through the echelle orders directly, and the spectra were extracted with a boxcar

ensuring all object flux was captured. We reduced these data with the ESIRedux
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Table 3.4: Summary of ESI observations of our XMPs conducted in January–
February 2017.

Name Airmass Exposure (s)
January 20 2017

UM133 1.3 9000
January 21 2017

UM133 1.2 1800
February 21 2017

J0940+2935 1.2 7200
J1119+5130 1.2 4800
SBSG1129+576 1.2 9000
HS1442+4250 1.1 7200

code3.

One target (J0405-3648) resides at declinations inaccessible to MMT or Keck.

For this object, we rely on optical line measurements and metallicity found in a

consistent manner for the main body of the galaxy from a VLT/FORS2 spectrum

by Guseva et al. (2009).

The strong optical lines constrain the physical conditions and composition of

the ionized gas in these star-forming regions. We measure emission line fluxes and

rest-frame equivalent widths in the optical spectra as described in S17, utilizing the

Markov chain Monte Carlo sampler emcee (Foreman-Mackey et al., 2013) to infer

uncertainties in these measurements. To correct for reddening in line measurements,

we perform a two-step process, correcting first for Galactic extinction using the

maps of Schlafly and Finkbeiner (2011) with the RV = 3.1 extinction curve of

Fitzpatrick (1999). We then estimate the residual intrinsic reddening using the

Balmer decrement relative to the Case B recombination value of Hα/Hβ = 2.86

(assuming Te = 104 K, ne = 103 cm−3; Draine, 2011). We utilize the SMC bar

average extinction curve measured by Gordon et al. (2003) for modeling the intrinsic

attenuation.

The corrected optical nebular lines reveal a range of gas conditions prevail in

these XMPs. The O32 = [O iii] λ4959 + λ5007 / [O ii] λλ3727, 3729 ratios (Ta-

3http://www2.keck.hawaii.edu/inst/esi/ESIRedux/

http://www2.keck.hawaii.edu/inst/esi/ESIRedux/
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ble 3.5), which correlates with the density of ionizing radiation in H ii regions,

varies from 0.6 in J0940+2935 (close to typical for local star-forming galaxies in

SDSS) to 10.3 in HS1442+4250, near the largest values observed in the most intense

star-forming regions (e.g. Senchyna et al., 2017; Izotov et al., 2017). The equivalent

width of Hβ, which correlates with specific star formation rate and the degree to

which the youngest stars dominate the optical, ranges from 18–94 Å, corresponding

to sSFRs assuming constant star formation of 1–20 Gyr−1, similar to the range

found in Section 3.2.3.

With these de-reddened optical line measurements, we can measure the gas-phase

oxygen abundance using a direct temperature estimate. We follow the procedure

outlined in Senchyna and Stark (2019) using the calibrations of Izotov et al. (2006)

to measure direct-Te oxygen abundances with the Te-sensitive line [O iii] λ4363 and

[O ii] λλ3727, 3729 measured in the MMT spectra. The results are displayed in Ta-

ble 3.5, and confirm the metal-poor nature of these systems. The gas-phase abun-

dances range from 12 + log O/H = 7.38 – 7.70, corresponding to Z/Z� ∼ 0.05–0.1

assuming solar abundances. Thus, our observations probe young stellar popula-

tions at metallicities approaching the lowest yet observed in star-forming galaxies,

Z/Z� ' 0.02 (Izotov et al., 2018, and references therein). Moderate-resolution ul-

traviolet spectral constraints in this metallicity regime are nearly entirely absent

(Section 3.2.1).

3.2.5 UV Spectra

We obtained ultraviolet spectra with HST /COS in Cycle 24 (GO: 14168, PI: Stark)

targeting the key nebular and stellar features at C iv λλ1548, 1550, He ii λ1640,

O iii] λλ1661, 1666, and C iii] λλ1907, 1909. The required spectral resolution to

fully disentangle these features and interstellar absorption (R� 1000 after binning

over several resolution elements; e.g. Crowther et al. 2006; Senchyna et al. 2017;

Vidal-Garćıa et al. 2017) necessitated observations with the G160M and G185M

grisms coupled to the 2.5′′ diameter Primary Science Aperture (PSA). Our targets

were selected to be bright enough for high S/N continuum observation with one
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HS1442+4250

49 pc

J0405-3648

59 pc

J0940+2935

51 pc

J1119+5130

94 pc

SBSG1129+576

105 pc

UM133

110 pc

Figure 3.2: HST /COS NUV target acquisition images for the 6 XMPs. The red
circle denotes the 2.5′′ COS spectroscopic aperture, and a 1′′ scalebar is presented
with corresponding comoving distance estimates at the redshift of each system. At
this spatial resolution, each compact object is resolved into multiple star-forming
regions within the spectroscopic aperture.

orbit per grism, including an 88 second acquisition image taken in the NUV with

MIRRORA. An unexpected HST safing during observation of J0405-3648 resulted

in an automatic re-observation, requiring two G185M exposures of this object. After

confirming that both achieved comparable signal-to-noise, we combined these two

spectra for our analysis. We plot these acquisition images in Figure 3.2, which

reveal in very high-resolution the structure of the star-forming regions within the

aperture. While centrally-concentrated, these images indicate that we are observing

the conglomerate spectra of several clusters spread over a ∼ 50–100 pc region.

We used the TIME-TAG observation mode with all wavelength offset settings

(FP-POS=ALL) and a wavelength calibration lamp exposure (FLASH=YES), min-

imizing the effects of fixed-patten noise in the detectors. The data were reduced

with CALCOS 3.2.1 (2017-04-28) and the default calibration files as of 2017-08-

11. The spectra were extracted with the default parameters, namely with the

TWOZONE algorithm in the FUV and BOXCAR in the NUV. The reduced spectra

have dispersions of 73.4 mÅ/resolution element in G160M/FUV and 102 mÅ/resel
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in G185M/NUV. We bin the one-dimensional specta via boxcar averaging over the

length of these resolution elements (or multiples thereof) to achieve higher S/N per

pixel for plotting and analysis. Typical binning over 3 resolution elements (as moti-

vated by the measured width of MW absorption lines; Senchyna et al., 2017) result

in an effective spectral resolution of 40–50 km/s.

The spectra of our targets reveal a broad range of features, which we discuss on

an object-by-object basis in Section 3.3.1. We present line flux and equivalent width

measurements, performed as described in S17, in Tables 3.6 and 3.7, respectively. We

also plot the spectra in Figure 3.3, separated into two panels representing galaxies

with Hβ equivalent widths > 50 Å (left) and < 50 Å (right). Nebular emission

in O iii] λ1666 is detected in all galaxies except J0405-3648, and P-Cygni stellar

absorption in C iv λλ1548, 1550 is visible in all but SBSG1129+576.

3.3 Results

In this section we present and analyze the new HST /COS UV spectra collected for

six XMPs in HST program GO:14679. First, we describe the spectra of each object

individually in the context of their optical data in Section 3.3.1. Next, we investigate

the range of UV nebular line equivalent widths and line ratios attained by galaxies

in this metallicity range in Section 3.3.2. Finally, we explore He ii emission in these

XMPs in Section 3.3.3, and the stellar C iv P-Cygni feature in Section 3.3.4.

3.3.1 New UV Spectra Object-by-Object

The HST /COS FUV and NUV data we obtained alongside deep optical integrations

reveal a diversity of spectral properties in the XMPs targeted (Figure 3.3). Here, we

describe the UV spectra in the context of our other measurements for each object

individually, before physically interpreting these observations in later sections.

HS1442+4250: This system is the optically-dominant component of a ‘cigar-

like’ extended light distribution (Figure 3.1), and presents the most intense optical

emission line properties in our sample. The intense Hβ emission (equivalent width
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Figure 3.3: HST /COS UV spectra of the 6 XMPs targeted in this program. We
plot the three systems with Hβ equivalent widths < 50 Å in the left panel, and
those with higher equivalent width optical emission on the right, ordered within
each panel by gas-phase oxygen abundance. All spectra are normalized by their flux
at 1650 Å (the tick labels represent a separation of 2 in these normalized units) and
separated by an arbitrary vertical offset for display. Despite their low gas-phase
metallicity and correspondingly weak stellar winds, stellar C iv P-Cygni absorption
is visible in most of the objects. The systems with high specific star formation rate
and correspondingly high equivalent-width optical emission reveal typically more
prominent UV nebular emission, with emission in nebular C iv, He ii, O iii], and
C iii] detected.
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113±5 Å) and high O32 ratio (10.3±0.6) indicate this system harbors a very young

stellar population and highly-ionized gas. The UV spectra of this object are also

extreme: we detect strong nebular emission in all targeted lines, with prominent

emission in both C iii] at W0 = 11.6 ± 0.6 Å and C iv at W0 = 4.38 ± 0.07 Å

equivalent width. Narrow He ii at nearly the flux of O iii] 1666 is also present. The

signal-to-noise in the continuum is sufficient to clearly detect a C iv P-Cygni profile

as well; with the nebular emission and interstellar absorption subtracted-out by

performing Gaussian fits to each component, the remaining broad stellar absorption

presents an equivalent width of −1.6 Å.

J0405-3648: The target region in this case is at the center of the optical galaxy,

but is somewhat more extended than the other targets. The measured stellar mass

of this object at 105.3±0.2 M� is fairly typical for the sample, but the Hβ equivalent

width of 18 Å measured by Guseva et al. (2009) suggests a significantly less dominant

young stellar population in this system than the other targets (spanning 26–113

Å, Table 3.5). The UV spectra show no detections of the target nebular lines

(Figure 3.3), with 3σ limiting equivalent widths of < 2.6 Å for C iii] and < 0.3 Å

for O iii] 1666. However, a C iv P-Cygni profile is clearly visible with an absorption

W0 = −1.9 Å, the deepest measured in the sample.

J0940+2935: This system is a 104.9±0.2M� star-forming complex with an ex-

tended tadpole-like tail. The 26 ± 1 Å equivalent width of Hβ in this system is

also substantially smaller than in HS1442+4250 and closer to that of J0405-3648,

indicative of a much less dominant population of massive stars. The UV spectra of

this object reveal weak nebular emission, with only O iii] 1666 detected (W0 = 0.7

Å), but fairly prominent C iv P-Cygni absorption (W0 = −0.9 Å).

J1119+5130: This system is relatively compact in SDSS imaging, with stellar

mass 106.4±0.2M� in the spectroscopic aperture and an Hβ equivalent width of 36±2

Å just below the median for our sample. The UV spectra reveal nebular emission

in O iii] 1666 at W0 = 1.5 Å, but non-detections of the other lines (with C iii]

W0 < 0.8 Å). C iv P-Cygni absorption is barely detected in J1119+5130, at only

−0.2 Å equivalent width.
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SBSG1129+576: The targeted star-forming region in this galaxy is situated

at the end of an extended light distribution, and contains a relatively large stellar

mass of 106.1±0.2M� with Hβ equivalent width 69±2 Å. The HST /COS data reveal

narrow He ii 1640 emission at 1.14± 0.09 Å and O iii] 1666 at 0.95± 0.05 Å, but a

nondetection of C iii] (< 3.5 Å) and no detection of C iv P-Cygni absorption.

UM133: The targeted region in UM133 is a star-forming complex at the end of

an extended tadpole structure (Figure 3.1). We infer a stellar mass of 105.9±0.2M�

and measure an Hβ equivalent width of 85± 7 Å (the second largest in the sample),

suggestive of a system particularly dominated by young massive stars. The UV

spectra of UM133 show prominent nebular emission in He ii, O iii], and C iii], with

the C iii] doublet measured at a very large equivalent width of 11±1 Å. C iv P-Cygni

absorption is also visible, at W0 = −1.3 Å.

3.3.2 UV Nebular Properties of the New XMPs

The moderate-resolution HST /COS observations described above in conjunction

with recently-acquired data with the G140L grating (see Section 3.2.2) allow us to

investigate the production of UV nebular lines in this relatively unexplored metal-

licity regime. In particular, understanding what governs the strength of the semi-

forbidden C iii] doublet at primordial metallicities is of critical interest given the

growing body of detections of and constraints on this line at high redshift (e.g.

Stark et al., 2014, 2015a; Jaskot and Ravindranath, 2016; Stark et al., 2017; Ding

et al., 2017; Du et al., 2017; Maseda et al., 2017; Nakajima et al., 2018, and ref-

erences therein). Local observations have provided evidence for an inverse trend

in C iii equivalent width with metallicity, as strong > 5 Å C iii] emerges only at

12 + log O/H < 8.4 (Z/Z� . 0.5) (Rigby et al., 2015, S17). Among the sample

presented in S17, we found that very prominent nebular C iii] at equivalent widths

> 10 Å is powered down to 12 + log O/H ' 7.8, and found some evidence that the

maximum C iii] equivalent width may even increase down to this limiting metallicity.

However, we expect to eventually encounter a turnover in this trend. At sufficiently

low metallicity, the harder stellar ionizing spectrum (leading to higher C iv/C iii])
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and the declining carbon abundance conspire to suppress C iii], producing a peak in

C iii] equivalent widths with metallicity similar to that found for optical [O iii] emis-

sion (e.g. Jaskot and Ravindranath, 2016). Testing this with observations of XMPs

is crucial to establishing an empirical baseline for correctly physically interpreting

high equivalent width C iii] at high redshift.

Our sample of XMPs with new UV spectra includes two with very prominent

C iii] emission, HS1442+4250 and UM133, both at an equivalent width of 11 Å.

Emission at this strength is rare among local star-forming galaxies at any metallicity,

as illustrated in Figure 3.4. Intriguingly, the strong C iii]-emitters are the highest

metallicity systems in our new sample at 12 + log O/H = 7.65 and 7.70. The non-

detection of C iii] in our lower-metallicity systems is at first suggestive of a possible

decline in C iii] equivalent widths at 12+log O/H < 7.6. However, the C iii] emitters

HS1442+4250 and UM133 also host the highest specific star formation rates of the

systems we targeted. Their characteristic stellar ages from SED fitting are very

young at 45 and 47 Myr, and they present correspondingly large Hβ equivalent

widths (W0 = 94 and 81 Å, respectively). Thus, the apparent decline in C iii]

among our lowest metallicity systems is likely due to their relative lack of ionizing

flux from very young stellar populations.

Examining the full set of XMPs confirms the importance of specific star forma-

tion rate in determining the prominence of C iii] even at very low metallicity. In the

right panel of Figure 3.4, we replot the points at 12 + log O/H < 8.0 color-coded

by the equivalent width of Hβ as measured in an SDSS spectrum or comparable

(Section B), which serves as a proxy for specific star formation rate. Six XMPs at

12 + log O/H < 7.6 from Berg et al. (2016, 2019b) power Hβ at equivalent widths

> 200 Å, and all six present C iii] emission at equivalent widths of 11–16 Å compa-

rable to the strongest measured at any metallicity in the local universe (Figure 3.4,

right panel). This suggests that we have not yet observed a significant turnover in

the strength of C iii] down to 12 + log O/H ' 7.4. Rather, even at very low metal-

licities, C iii] remains strong (& 10 Å) in systems characterized by young effective

stellar ages (< 100 Myr).
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(Å
)

Figure 3.4: Equivalent width of the C iii] λλ1907, 1909 doublet as a function of
gas-phase metallicity. In addition to the HST /COS data presented in this paper
and S17, we plot archival data from nearby galaxies cataloged by Leitherer et al.
(2011, L11), Giavalisco et al. (1996, G96), Berg et al. (2016, B16), and Berg et al.
(2019b, B19) — see S17 for more details. Our sample and that of Berg et al. (2016)
together demonstrate that strong > 10 Å C iii] can be powered by very young
stellar populations down to 12 + log O/H ' 7.4. The two XMPs presented here
(HS1442+4250 and UM133) with strong 11 Å C iii] emission are also those with
the highest equivalent width optical line emission (Hβ equivalent widths > 80 Å),
corresponding to a very prominent young stellar population. In the right panel, we
replot those systems at 12 + log O/H < 8.0 with Hβ equivalent width measurements
from SDSS or similar (Berg et al., 2016; Senchyna et al., 2017; Berg et al., 2019b,
and Section B). The systems with prominent C iii] emission W0 > 10 Å also present
high equivalent width Hβ emission in-excess of 100 Å, indicating that C iii] requires
a stellar population weighted towards very young stars even in the XMP regime.

Nebular emission in C iv is also visible in the system with the most prominent

young stellar population, HS1442+4250. The C iv doublet is detected at a combined

equivalent width of 4.4 Å. This is larger than any of the extreme star-forming regions

at higher metallicities (12 + log O/H > 7.7) explored in S17, and is the fourth

largest of any nearby star-forming system in the literature (see Section 3.4). The

total observed flux of the C iv doublet in HS1442+4250 is 0.6× that in C iii] even

before correction for dust extinction, illustrating that these emission lines can be

comparable in observed strength in local extremely metal-poor systems. We will

investigate the C iv doublet and its dependence on metallicity and sSFR in more

detail in the discussion (Section 3.4).
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Due to their sensitive dependence on the slope of the EUV ionizing spectrum,

we might expect the ratios of the UV nebular lines to clearly distinguish stellar

from nonthermal ionizing sources at high redshift (e.g. Feltre et al., 2016; Byler

et al., 2018; Hirschmann et al., 2019). However, the realization that stellar models

presently underpredict the strength of He ii emission in local star-forming galaxies

and the resonant nature of C iv have raised doubts as to whether diagnostics involv-

ing these lines can be used, especially at low metallicities. In Figure 3.5, we plot

the dust-corrected ratios of O iii] λ1666/He ii λ1640 versus C iv λλ1548, 1550 / He ii

λ1640 for all XMPs presented here and in Berg et al. (2016) and Berg et al. (2019b)

which have detections of the relevant lines (Section B; we measure all lines and

upper limits consistently using our line fitting code). We overlay photoionization

models powered by AGN and stellar spectra from Feltre et al. (2016) and Gutkin

et al. (2016), respectively.

The XMPs presented here are still entirely disjoint from the nonthermal mod-

els of Feltre et al. (2016) in this diagnostic diagram, residing close to the purely

stellar model ratios. All have dust-corrected He ii λ1640 fluxes comparable to or

smaller than O iii] λ1666, with only one system (SBSG1129+576) presenting slightly

stronger He ii flux. While the O iii]/He ii ratios are only consistent with star-forming

models, the C iv/He ii upper limits for SBSG1129+576 and UM133 place them at

the bottom limit of the star-forming models presented. This is suggestive of a He+-

ionizing photon deficit in the stellar models considered, which we will discuss further

in Section 3.3.3. Despite this, the general disagreement of our local XMPs with the

nonthermal models and similar early results at z ∼ 6 (Mainali et al., 2017) suggests

that diagnostic diagrams such as this one still have utility in distinguishing star-

forming and AGN systems even at very low metallicity, as long as the observations

used are sufficiently high-resolution to disentangle nebular and stellar wind features.

3.3.3 He ii Emission in the XMP Regime

While the strength of C iv and He ii in these systems is inconsistent with a nonther-

mal power spectrum, the precise origin of the He+-ionizing photons remains unclear.
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Figure 3.5: An ultraviolet line ratio diagnostic diagram, plotting de-reddened neb-
ular C iv λλ1548, 1550 /He ii λ1640 versus O iii] λ1666 / He ii λ1640 for local star-
forming XMPs (from spectra presented by this work and Berg et al. (2016, 2019b)).
Measurement uncertainties are plotted, but are often too small to be visible behind
the points (of-order 0.01 dex). We also include the results of photoionization mod-
els of AGN from Feltre et al. (2016) and star-forming galaxies from Gutkin et al.
(2016). The new XMPs presented here remain disjoint from the nonthermal AGN
models in this parameter space, but reside at the edge of the star-forming sequence
as well in the C iv/He ii ratio. This suggests that the He ii or C iv emission in this
metallicity regime is not fully captured by the existing models.
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Though undisputed detections of nebular emission in He ii in predominantly star-

forming systems at z > 6 remain elusive (Sobral et al., 2015; Mainali et al., 2017;

Laporte et al., 2017; Shibuya et al., 2018; Sobral et al., 2019), we expect this line

to become very prominent in gas ionized by sufficiently low-metallicity stars (e.g.

Tumlinson and Shull, 2000; Schaerer, 2003; Raiter et al., 2010). Previous observa-

tions have revealed that many low-metallicity star-forming galaxies produce these

hard photons much more efficiently than predicted by stellar population synthesis

models (e.g. Shirazi and Brinchmann, 2012; Senchyna et al., 2017; Berg et al., 2018;

Kehrig et al., 2018) which suggests significant systematic uncertainties may arise in

the interpretation of He ii emission at high redshift. In particular, we found in S17

that the relative flux beyond the He+-ionizing edge is strongly dependent on metal-

licity, and suggests a dramatic upturn in the hardness of this ionizing radiation at

low metallicities. Our new data allow us to investigate whether this trend continues

to lower metallicities, which may provide insight into the origin of this ionizing flux.

We detect He ii λ1640 in three of the six XMPs presented here, at equivalent

widths up to 1.7 Å in HS1442+4250 (Table 3.7). The width of this He ii λ1640

emission (as measured with uncertainties using our MCMC Gaussian fits without

correction; Section 3.2.5) is found to be as-narrow or narrower than that measured

in [O iii] λ1666 for the strongest He ii emitters, HS1442+4250 and UM133, corre-

sponding to FWHM' 80 km/s. Likewise, the four Keck/ESI detections of He ii

λ4686 (see Figure 3.6) reveal linewidths consistent with that measured for Hβ to

within 2σ in HS1442+4250, UM133, and J1119+5130. In contrast, the He ii λ1640

emission in SBSG1129+576 is fit by a single component with a substantially larger

FWHM of 253 ± 21 km/s, which indicates it likely arises in a stellar wind rather

than ionized interstellar gas. The linewidths measured for HS1442+4250, UM133,

and J1119+5130 in the high-resolution data strongly suggests that He ii emission in

these systems arises in gas similar to that which dominates the emission in nebular

Hβ and [O iii], rather than a stellar wind or shocked outflow.

To assess the hardness of the ionizing radiation field powering He ii emis-

sion in these XMPs, we examine the flux ratio of He ii λ4686 / Hβ measured
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Figure 3.6: Cutouts of Keck/ESI optical spectra centred on the He ii λ4686 line for
the five northern hemisphere XMPs, ordered by the equivalent width of emission
in this line. The He ii lines evident in HS1442+4250, UM133, and J1119+5130 are
consistent in width with the other optical forbidden lines such as [O iii], indicating
that we are likely observing nebular emission from gas with kinematics similar to
that which dominates these other lines.
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in the high-resolution ESI data. This recombination line ratio tracks the ratio

Q(> 54.4eV)/Q(> 13.6eV), providing a relatively dust- and model-insensitive probe

of the relative amount of hard ionizing flux beyond the He+-ionizing edge. In S17

we showed this ratio was elevated in systems below 12 + log O/H < 8.0, suggestive

of an origin in low-metallicity stars; but this sample was limited to metallicities

12 + log O/H & 7.8. In Figure 3.7, we plot this flux ratio versus gas-phase metal-

licity for the four new XMPs with nebular He ii constraints alongside the galaxies

presented in S17 and those in López-Sánchez and Esteban (2009); López-Sánchez

and Esteban (2010). The three XMPs in which we detect apparently nebular He ii

emission reveal flux ratios He ii/Hβ = 0.020–0.036, indicating that the spectra of

these systems are harder at the He+-ionizing edge than in all but one of the higher-

metallicity extreme star-forming regions presented in S17.

Since the spread in metallicity among these three XMPs is small (0.2 dex), other

parameters are likely at play in driving the large spread in He ii/Hβ. If the flux

beyond 54.4 eV were powered primarily by very massive stars, we would expect to

see a correlation between this ratio and specific star formation rate and thus Hβ

equivalent width. We have color-coded the measurements from all three samples

in Figure 3.7 by WHβ,0, which does not reveal a clear trend among the XMPs in

this plot between this equivalent width and He ii/Hβ. The XMP with the largest

Hβ equivalent width in this plot (SBS 1415+437 C with WHβ,0 = 222 Å, with mea-

surements from López-Sánchez and Esteban 2009; López-Sánchez and Esteban 2010)

presents a He ii/Hβ ratio of only 0.024±0.002, slightly smaller than that reached by

J1119+5130 from our sample (He ii/Hβ = 0.026± 0.003) at a substantially smaller

Hβ equivalent width (36 Å). This suggests that while He ii emission is fairly ubiq-

uitous at 12 + log O/H < 7.7, sources with characteristic timescale longer than the

lifetimes of the most massive stars may be partly responsible for powering it (see

also Senchyna and Stark, 2019). Binary mass transfer can produce stars through

both stripping and angular momentum transfer analogous to massive Wolf-Rayet

stars with very hot emergent spectra but at a much broader range of initial masses

and thus timescales (e.g. Eldridge, 2012; Götberg et al., 2017, 2018). In addition,



126

X-ray binaries may power substantial flux at the He+-ionizing edge (e.g. Fabbiano,

2006; Schaerer et al., 2019), and fast-radiative shocks may also produce sufficient

soft X-ray flux to contribute to He ii (e.g. Izotov et al., 2019). Distinguishing be-

tween possible sources will require a significantly expanded sample of well-measured

line ratios on which models can be tested, especially at the lowest metallicities where

this emission appears most common.

3.3.4 The C iv Stellar P-Cygni Feature

Thus far, we have focused on the gas-phase oxygen abundance O/H inferred from

the direct method in the optical. However, the ionizing spectrum produced by stars

is dependent primarily on Fe/H in these stars. Variations away from fixed solar

abundance ratios can lead to significant variations in the effective stellar metallicity

at fixed O/H. In particular, rising star formation histories can result in super-solar

α/Fe ratios, which has been invoked to explain the surprisingly low stellar metal-

licities inferred from spectra of star-forming systems at z ∼ 2 (Steidel et al., 2016;

Strom et al., 2018). Thus, robustly connecting the inferences we draw about the

ionizing spectrum from the observed nebular emission to stellar models will require

us to consider carefully the metallicity of the stars present. By providing access to

metal features formed in the atmospheres of massive stars, ultraviolet spectra pro-

vide us leverage in assessing the actual stellar metallicity. In particular, the stellar

C iv P-Cygni feature is formed in the outflowing winds of massive O and B stars,

and is visible in five of our six spectra (excepting SBSG1129+576; see Figure 3.3).

Since these stellar winds are assumed to be driven by the opacity of Fe-peak ele-

ments, the strength of this P-Cygni wind feature is highly correlated with the stellar

metallicity (e.g. Crowther et al., 2006). After subtracting nebular emission and in-

terstellar absorption, the detected stellar absorption is found to vary in equivalent

width from −1.9 to −0.2 Å, with the two deepest features occurring in J0405-3648

(-1.9 Å) and HS1442+4250 (-1.6 Å). As expected, the C iv P-Cygni feature is sub-

stantially weaker than the median equivalent width of -3.2 Å measured in the sample

of higher-metallicity star-forming regions in S17. However, since the strength of this
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Figure 3.7: Optical He iiλ4686 /Hβ as a function of gas-phase oxygen abundance and
Hβ equivalent width, including the four galaxies with nebular detections or upper
limits from ESI spectra from this sample and the ten from S17, as well as systems
with high-resolution spectroscopy presented by López-Sánchez and Esteban (2010).
Even at specific star formation rates far smaller than those of the sample presented
by S17 (Hβ equivalent widths ∼ 20–100 Å versus 90–400 Å), we find large He ii/Hβ
ratios indicative of significant flux beyond > 54.4 eV relative to H-ionizing flux in
nearly all observed systems below 12 + log O/H < 8.0 (Z/Z� < 1/5). This suggests
that a metallicity-dependent source of hard EUV flux may be present on timescales
longer than the lifetime of the most massive stars in these systems, though more
data is needed to clarify this at the lowest metallicities 12 + log O/H < 7.7.
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feature is sensitive to both metallicity and the exact mix of O and B stars present in

the galaxy, we must consider both metallicity and stellar population age to derive

stellar metallicity constraints from this feature.

The highest signal-to-noise detection of the P-Cygni feature is achieved in

HS1442+4250, also the strongest nebular C iv emitter in our new sample of

HST /COS-targeted XMPs. We plot the G160M spectrum of this target focused

on the stellar C iv profile in Figure 3.8, with the portions of the spectrum im-

pacted by emission or absorption from gas greyed-out. On top of this observed

spectrum, we show continuum-normalized model stellar spectra computed assum-

ing a constant star formation history with BEAGLE. For each metallicity, we choose

a stellar population age by matching the observed equivalent width of Hβ to that

predicted by the models. Translating the gas-phase oxygen abundance of this sys-

tem (12+log O/H = 7.66) to Z assuming the present-day solar metal abundances of

Caffau et al. (2011) (as in the opacity tables utilized by Bressan et al., 2012) yields

Z = 0.0012. Uncertainties in the the scale of dust depletion in the gas-phase may

increase the expected stellar metallicity, but only up to Z ' 0.002 (see Table 2 of

Gutkin et al., 2016).

If this system were as enhanced in α/Fe as found at z ∼ 2 (i.e. by a factor of

4 times), we would expect to find a stellar metallicity closes to Z = 0.0003–0.001.

However, the observed P-Cygni profile is substantially deeper than the shallow ab-

sorption predicted at this low metallicity. In addition, the continuum around this

wind line shows some indications of photospheric absorption in-line with that pre-

dicted by the higher-metallicity models but too faint to detect at Z = 0.0003. This

suggests that this local C iv-emitter has an α/Fe abundance much closer to solar

than the enhanced values found at z ∼ 2 and expected in the reionization era. We

will discuss the implications and caveats of this finding in more detail in Section 3.4.
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Figure 3.8: The HST /COS spectrum of HS1442+4250 centered on the C iv
λλ1548, 1550 region. In addition to nebular emission, a broad stellar P-Cygni pro-
file is clearly detected in this source. For clarity, we grey-out the portions of the
spectrum impacted by nebular C iv emission and narrow absorption in C iv and
Si ii λ1526 produced by both Milky Way gas and gas near the galaxy systemic red-
shift. We overlay purely-stellar continuum-normalized constant star formation his-
tory models produced by BEAGLE matched to the measured Hβ equivalent width of
this system at various metallicities. This comparison reveals that the massive stars
in this system are inconsistent with the very low-metallicity models corresponding
to super-solar α/Fe ratios (Z ∼ 0.0003–0.001), suggesting that the abundances are
closer to solar than expected in systems at z > 2.
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3.4 Discussion

Over the last several years, the body of reionization-era systems with rest-UV line

detections has grown steadily with deep NIR spectroscopy campaigns. These efforts

have revealed strong C iii] at equivalent widths up to 22 Å and C iv at & 20 Å (Stark

et al., 2015a, 2017; Mainali et al., 2017; Schmidt et al., 2017). Early efforts to model

these systems indicate that this prominent high-ionization emission may reflect the

presence of very low metallicity stellar populations. If confirmed, these modeling

efforts suggest that the rest-UV might provide a means to identify extremely metal-

poor systems in the reionization era. However, stellar models suffer from substantial

systematic uncertainties in the extremely metal-poor regime. Since the Local Group

contains no massive stars at Z/Z� < 0.1, direct calibration of temperature scales

and winds cannot be conducted for individual stars at these metallicities. Stellar

models at Z/Z� < 0.1 are thus presently entirely theoretical, and predictions of the

ionizing spectrum and the nebular emission it powers vary radically under different

treatments of stellar evolution and radiation-driven winds (e.g. Kudritzki, 2002;

Szécsi et al., 2015; Stanway et al., 2016). As a result, inferences about the nature

of the stellar populations or other ionizing sources responsible for high-ionization

emission in the reionization era are extremely uncertain.

Nearby dwarf galaxies provide a way to address these uncertainties in stel-

lar population modeling at low metallicities. Ultraviolet and optical spectra at

low redshift allow us to investigate the variation of high-ionization lines with the

metallicity and age of the underlying stellar population, providing empirical con-

straints on the ionizing spectra of young metal-poor stellar populations. In Senchyna

et al. (2017), we presented moderate-resolution ultraviolet spectra of galaxies dom-

inated by recent (. 10 Myr) star formation, spanning the metallicity range of

7.8 < 12+log O/H < 8.5 (Z/Z� ' 0.1 – 0.6). These data revealed nebular C iv only

in the lowest metallicity systems 7.8 < 12 + log O/H . 8.0, with no detections even

in the highest-sSFR systems at 12 + log O/H ≥ 8.1. However, the equivalent width

of C iv in this sample did not exceed 2 Å, an order of magnitude lower than that
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measured at z > 6 (Stark et al., 2015b; Mainali et al., 2017; Schmidt et al., 2017).

If the appearance of nebular C iv at 12+log O/H < 8.0 is due to a steepening of the

stellar ionizing spectrum with decreasing metallicity, we might expect to encounter

stronger emission in this doublet at 12 + log O/H < 7.7.

Our new HST /COS spectra allow us to test whether more prominent C iv is

powered in extremely metal-poor galaxies. Indeed, we detect nebular C iv at a

combined equivalent width of 4.4 Å in HS1442+4250 (12 + log O/H = 7.65). This

C iv equivalent width is nearly three times larger than the maximum observed among

the S17 sample at 12 + log O/H > 7.7. In addition, the archival spectra we have

collated on XMPs (Section 3.2.1) reveal three additional star-forming systems with

C iv emission at equivalent widths in-excess of 4 Å measured in lower-resolution

HST /COS observations (Berg et al., 2016, 2019b), all at metallicities 12+log O/H <

7.7. Together with nondetections at 12+log O/H > 8.0 (Senchyna et al., 2017) these

data suggest that nebular C iv is strongly metallicity dependent in star-forming

galaxies, and reaches equivalent widths > 4 Å only in hot gas exposed to the hard

stellar ionizing spectra produced at extremely low metallicities (12+log O/H . 7.7).

Given these results, we might expect to find C iv in most star-forming galaxies

at sufficiently low metallicity. Surprisingly, our data indicate that nebular C iv is far

from ubiquitous even among XMPs. One possibility is that strong C iv emission is

powered only by very massive stars or other short-lived sources of ionizing radiation,

in which case we would expect to see a trend with the effective age of the stellar

populations. To investigate this, we plot the equivalent width of nebular C iv versus

WHβ,0 for the full sample of XMPs with C iv constraints assembled from our sample

and the literature (see Appendix B) in Figure 3.9. Nebular C iv is undetected in any

XMPs with Hβ equivalent widths < 100 Å, indicating that the ionization conditions

required to power strong C iv are reached only for galaxies dominated by very young

stellar populations (< 50 Myr). This full sample includes six systems with Hβ

equivalent widths & 200 Å, indicative of dominant star clusters of even younger

characteristic age than in HS1442+4250 and closer to the most extreme galaxies

studied in S17 at higher metallicities. All four of these galaxies are detected in C iv
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(Å
)

12 + log O/H ≤ 7.70

this work

Berg+16

Berg+19

Figure 3.9: The equivalent width of nebular C iv λλ1548, 1550 (plotted on a loga-
rithmic scale) versus Hβ equivalent width for XMPs with the necessary UV spectra.
Nebular C iv emission is ubiquitous at metallicities 12 + log O/H ≤ 7.7 among sys-
tems dominated by very young stars (Hβ equivalent widths > 100 Å).

and one of the youngest, J104457, powers C iv emission at an equivalent width of

11 Å. This is by far the strongest C iv emission yet identified in local star-forming

galaxies, and demonstrates that very young stellar populations at extremely low

metallicity can power C iv at equivalent widths within a factor of several of that

found at z > 6.

While the strongest C iv arises from systems at 12 + log O/H < 7.7 hosting very

young stellar populations (characteristic ages < 50 Myr), these conditions are not

alone sufficient. Even among XMPs at Hβ equivalent widths & 200 Å, we observe

WCIV,0 ' 1–11 Å in systems with C iv constraints (Figure 3.9). This motivates
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a more detailed examination of the massive stars present in C iv emitters, whose

actual composition and other properties may differ substantially from the simple

picture inferred from the gas-phase oxygen abundance and WHβ,0 alone. In particu-

lar, the galaxy α/Fe ratio may be an important factor in determining the strength of

C iv. In systems which have very recently started forming stars rapidly, the buildup

of iron and iron-peak elements in the ISM and stars is delayed relative to that of

the α elements such as oxygen. This is because type Ia supernovae are the primary

source of iron enrichment, and occur on significantly larger timescales > 100 Myr

than the type II supernovae which dominate the production of α elements. Since

iron-peak elements are largely responsible for controlling the evolution and atmo-

sphere opacities of massive stars, this elevated α/Fe ratio results in a system with

both a very hard low-metallicity stellar ionizing spectrum and significant quantities

of oxygen and carbon to excite into nebular emission in the surrounding gas (see

Steidel et al., 2016) — likely ideal conditions for powering nebular O iii], C iii], and

especially C iv.

Variation in α/Fe and consequently the effective metallicity of the massive stars

present could play a significant role in driving scatter in WCIV,0 among high-sSFR

XMPs. Though the optical and UV spectra we have observed are dominated by stars

formed recently, many lines of evidence indicate that even extremely metal-poor

z ∼ 0 star-forming dwarf galaxies have undergone multiple bursts of star formation

over the past Gyrs (e.g. Tolstoy et al., 2009; Annibali et al., 2013; Janowiecki et al.,

2017) which may lead some XMPs to values of α/Fe closer to and potentially below

solar (e.g. Bouret et al., 2015). Our comparison of the C iv P-Cygni profile in the

spectrum of HS1442+4250 to stellar population synthesis models provides a first

estimate of this ratio among local nebular C iv emitters (Section 3.3.4). Indeed, the

stellar winds in this system appear too strong to be consistent with the super-solar

α/Fe abundance ratios inferred at z ∼ 2–3 (Steidel et al., 2016; Strom et al., 2018).

Completing a coherent picture of nebular C iv production will require additional

measurements of α/Fe and general massive star properties in other C iv emitters

using moderate-resolution ultraviolet spectra. Ideally, such spectra would be suffi-
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ciently deep to probe fainter photospheric absorption features which provide more

direct estimates of Fe/H (e.g. Rix et al., 2004). If confirmed, a local trend between

elevated α//Fe and enhanced C iv emission may also naturally explain the apparent

rarity of & 20 Å C iv among local systems. At high redshift where galaxies are

increasingly characterized by rapidly rising star formation histories, we are likely to

encounter very super-solar O/Fe ratios, as already demonstrated at z ∼ 2 (Steidel

et al., 2016). Extreme values are likely even more common at z > 6 where the age

of the universe approaches the typical timescale for onset of Type Ia supernovae,

and Pop III stellar yields become a significant consideration (e.g. Takahashi et al.,

2014). While an accurate measurement of Fe/H in galaxies at reionization-era red-

shifts would be prohibitively expensive, strong wind lines such as C iv will likely be

accessible for the brightest systems at z > 6 with JWST , enabling an independent

check on this model.

While further local work is necessary, the existing UV data on local XMPs pre-

sented above already provide new context for reionization-era spectral observations.

One of the key objectives of JWST and ground-based NIR spectroscopic campaigns

targeting reionization-era systems is the characterization of the stellar populations

and physical conditions in the earliest star-forming environments. While prominent

emission from ionized helium has long been suggested as a signpost of Population

III star formation (e.g. Partridge and Peebles, 1967; Tumlinson and Shull, 2000;

Schaerer, 2003), relatively little attention has been paid to the possibility of con-

firming the nonzero but likely very low metallicity of stars formed after this very

first episode of enrichment. Based upon this local sample and samples at higher

metallicity (e.g. S17), detections of strong nebular C iv accompanied by UV line

ratios inconsistent with a nonthermal spectrum appear to be a positive indicator of

extremely metal-poor . 0.1Z� stars and gas. Indeed, the existing C iv detections

at or in excess of an equivalent width of 20 Å (Stark et al., 2015b; Mainali et al.,

2017) may be indicative of both very metal-poor stars and significantly super-solar

α/Fe abundances. Nondetections of the high-ionization lines at z > 6 are more

difficult to diagnose, but larger samples and deeper spectra in the local universe



135

will provide insight into the full set of conditions which drive C iv strength at low

metallicities. Regardless, these data suggest that relatively inexpensive rest-UV

emission-line spectroscopy with JWST may provide significant insight into the early

enrichment history of star-forming galaxies.

3.5 Summary

We presented new HST /COS UV spectroscopic observations of 6 star-forming galax-

ies in the poorly-sampled metallicity regime of XMPs. These data provide a clear

view of stellar and nebular features at the transitions C iv λλ1548, 1550, He ii λ1640,

O iii] λλ1661, 1666, and C iii] λλ1907, 1909. Along with all published archival UV

spectra of XMPs, these data allow us to conduct the first systematic analysis of

high-ionization nebular line production at 12 + log O/H < 7.7 (Z/Z� . 0.1), pro-

viding new insight into massive stellar populations and gas conditions encountered

at these very low metallicities. Our conclusions are as follows:

1. We detect C iii] at equivalent widths in excess of 10 Å in systems at

12 + log O/H = 7.4–7.7 (Figure 3.4), confirming that this doublet can re-

main very prominent well into the extremely metal-poor regime. Even at

these metallicities, our data suggests that strong C iii] still requires very high

specific star formation rates & 10 Gyr−1.

2. We find strong nebular He ii emission in three of the studied XMPs, with

He ii/Hβ ratios indicative of relatively more flux at 54.4 eV than in all but

one of the higher metallicity sources studied in S17. Despite this trend towards

harder spectra at 12+log O/H < 7.7, we do not find a clear association between

elevated He ii and WHβ,0 (Figure 3.7). This suggests that some source with

characteristic timescales longer than the age of the most massive stars may

contribute to the flux beyond the He+-ionizing edge. Additional data is needed

to clarify this picture and distinguish between possible origins of this excess

hard ionizing flux.
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3. We find nebular C iv at an equivalent width of 4.4 Å in the highest-sSFR

system in our sample, nearly three times larger than the highest value found

in star-forming systems at 12 + log O/H > 7.7 in S17. Together with archival

detections up to WCIV,0 = 11 Å in galaxies observed at lower spectra resolu-

tion (Berg et al., 2016, 2019b), these data confirm that strong C iv is clearly

associated with both extremely low metallicity and very young stellar popula-

tions < 50 Myr (Figure 3.9). The body of UV spectral observations at z ∼ 0

suggest that strong nebular C iv emission is a promising indicator of massive

very metal-poor stars at reionization-era redshifts.

4. While XMPs dominated by metal-poor massive stars appear capable of pow-

ering strong nebular C iv, the majority of such systems found locally do not

produce emission above 4 Å in equivalent width, well below the first measure-

ments of this doublet in systems at z > 6. We suggest that this discrepancy

could be explained by variations in the α/Fe abundance ratio. Our moderate-

resolution spectra reveal stellar features in the 4.4 Å equivalent width nebular

C iv emitter which are inconsistent with a super-solar α/Fe ratio (Figure 3.8).

Given the � 100 Myr timescales required for significant iron enrichment, as-

sembling galaxies at z > 6 may be significantly enhanced in α/Fe. Such

systems host both hot iron-poor stars which power hard ionizing spectra and

gas already moderately enriched in carbon, likely enhancing the strength of

nebular C iv. Larger samples of high quality local XMP spectra are required

to test the impact of α/Fe variations on high-ionization line emission.

Clearly, additional observations of XMPs hosting very young stellar populations

will be crucial for empirically calibrating stellar population synthesis models for the

JWST and ELT era. While these systems are rare among bright XMPs uncovered by

large spectroscopic survey programs like SDSS, techniques to find XMPs dominated

by young massive stars have recently been developed (Hsyu et al., 2018; Senchyna

and Stark, 2019), and may substantially expand the horizons of this avenue of study

when applied to next-generation surveys such as LSST. While model constraints will
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require statistical analysis of large samples of very well-understood nearby dwarf

galaxies, such work may eventually provide a firm physical grounding for inferences

about stellar populations in the reionization era.
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CHAPTER 4

Photometric identification and MMT spectroscopy of new extremely metal-poor

galaxies: towards a better understanding of young stellar populations at low

metallicity†

Abstract: Extremely metal-poor star-forming galaxies (XMPs) represent one of

our only laboratories for study of the low-metallicity stars we expect to encounter

at early epochs. But as our understanding of the z > 6 universe has improved, it has

become clear that the majority of known XMPs within 100 Mpc host significantly

less prominent massive star populations than their reionization-era counterparts,

severely limiting their utility as testbeds for interpreting spectral features found at

the highest redshifts. Here we present a new photometric selection technique de-

signed to identify nearby XMPs dominated by young stellar populations comparable

to those expected in the reionization era. We apply our technique to uncover can-

didate XMPs in SDSS imaging at magnitudes 16 < i′ < 23, extending significantly

below the completeness limits of the SDSS spectroscopic survey. Spectroscopic ob-

servations with the MMT confirm that 32 of the 53 uniformly metal-poor and high

specific star formation rate targets we observed have gas-phase oxygen abundances

12+log O/H < 7.7 (Z/Z� < 0.1), including two in the range of the lowest-metallicity

galaxies known, Z/Z� < 0.05. Our observations shed new light onto the longstand-

ing mystery of He ii emission in star-forming galaxies: we find that the equivalent

width of the He ii λ4686 high-ionization emission line does not scale with that of

Hβ in our sample, suggesting that binary evolution or other processes on > 10 Myr

timescales contribute substantially to the He+-ionizing photon budget in this metal-

licity regime. Applying such selection techniques coupled with deep spectroscopy to

next-generation photometric surveys like LSST may eventually provide a basis for

an empirical understanding of metal-poor massive stars.

†This chapter has been published previously as Senchyna and Stark (2019)
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4.1 Introduction

Blue compact dwarf galaxies host the nearest populations of very young stellar pop-

ulations at low metallicities (Z/Z� < 0.1). The spectra of these objects were found

early-on to be strikingly similar to those of H ii regions (Zwicky, 1966), indicating a

preponderance of hot stars ionizing their surrounding gas. Since their discovery and

the recognition of their significantly low metal content (Searle and Sargent, 1972),

these systems have become fruitful laboratories for a wide range of astrophysics.

They have found a role in topics ranging from galactic evolution and chemical en-

richment (e.g. Ekta and Chengalur, 2010; Izotov et al., 2012; Guseva et al., 2017) to

measurement of the primordial helium abundance (e.g. Izotov et al., 1994; Stasińska

and Izotov, 2001; Cooke, 2015).

Local star-forming dwarf galaxies have also proved crucial to understanding the

earliest galaxies. In recent years, detections of surprisingly strong emission in rest-

ultraviolet (UV) nebular lines (in particular C iv and Nv) at reionization era red-

shifts have highlighted uncertainties in our models of stellar populations and their

ionizing spectra below SMC metallicity (e.g. Stark et al., 2015b; Tilvi et al., 2016;

Mainali et al., 2017; Laporte et al., 2017; Mainali et al., 2018). Deep ultraviolet and

optical spectra of nearby star-forming galaxies suggest that the intense nebular C iv

emission may be powered by very metal-poor stellar populations (Z/Z� < 0.1), and

demonstrate that the extreme-UV (EUV) ionizing spectra predictions made by cur-

rent models require substantial revision at low metallicities (Senchyna et al., 2017).

The accuracy of these stellar population synthesis models is also critical for under-

standing the early heating of the IGM prior to reionization, which is likely dominated

by the first X-ray binaries in the universe (e.g. Fragos et al., 2013a; Mirocha et al.,

2015). X-ray observations of very metal-poor nearby galaxies suggest that stellar

populations below Z/Z� < 0.1 are far more efficient producers of hard X-ray radia-

tion than those near solar (Brorby et al., 2014; Douna et al., 2015), with significant

consequences for the early IGM and the global 21-cm signal produced in the early

universe (e.g. Furlanetto et al., 2006, and references therein).
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However, successfully employing local star-forming galaxies as reference ob-

jects in this context hinges upon identifying systems with properties comparable

to reionization-era galaxies. In the last decade, a series of deep imaging campaigns

have revolutionized our view of early star-forming galaxies (see Stark 2016 for a re-

view). These surveys have revealed a population of compact and low-mass systems

which are experiencing a substantial recent upturn in star formation rate (SFR).

This is reflected in very high specific star formation rates (sSFR = SFR/M? & 5–10

Gyr−1) and correspondingly high equivalent width line emission likely powered by

dense clusters of hot metal-poor stars (e.g. Smit et al., 2015; Roberts-Borsani et al.,

2016; Stark et al., 2015b; Mainali et al., 2017).

Unfortunately, most extremely metal-poor galaxies (XMPs, with Z/Z� < 0.1

i.e. 12 + log O/H < 7.7; Asplund et al. 2009) known in the local universe are char-

acterized by significantly lower sSFRs than these reionization-era systems. The set

of relatively bright XMPs uncovered by the SDSS spectroscopic survey (e.g. those

assembled by Sánchez Almeida et al., 2016) present a median Hβ equivalent width

of 30 Å corresponding to a typical sSFR . 1 Gyr−1, 5–10 times lower than systems

at z > 6 (as inferred from SED fitting incorporating rest-optical nebular line con-

tamination, e.g. Salmon et al., 2015; Smit et al., 2015). 1 As a result, the X-ray

and nebular line spectra of typical known XMPs likely have significant contributions

from somewhat older populations, including the energetic products of binary evolu-

tion involving stars with main sequence lifetimes of 10–100 Myr (e.g. Fabbiano, 2006;

Eldridge et al., 2017; Götberg et al., 2017). Using these systems as laboratories in

which to study the properties of very young stellar populations at reionization-era

metallicities may then lead to significant inaccuracies in our understanding of early

galaxies and IGM heating.

1The equivalent width of Hβ is a commonly-used empirical proxy for sSFR, or equivalently the

light-weighted age of a stellar population, as it probes the ratio of H-ionizing flux dominated by

very young (< 10 Myr) massive stars to optical continuum emission typically dominated by longer-

lived A stars. For simplicity and consistency with studies at z > 6 (for example, see discussion

in Salmon et al., 2015), we assume a constant star formation history in converting between Hβ

equivalent widths and inferred sSFR.
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Motivated by the paucity of extremely metal-poor systems at sSFRs comparable

to those found in the reionization era, we have begun a campaign to identify new

XMPs dominated by very young stellar populations within 100 Mpc (z < 0.03).

We developed a set of photometric color cuts designed to select these objects from

ugriz photometry based upon the colors of systems like I Zw 18 with significant

contamination of both the g and r bands by nebular emission from [O iii]+Hβ and

Hα. In contrast to previous photometric excess selections (e.g. the Green Peas and

Blueberries Cardamone et al., 2009; Amoŕın et al., 2010; Yang et al., 2017), our two-

band excess method targets relatively low [O iii]/Hα ratios as observed in very low-

metallicity systems. By extending this search to objects several magnitudes fainter

than SDSS spectra access and focusing on very low redshifts, we aim to identify

lower-mass and lower-metallicity systems missed by large spectroscopic surveys, a

number of which have been uncovered previously (e.g. James et al., 2015; Hirschauer

et al., 2016; Sánchez Almeida et al., 2017; Hsyu et al., 2017). Developing and testing

such photometric selection techniques is particularly pressing in light of ongoing

and imminent deep photometric surveys such as that to be conducted by the Large

Synoptic Survey Telescope (LSST; Ivezic et al., 2008).

Here, we present the results of MMT spectroscopic follow-up of objects selected

using our technique from SDSS photometry at magnitudes 18 < i < 21. We present

the photometric selection and sample in Section 4.2. In Section 4.3 we describe the

photometric data, spectroscopic follow-up, and analysis. We present the results in

Section 4.4, and conclude in Section 4.5. We assume a solar oxygen abundance of

12 + log10 ([O/H]�) = 8.69 (Asplund et al., 2009). For distance calculations and

related quantities, we adopt a flat cosmology with H0 = 70 km s−1 Mpc−1. All

magnitudes are in the AB system unless otherwise stated.

4.2 Photometric Sample

We aim to identify XMPs from ground-based broadband photometric data. In par-

ticular, we focus on the commonly-used Sloan photometric system, which consists



142

of five wide bands denoted u′g′r′i′z′ spanning the wavelength range 3000-11000 Å

(Fukugita et al., 1996). The SDSS employed this system in imaging spanning over

11,663 deg2 of the Northern sky to a depth of r = 22.2 (z = 20.5), with accompany-

ing fiber spectroscopy complete for only the brightest galaxies r < 17.77 (York et al.,

2000; Strauss et al., 2002; Abazajian et al., 2009). Ongoing large surveys such as

the Hyper Suprime-Cam Subaru Strategic Program (HSC-SSP; Aihara et al., 2018)

and Dark Energy Survey (DES; Abbott et al., 2018) as well as LSST (Ivezic et al.,

2008) employ all or nearly all of these bands. Thus, a substantial and expanding

fraction of the sky is covered by deep photometry in at least g′r′i′z′.

Star-forming dwarf galaxies have distinctive optical spectra, dominated by a

blue continuum and the strong emission lines Hα, Hβ, and [O iii] λλ4959, 5007.

In systems with sufficiently dominant recent star formation, this nebular emission

can heavily contaminate broadband photometry and produce distinctive color ex-

cesses. In Figure 4.1 we plot the g′ − r′ versus r′ − i′ and u′ − i′ SDSS colors

of spectroscopically-confirmed XMPs, alongside those of star-forming galaxies pre-

viously selected using color excess techniques and the color distribution for stars.

Since we are interested in seeking out the lowest-metallicity galaxies, and we expect

these galaxies to be relatively low-mass and thus faint (e.g. Berg et al., 2012), we

focus on the nearest galaxies at the lowest redshifts z < 0.03 (luminosity distances

. 100 Mpc). We plot z < 0.03 XMPs uncovered from the SDSS spectroscopic

dataset by Sánchez Almeida et al. (2016) and extremely metal-deficient galaxies

catalogued by Guseva et al. (2017), which collectively include both systems with

very intense ongoing star formation as well as objects with low gas-phase oxygen

abundances but relatively low equivalent-width emission. For comparison, we plot

the Blueberry galaxies presented by Yang et al. (2017), which are z < 0.03 systems

selected on [O iii]+Hβ emission; these are low-redshift counterparts to the [O iii]-

selected Green Pea galaxies, which reside at z ∼ 0.1–0.3 (Cardamone et al., 2009).

Especially at the very faintest magnitudes, star–galaxy separation algorithms can

confuse compact star-forming galaxies for point sources — hence we also plot the

distribution of spectroscopically-identified stars in this figure. These plots reveal
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that extremely metal-deficient systems occupy a region of color-color space disjoint

from that of galaxies selected photometrically via an [O iii] excess at the same low

redshifts, and overlap more significantly with the stellar locus.

In order to understand this offset in color-color space, we must examine the spec-

tral energy distribution of nearby star-forming galaxies in more detail. In Figure 4.2,

we plot the SDSS spectra and photometry for I Zw 18 NW alongside that of a galaxy

selected using the [O iii]-excess photometric criteria presented by Yang et al. (2017).

In the latter system, [O iii] λ5007 is significantly stronger than Hα. The [O iii] and

Hα lines occupy the g′ and r′ bands for objects such as these at redshifts z < 0.03.

As visible in Figure 4.2, systems with strong [O iii] emission relative to Hα will

produce a substantially larger photometric excess in g′ (from [O iii]+Hβ) than in

r′ (Hα), forming the basis of the Green Pea-like Blueberry galaxy selection (Fig-

ure 4.1). For a fixed star formation history and gas geometry, the ratio of [O iii]/Hα

peaks at a metallicity near 12+log O/H = 8 and decreases at lower metallicities (e.g.

Kewley and Dopita, 2002). As a result, selections based upon high [O iii]/Hα will

preferentially identify systems at moderately subsolar metallicities (Z/Z� ' 0.2).

This is evident in the metallicity distribution of the Green Pea galaxies (Amoŕın

et al., 2010).

The colors of most actively star-forming XMPs at z < 0.03 are significantly

different from these higher-metallicity systems. Figure 4.2 reveals that the [O iii]

λ5007 emission line presents approximately the same flux as Hα in I Zw 18 NW.

As a result, the g′ − r′ color of this object is nearly zero, and it would be missed

by a blue g′ − r′ selection designed to identify strong [O iii] emitters (Figure 4.1).

However, both the g′ − i′ and r′ − i′ colors are significantly blue in this XMP due

to contamination by [O iii]+Hβ and Hα (respectively) relative to the continuum in

i′. By identifying an excess in both g′ and r′ relative to i′ and focusing on g′ − r′

colors near zero, we can define new color criteria to select star-forming XMPs.

This physical picture motivates development of a two-band excess selection (in

g′ and r′) for identifying XMPs at low redshift. We define the color cuts used for

this work by examining the measured colors of known XMPs (12 + log O/H < 7.7)
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Figure 4.1: Color-color plots highlighting the position of our new targets alongside
known systems in g′ − r′, r′ − i′, and u′ − i′. We plot the position of the Blueberry
galaxies (r′ − i′ selected Green Pea analogues, Yang et al., 2017, ; blue circles) and
known XMP galaxies drawn from the literature (orange triangles: Sánchez Almeida
et al., 2016; Guseva et al., 2017). The background density histogram represents
spectroscopically-confirmed stars drawn from SDSS. The z < 0.03 XMPs cluster
near g′ − r′ ' 0 due to a similar excess in both g′ and r′ (Figure 4.2). Based upon
the distinctive colors of these spectroscopically-confirmed galaxies, we defined a set
of color cuts (dashed black lines) designed to identify previously unknown high-sSFR
XMPs using only five-band SDSS photometry. Projections of the color cuts and and
the 53 target galaxies selected in this paper are displayed as black dashed lines and
black points, respectively.
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Figure 4.2: SEDs and SDSS photometry for two prototypical nearby (z < 0.03) star-
forming galaxies. The grayscale curves in the lower panel represent the throughput
of the SDSS g′, r′, and i′ bands which we focus on in this work. The bottom blue
SED and photometry is from a blueberry galaxy (RA, Dec 13:23:47.46, -01:32:52.00)
and is typical of galaxies selected by a single band excess; strong [O iii] emission
produces an excess in g′ relative to both r′ and i′. On the other hand, the top
galaxy is the XMP I Zw 18 NW (RA, Dec 09:34:02.03, +55:14:27.79), and shows
much lower [O iii]/Hα due to its low metallicity. In this case, [O iii]+Hβ and Hα
produce nearly identical excesses, yielding a g′ − r′ ∼ 0. Our selection is designed
to capture systems like I Zw 18 with very low metallicity and relatively weak [O iii]
emission.
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at redshifts z < 0.03 culled from the literature (Kunth and Östlin, 2000; Shirazi and

Brinchmann, 2012; Guseva et al., 2017; Izotov et al., 2018, and references therein;

Figure 4.1). In particular, we focus on systems with large specific star formation

rates and high equivalent width emission indicative of a substantial population of

massive stars.

• g′ − i′ < −0.1 (5σ), r′ − i′ < −0.1 (5σ): Statistically-significant excesses

in both the g′ and r′ bands relative to i′. For ideal tophat filters, an excess

of 0.1 magnitudes over a flat continuum in Fν corresponds to a nebular flux

contribution at 10% the total flux of the continuum in the bandpass.

• −0.15 < g′ − r′: An r′-band excess comparable to or stronger than that in g′

(see Figure 4.2).

• −0.7 < u′ − i′ < 1.0: A relatively flat continuum in u′ − i′ (large scatter,

due to both real variations in star formation history and shallower u′-band

constraints).

• −0.3 < i′ − z′ < 0.3: A flat continuum in i′ − z′.

We utilize the modelMag measurements included in the SDSS database which are

derived from the better-fitting of a de Vaucouleurs and an exponential profile model.

These measurements are thus appropriate for both point-like and extended objects.

Single-band excess selection techniques such as those defining the Green Peas

have the advantage of isolating galaxies with particularly unique colors. As hinted

at by the overlap with the stellar locus in Figure 4.1, our color selection includes some

contaminants which are dominated by stars of A and F type and a smaller number of

quasars (predominantly at z ∼ 2.3). For the purposes of this initial study, we utilize

morphology cuts to refine our sample. We require that our targets are classified

as non-pointlike (extended) by the SDSS algorithm, In addition, we crossmatched

point-like SDSS candidates with the deeper Hyper Suprime-Cam Subaru Strategic

Program (HSC-SSP; Aihara et al., 2018) DR1 photometry and identified a small

number of unresolved SDSS objects categorized as extended in this catalog, which
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we included in our target list. Of the set of 959 objects in SDSS DR13 which satisfy

our photometric selection, 148 have associated SDSS spectra. All are emission line

galaxies at low redshift z < 0.08 (all but five reside at z < 0.03), with median Hβ

equivalent width 96 Å indicative of substantial recent star formation. By design,

this observed subset includes many systems in the XMP regime, including canonical

systems such as I Zw 18.

Motivated by the successful test of this selection, we initiated a spectroscopic

campaign to target the fainter objects selected by our cuts which lack SDSS spectra.

We manually cleaned the set of targets without SDSS spectra to identify high-

quality candidates for spectroscopic follow-up. In particular, we removed giant

H ii regions embedded in spiral galaxies or in general any larger system with an

existing SDSS spectrum. We then crossmatched with SIMBAD (Wenger et al., 2000)

and excised any object with a metallicity measurement in the literature. We also

discarded any obvious photometric artifacts. The majority of candidates removed

by this cleaning are discarded as H ii components of substantially larger and well-

studied star-forming galaxies. From the 959 extended objects in the SDSS DR13

photometric database satisfying our selection criteria, this procedure yielded 161

high-quality cleaned targets awaiting spectroscopic confirmation.

We plot the u′-band apparent magnitude distribution of cleaned targets satisfying

our photometric selection in Figure 4.3. The objects that were observed spectro-

scopically by SDSS have a median u′-band magnitude of 17.7, and extend down only

to 20.4. The turnover near u′ = 18 is consistent with the design of the SDSS spec-

troscopic survey, which is complete to galaxies brighter than r′ < 18 (Strauss et al.,

2002). In contrast, the distribution of the cleaned photometric targets selected for

study in this work peaks at u′ ∼ 19 and extends down to nearly u′ = 22. Our sample

is likely significantly incomplete at u′ & 19–20 due to the increasing uncertainty of

the SDSS star–galaxy separation algorithm and color measurements involving the

shallower i′ and z′ bands at these faint magnitudes. Even so, our photometric se-

lection probes significantly below the completeness limits of the SDSS spectroscopic

survey. By locating fainter galaxies with a band contamination technique trained at
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Figure 4.3: A histogram representing the u′-band magnitude distribution of objects
satisfying our photometric selection criteria, including both the 148 objects with
flux-matched SDSS spectra and the 161 new cleaned candidates identified for follow-
up. The subset with SDSS spectra drops off steeply at magnitudes fainter than
u′ > 18 due to the apparent magnitude limit of this survey. Our new targets
peak at a significantly fainter magnitude u′ = 19, and extend as faint as u′ = 21,
significantly below the completeness limits of the SDSS spectra.

redshifts z < 0.03 (see above), we aim to access lower-mass galaxies and potentially

a higher fraction of XMPs. Deeper photometric surveys such as LSST will likely

dramatically expand the population of objects accessible to this technique.

4.3 Observations and Analysis

With a sample of new star-forming XMP candidates in-hand, we pursued spectro-

scopic observations to confirm and characterize these objects. Over the course of

seven nights with the MMT in January 2018, we detected the auroral line [O iii]

λ4363 Å and measured direct-temperature metallicities in 53 systems selected from

our sample on the basis of visibility — their photometric properties are summarized

in Table 4.1. The range of apparent magnitudes of the observed targets presented
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Table 4.1: Coordinates, SDSS photometry, and exposure times for the 53 objects
we obtained [O iii] λ4363 detections in (SNR> 2) with MMT Red Channel or Blue
Channel (RC or BC, respectively). Effective radii from exponential fits (accounting
for the seeing point spread function) in the i′-band reported by the SDSS photo-
metric pipeline are also presented. The redshifts and distances inferred from the
MMT spectra along with absolute SDSS modelMag i′ measurements corrected ac-
cordingly are presented in the final columns (Section 4.3.1). The confirmed galaxy
for which we determined extendedness using the HSC-SSP catalog rather than SDSS
photometry (SDSS J0845+0131) is denoted by a ∗. The IAU designations for each
SDSS photometric object are presented here, though shortened names are used in
subsequent tables and the text.

Name u′ g′ r′ i′ z′ reff (i) instrument exposure z distance Mi
arcsec (SDSS) (MMT) time (s) Mpc

SDSS J003740.45+291010.0 19.38 18.73 18.77 19.10 18.88 3.4 RC 1200 0.017 77 -15.33
SDSS J005344.44-093725.9 19.08 18.33 18.44 18.77 18.87 3.1 RC 1200 0.014 69 -15.42
SDSS J011519.73+270907.7 19.72 19.09 19.23 19.70 19.65 0.5 RC 1200 0.013 59 -14.15
SDSS J015351.12+261548.9 18.04 17.24 17.26 17.57 17.41 3.9 RC 1200 0.010 47 -15.80
SDSS J015943.87-062232.9 18.65 17.90 17.94 18.41 18.33 2.8 RC 900 0.0093 47 -14.93
SDSS J020321.99+220402.1 19.99 19.54 19.62 20.13 19.98 1.4 RC 1500 0.0093 44 -13.08
SDSS J020540.72-173252.4 17.26 16.41 16.37 16.52 16.45 3.0 RC 900 0.016 76 -17.88
SDSS J020601.09+271211.4 19.30 18.38 18.50 18.75 18.66 3.0 RC 900 0.017 76 -15.64
SDSS J020613.35-060948.8 19.04 18.44 18.52 18.86 18.90 0.8 RC 900 0.014 64 -15.18
SDSS J022225.97-035509.9 19.07 18.17 18.13 18.77 18.99 1.0 RC 900 0.0084 42 -14.34
SDSS J024441.11+284600.7 19.75 18.71 18.76 19.19 19.08 2.1 RC/BC 3600 0.020 88 -15.54
SDSS J024758.00+035025.0 19.65 19.44 19.37 20.24 20.16 0.4 RC 1200 0.0041 22 -11.51
SDSS J030024.01+020628.8 19.55 19.26 19.34 19.66 19.61 1.0 RC 1200 0.021 92 -15.15
SDSS J031911.82+401729.7 20.15 19.51 19.56 19.99 19.81 0.9 RC 1500 0.019 80 -14.54
SDSS J043015.89+084530.5 19.34 18.31 18.41 19.00 18.96 1.3 BC 1500 0.012 49 -14.44
SDSS J044412.94-045819.9 18.35 17.47 17.58 17.84 17.73 1.6 BC 1800 0.016 68 -16.31
SDSS J051134.12-003818.8 19.25 18.62 18.60 18.94 18.93 1.7 RC 1200 0.015 64 -15.07
SDSS J061046.04+644950.1 18.63 18.18 18.20 18.59 18.55 0.8 BC 1800 0.016 67 -15.53
SDSS J064101.26+381532.9 20.55 19.88 19.95 20.43 20.15 0.8 RC 1800 0.024 100 -14.57
SDSS J075733.93+475030.7 19.09 18.50 18.45 18.89 18.79 2.9 RC 1800 0.0076 31 -13.58
SDSS J081713.08+263350.3 20.21 19.44 19.44 19.71 19.55 1.3 RC 1500 0.019 80 -14.79
SDSS J082225.73+460522.8 20.49 19.70 19.78 20.13 19.91 1.3 RC/BC 4200 0.013 52 -13.46
SDSS J083609.47+030600.0 21.32 19.94 19.83 20.56 20.82 1.1 BC 2700 0.0094 38 -12.35
SDSS J084425.44-024001.1 19.72 19.22 19.21 19.58 19.48 3.7 RC 900 0.010 42 -13.53
SDSS J084530.80+013151.2 ∗ 22.17 21.09 21.13 22.81 21.91 3.4 RC 1800 0.013 53 -10.80
SDSS J090541.82+253227.9 18.86 18.07 18.04 18.31 18.18 3.4 RC 2100 0.0093 38 -14.62
SDSS J090700.00-000251.2 19.10 18.17 18.20 18.60 18.38 1.6 RC 1200 0.019 79 -15.89
SDSS J091737.69+505715.6 20.23 19.51 19.48 19.72 19.96 1.0 RC/BC 3300 0.012 51 -13.82
SDSS J092713.61+031424.6 19.76 19.24 19.12 19.74 19.77 0.9 RC 1500 0.0041 15 -11.18
SDSS J093751.74+204653.2 21.07 20.61 20.71 21.29 21.31 0.5 RC 1500 0.020 83 -13.29
SDSS J095506.70-031617.7 18.55 17.80 17.82 17.97 17.93 3.0 RC 900 0.018 77 -16.46
SDSS J100008.52+273614.9 20.32 19.99 19.99 20.33 20.34 0.5 RC 2100 0.014 62 -13.63
SDSS J100438.64+291146.2 18.77 18.31 18.33 18.48 18.52 1.2 RC 1500 0.015 66 -15.60
SDSS J100512.15+372201.5 19.34 19.09 19.06 19.38 19.52 2.3 RC 15300 0.0014 2.7 -7.77
SDSS J101818.56+213736.6 20.49 19.87 19.88 20.11 20.22 0.7 RC 1800 0.020 87 -14.60
SDSS J102500.91+572129.9 18.61 18.26 18.30 18.59 18.57 1.2 RC/BC 4800 0.0078 35 -14.15
SDSS J103129.68+383210.9 18.74 18.12 18.13 18.30 18.26 1.8 RC/BC 4200 0.011 47 -15.05
SDSS J103207.91+562129.6 19.21 18.28 18.30 18.54 18.80 2.5 RC/BC 4200 0.024 104 -16.53
SDSS J103400.94-022158.9 16.24 15.74 15.68 15.86 15.88 8.9 RC 1200 0.0058 25 -16.15
SDSS J103641.07+140715.1 19.98 19.37 19.27 19.61 19.72 1.1 RC 2100 0.0084 38 -13.31
SDSS J110431.76-004146.5 18.57 17.77 17.85 18.11 18.03 2.9 RC 1200 0.019 82 -16.46
SDSS J110521.68+175417.8 18.56 18.02 18.04 18.22 18.19 1.7 RC 1200 0.010 47 -15.12
SDSS J110849.73+145358.5 18.93 18.56 18.55 19.04 18.98 1.9 RC 1200 0.012 54 -14.62
SDSS J111857.75+670953.3 19.61 18.60 18.59 18.75 18.47 1.2 RC/BC 4800 0.0089 41 -14.29
SDSS J112712.36+391520.9 18.95 18.58 18.57 18.92 18.77 4.5 RC 1500 0.0067 33 -13.64
SDSS J113058.67+234836.9 18.23 17.68 17.76 18.24 18.16 1.9 RC 900 0.0067 33 -14.36
SDSS J120459.62+525934.6 19.53 19.00 18.96 19.21 19.32 1.6 RC 1500 0.012 54 -14.45
SDSS J120652.26+173942.5 20.05 19.07 19.08 19.43 19.21 1.3 RC 1200 0.013 59 -14.42
SDSS J122641.86+223034.2 20.21 19.82 19.81 20.28 20.15 1.0 RC 1200 0.018 79 -14.21
SDSS J123034.76+370821.3 19.17 18.71 18.77 18.90 18.82 1.0 RC 1200 0.022 96 -16.01
SDSS J123920.18+392104.5 19.10 18.41 18.49 18.90 18.86 3.0 RC 1200 0.019 82 -15.68
SDSS J125134.65+392642.6 20.36 19.48 19.51 19.89 19.70 0.8 RC 1200 0.0076 37 -12.98
SDSS J125727.52+270605.3 20.92 20.09 20.14 20.51 20.26 0.8 RC 1200 0.019 83 -14.07
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J0037+2910 J0053-0937 J0115+2709 J0153+2615 J0159-0622 J0203+2204

J0205-1732 J0206+2712 J0206-0609 J0222-0355 J0244+2846 J0247+0350

J0300+0206 J0319+4017 J0430+0845 J0444-0458 J0511-0038 J0610+6449

J0641+3815 J0757+4750 J0817+2633 J0822+4605 J0836+0306 J0844-0240

J0845+0131 J0905+2532 J0907-0002 J0917+5057 J0927+0314 J0937+2046

J0955-0316 J1000+2736 J1004+2911 J1005+3722 J1018+2137 J1025+5721

J1031+3832 J1032+5621 J1034-0221 J1036+1407 J1104-0041 J1105+1754

J1108+1453 J1118+6709 J1127+3915 J1130+2348 J1204+5259 J1206+1739

J1226+2230 J1230+3708 J1239+3921 J1251+3926 J1257+2706

Figure 4.4: SDSS g′r′i′ mosaic images centered on our spectroscopic targets. A 3′′

radius red circle is centered on the target region observed; this radius corresponds
to transverse comoving distances ranging from 0.04–1.5 kpc at the distances of these
objects. The majority are dominated in the optical by the compact star-forming
regions targeted in each, for which we obtained MMT spectroscopic follow-up.
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Table 4.2: Summary of the MMT nights allocated for this program. Seeing reported
was from wavefront sensor measurements (typically 2–3 performed per night).

Date Instrument Seeing
11/1/18 MMT Red Channel (RC) 1.0′′

12/1/18 RC 0.7–2′′

13/1/18 RC 0.6′′

14/1/18 RC 1–2′′

22/1/18 MMT Blue Channel (BC) 0.7′′

23/1/18 BC 1.5–2′′

24/1/18 BC 2′′

here is representative of that of the full set of 161 SDSS photometric targets, with an

i′-band 16th–50th–84th percentile range of 18.3–19.0–20.1 compared to 18.2–19.0–20.2

for the full cleaned sample. In the following subsections, we describe the photomet-

ric data and bulk galaxy constraints derived from SED modeling; then discuss the

spectroscopic observations and data reduction; and describe the measurement of

nebular emission lines and metallicities from these spectra.

4.3.1 Photometric Data and Distances

The SDSS imaging of our targets provides constraints on the magnitude of their

recent star formation. We plot SDSS mosaic images of the 53 targets presented

in this paper in Figure 4.4. The majority of galaxies targeted are dominated by

the compact region we have selected for follow-up, so that the SDSS modelMag

photometry of our targets represents essentially the entire galaxy in the optical;

though several systems appear to be part of a larger irregular structure of embedded

star-forming regions. Since our spectroscopic data is limited to the compact region

covered by our slit we will focus our attention on these regions, while also considering

the impact of larger aperture photometry.

We fit the SDSS modelMag flux measurements with Prospector, a python

framework for stellar population synthesis modeling (Johnson and Leja, 2017; Leja

et al., 2017)2. In particular, we utilize the affine-invariant MCMC sampler emcee

2https://github.com/bd-j/prospector

https://github.com/bd-j/prospector
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(Foreman-Mackey et al., 2013) and the Flexible Stellar Population Synthesis (FSPS)

models including nebular emission, described by Conroy et al. (2009, 2010) and Byler

et al. (2017). We adopt a constant star formation history representing the most re-

cent activity in these systems, which we find to be an adequate fit to the SDSS

u′g′r′i′z′ photometry. Including the nebular emission model implemented by Byler

et al. (2017) allows us to model the entire SED including contaminated bands. We

adopt a Chabrier (2003) IMF with the Padova isochrones and MILES spectral li-

brary. For each primary adjustable parameter, we established a flat prior likelihood

distribution and ensured visually that no fits were forced to converge at the edges

of this parameter space. In particular, we allow metallicity to vary over the range

−2 < log10(Z/Z�) < 0.2; dust extinction to vary up to an optical depth of 0.5;

and the gas ionization parameter logU to vary over the full range of the models

(−4 < logU < 0). Since our broadband optical photometry and optical spectra

are insufficient to directly constrain the stellar metallicity, we adopt the standard

assumption that the stellar and gas-phase metallicities are matched with solar abun-

dances for the purposes of this work. Stellar mass estimates and effective ages are

extracted by marginalizing over the full posterior distribution and presented in Ta-

ble 4.3.

Very young . 10 Myr stellar populations and the nebular emission they excite

likely dominate the UV–optical spectra of assembling galaxies at the sSFRs inferred

in the reionization era (e.g. Faisst et al., 2016). We have designed our search tech-

nique to locate XMPs with similarly high sSFR in order to study comparable systems

at low metallicity nearby. In the fitting procedure above we have adopted a constant

star formation history, which minimizes the number additional of free parameters to

two (effectively, the scale and duration of star formation). This provides a good fit

to the optical photometry including the bands probing clean continuum (u′, i′, and

z′) as well as the nebular-contaminated g′ and r′ bands. Importantly, this model is

also commonly-used to derive star formation rates and stellar masses for galaxies in

the reionization era (e.g. Labbé et al., 2013; Stark et al., 2013; Salmon et al., 2015),

enabling more direct comparison with results at these redshifts.
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Two important systematic uncertainties may impact the results of our photo-

metric SED fitting. First, we assess the degree to which the SDSS modelMag mea-

surements capture the total flux of the galaxies under study. To estimate an upper

limit to the total brightness of our systems, we identify the full extent of the galax-

ies in the g′-band by producing a segmentation map with the photutils software

package (Bradley et al., 2018) with a limiting SNR of 1.5 and expanding it by 10

pixels in all directions, which we verify visually encompasses all diffuse extended

light visible in the images. We then measure a total magnitude in each band by

summing flux within this full galaxy footprint. The ratio of this total flux in the i′-

band to that represented by the modelMag measurements is typically only 1–3 (with

16–50–84th percentile confidence interval 1.4+1.9
−0.4), with only four systems yielding

total flux estimates 10–40 times larger than the modelMag. This indicates that the

compact burst we are focusing on typically represents a significant fraction of the

entire galaxy in the optical.

Second, we consider the impact of changing our assumed star formation his-

tory. The optical photometry of many of the objects in our sample require very

young ages (< 20 Myr; Table 4.3) to reproduce, indicating that the systems are

undergoing a burst or significant recent upturn in star formation rate. The young,

massive stars formed in this burst will outshine older stars from earlier episodes of

star formation in both the UV and optical, making it difficult to reliably constrain

the total stellar mass. Resolved stellar population studies working with very nearby

galaxies with similar properties like I Zw 18 indicate that these older stars can

contribute significantly to the total stellar mass of such galaxies (e.g. Aloisi et al.,

2007; Corbin et al., 2008). While we cannot directly constrain the star formation

history of our targets with unresolved optical photometry, we can assess the system-

atic uncertainty introduced by our assumed star formation history. To this end, we

also estimate stellar masses utilizing the u′,i′ mass-to-light ratio calibration derived

by Bell et al. (2003) assuming a more extended exponential star formation history.

The total stellar masses computed with this calibration corrected to a (Chabrier,

2003) IMF and using our total u′,i′ magnitudes found above are also provided in
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Table 4.3. These total stellar masses are 21+46
−9 times larger than those found for the

recent burst (from our constant star formation history fits), primarily due to the the

implicit prior on a substantially more extended star formation history. We proceed

with the mass and age estimates computed with Prospector assuming a constant

star formation history for consistency with studies at z > 6, but caution that these

measurements likely underestimate the total stellar mass formed in these systems

over the age of the universe.

For distances, we rely on redshifts measured from fitting the strong emission

lines in the MMT spectra (see Section 4.3.2). Since several galaxies reside at very

low redshifts where the Hubble flow does not yet dominate over peculiar velocities,

we utilize the Tonry et al. (2000) local flow model with H0 = 70 kms−1Mpc−1 to

convert redshifts to distances. The adoption of this local flow model is necessary

as no other distance indicators are readily available; while it inevitably introduces

systematic uncertainties in derived measurements at the lowest redshifts, only the

absolute magnitudes and masses presented in this paper are affected. We note that

this uncertainty is most significant for J1005+3722, which is the only galaxy with

inferred distance < 15 Mpc (at z = 0.0014, corresponding to 2.7 Mpc in our model).

The measured redshifts and adopted distances are presented in Table 4.1.

4.3.2 Spectroscopic Observations

We obtained seven nights on the 6.5m MMT in 2018A to follow-up our XMP can-

didates. Because of a dewar issue with the Blue Channel spectrograph, we used

the Red Channel spectrograph for the first four nights of our program (January

11–14 2018, Table 4.2). We used the 300 lines/mm grating with the 1.5′′× 180′′ slit,

providing simultaneous coverage over 3500–6650 Å (from [O ii] λλ3727, 3729 to Hα)

with spectral resolution 11 Å FWHM (measured from nebular emission lines). The

slit was aligned at parallactic to minimize losses on the blue end. Exposure times

were adjusted to obtain by-eye significant detections of the [O iii] λ4363 auroral line

for direct electron temperature Te metallicity measurement, and ranged from 15–30

minutes typically (see Table 4.1). Wavefront sensor corrections were performed at
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least twice per night, and indicated that seeing varied from 0.6–2′′ over the course

of the four nights (Table 4.2).

Blue Channel was restored to the MMT in time for our three night block on

January 22–24 2018 (Table 4.2). Our Blue Channel observations were similar: we

used the 300 lines/mm grating and 1.5′′ × 180′′ slit oriented at parallactic, which in

this case yielded spectra covering 3100–8200 Å with an effective spectral resolution of

7 Å FWHM. Winds and the resulting seeing were again variable, with the wavefront

sensor reporting values ranging from 0.7–2′′; all but one half night yielded usable

data.

The spectra were reduced using standard longslit techniques. Our calibrations

consisted of three flux standard observations per night (of stars LB 227 and Feige

34) with HeAr/Ne lamp exposures taken at each to fix the wavelength solution and

flats taken at the beginning of each night. The data were reduced using a custom

python reduction pipeline which found arc solutions and performed overscan bias

correction and flat-fielding, median-combination of the individual data frames, rec-

tification, background subtraction, and airmass-corrected flux normalization using

the standard star observations. The one-dimensional spectra were extracted with

a boxcar of width 7′′ or 14′′, adjusted to ensure all object flux was captured while

maximizing signal-to-noise. The final one-dimensional spectra are uniformly domi-

nated by a blue stellar continuum and strong nebular emission lines, with median

signal-to-noise (S/N) of 14 per pixel in the continuum at 4550 Å and median S/N

of 25 in the total flux of Hβ.

4.3.3 Nebular Lines and Metallicity

Nebular lines were measured using the same software described in Senchyna et al.

(2017). In summary, we conduct MCMC model fits consisting of Gaussians over

a local linear continuum model using the emcee sampler (Foreman-Mackey et al.,

2013). This framework allows us to fit nearby lines jointly and obtain robust flux

measurements. A selection of the [O iii] λ4363 detections are displayed in Fig. 4.5,

demonstrating the typical S/N range achieved in this Te-sensitive line. All line
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Figure 4.5: Detections and fits to the [O iii] λ4363 line for a subset of our tar-
gets. This line is critical for measurement of the electron temperature in the [O iii]-
emitting gas and thus for direct metallicity measurement. We fit this line simul-
taneously with the Hγ line adjacent to it to ensure accurate fluxes. The data is
displayed in black, and sample models from the fit posterior are displayed in light
blue.

fluxes were corrected for extinction assuming a Case B recombination ratio Hα/Hβ

of 2.74 (Te = 2 × 104 K, ne = 103 cm−3; Draine, 2011); if Hα/Hβ was found to be

less than this value (which occurred in only 7 systems, with a median offset from

this theoretical value of 0.4σ), we assume negligible extinction and do not apply

any corrections. We adopt the Fitzpatrick (1999) extinction curve, which differs

minimally from the Gordon et al. (2003) SMC curve in the optical. We found that

varying the assumed intrinsic Case B value from 2.74–2.86 had minimal impact on

the derived metallicities (. 0.01 dex).

With [O iii] λ4363 detections in hand, we measure gas-phase metallicities using

the direct-Te method. We adopt a two-zone photoionization model representing the

[O iii] and [O ii] emitting regions. We obtain Te(O iii) measurements from the [O iii]

λ4363 / [O iii] λ5007 flux ratios using the iterative method of Izotov et al. (2006).
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Since we lack confident [O ii] λλ7320, 7330 detections for most of our objects, we

estimate Te(O ii) from the model-derived translation equations presented by Izotov

et al. (2006). We then use the corrected Balmer, [O iii] λλ4959, 5007, and [O ii]

λλ3727, 3729 fluxes to derive O/H for each object. The results are presented in

Table 4.3 alongside the stellar masses derived as described in Section 4.3.1. We also

include measurements of several emission line equivalent widths and dust-corrected

R23 (= [O iii] λ4959 + λ5007 + [O ii] λλ3727, 3729 / Hβ) and O32 (= [O iii] λ4959

+ λ5007 / [O ii] λλ3727, 3729) ratios.

In addition to the newly-observed objects whose MMT spectra we have pre-

sented above, we also consider the SDSS spectra of objects which fall within our

photometric selection criteria and were observed as part of the SDSS survey. Of

the 148 of these SDSS spectra (see Section 4.2), only 15 have > 2σ detections of

both [O ii] λ3727, 3729 and [O iii] λ4363, largely due to the blue end limit of the

original SDSS spectrograph. In cases where the [O ii] λλ3727, 3729 doublet is inac-

cessible, we utilize the Izotov et al. (2006) calibrations based on the weaker [O ii]

λλ7320, 7330 doublet. In systems in which both [O ii] doublets are detected, we

measure a median offset of 0.02 dex and 1σ scatter of 0.14 dex in the difference

log O/H3727 − log O/H7325. This implies that the SDSS metallicity measurements

are robust, but that we might expect greater scatter among the subset of systems

lacking [O ii] λλ3727, 3729 detections.

4.4 Results

We developed a method for identifying XMPs hosting prominent young stellar pop-

ulations with ground-based u′g′r′i′z′ photometric data. Applying this technique to

the SDSS photometric database yielded over 150 candidates not observed in the

SDSS spectroscopic survey. As part of an ongoing spectroscopic follow-up sur-

vey, we obtained confirmation spectra with MMT Red and Blue Channel, yielding

direct-Te metallicities for 53 new systems. Here we present the results of these first

spectroscopic observations in three sections, focusing on the broadband photometry
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Table 4.3: Basic spectroscopic and derived photometric properties for our sample.

Name W0(Hβ) E(B − V ) O32 R23 12 + log O/H age (Myr) log10(M?/M�) log10[Mtot(u’,i’)/M�]
SDSS Å prospector prospector Bell et al. (2003)
J003740.45+291010.0 159± 31 0.14 4.7± 0.3 8.0± 0.6 7.78± 0.19 25± 13 6.59± 0.17 8.13
J005344.44-093725.9 140± 17 0.09 7.1± 0.3 7.9± 0.3 7.89± 0.13 21± 8 6.59± 0.13 8.06
J011519.73+270907.7 131± 10 0.31 7.5± 0.3 7.0± 0.3 7.56± 0.12 16± 3 5.98± 0.07 7.63
J015351.12+261548.9 99± 10 0.13 7.3± 0.5 8.3± 0.6 7.74± 0.08 31± 17 6.86± 0.32 8.09
J015943.87-062232.9 148± 17 0.10 8.5± 0.6 7.1± 0.4 7.55± 0.12 13± 3 6.34± 0.14 7.85
J020321.99+220402.1 110± 15 0.08 3.0± 0.2 6.7± 0.4 7.58± 0.10 27± 14 5.66± 0.13 7.08
J020540.72-173252.4 87± 4 0.10 6.0± 0.2 9.9± 0.3 7.98± 0.13 14± 35 7.39± 0.55 8.94
J020601.09+271211.4 128± 15 0.14 8.3± 0.5 9.0± 0.5 7.73± 0.16 34± 26 6.78± 0.32 8.05
J020613.35-060948.8 83± 9 0.00 6.1± 0.5 6.6± 0.5 7.63± 0.21 31± 9 6.56± 0.08 7.79
J022225.97-035509.9 99± 9 0.12 5.8± 0.4 8.7± 0.4 7.71± 0.08 10± 2 6.08± 0.05 7.91
J024441.11+284600.7 167± 31 0.05 12.5± 1.5 7.6± 0.5 7.71± 0.06 11± 5 6.53± 0.23 8.35
J024758.00+035025.0 145± 22 0.10 3.6± 0.4 5.4± 0.3 7.58± 0.20 13± 6 4.86± 0.12 6.50
J030024.01+020628.8 39± 2 0.20 1.9± 0.1 8.5± 0.4 7.95± 0.15 33± 17 6.48± 0.13 8.96
J031911.82+401729.7 122± 17 0.16 7.6± 0.7 6.7± 0.4 7.53± 0.14 15± 5 6.18± 0.11 7.56
J043015.89+084530.5 144± 11 0.12 9.8± 0.3 8.6± 0.2 7.93± 0.05 8± 0 6.09± 0.05 7.68
J044412.94-045819.9 89± 4 0.04 6.5± 0.2 10.0± 0.2 8.12± 0.07 30± 12 7.06± 0.23 8.56
J051134.12-003818.8 122± 9 0.08 4.8± 0.2 7.8± 0.3 7.69± 0.12 36± 16 6.60± 0.19 7.78
J061046.04+644950.1 110± 5 0.11 2.8± 0.1 7.4± 0.1 7.95± 0.08 26± 9 6.64± 0.11 7.93
J064101.26+381532.9 92± 6 0.12 4.5± 0.3 6.1± 0.2 7.57± 0.13 11± 10 6.15± 0.22 8.67
J075733.93+475030.7 133± 8 0.08 6.2± 0.3 6.0± 0.2 7.50± 0.23 24± 9 5.93± 0.11 7.13
J081713.08+263350.3 63± 7 0.07 3.3± 0.2 5.8± 0.4 7.59± 0.36 92± 78 6.68± 0.38 8.39
J082225.73+460522.8 105± 17 0.00 9.2± 0.8 8.0± 0.6 7.67± 0.07 25± 11 5.86± 0.11 7.03
J083609.47+030600.0 15± 1 0.00 5.1± 0.2 7.3± 0.2 7.54± 0.10 7± 4 5.23± 0.10 7.47
J084425.44-024001.1 92± 4 0.00 4.3± 0.1 7.2± 0.2 7.65± 0.11 57± 25 6.03± 0.10 7.23
J084530.80+013151.2 ∗ 296± 63 0.12 8.8± 1.1 4.5± 0.2 7.30± 0.13 2± 1 4.73± 0.08 6.44
J090541.82+253227.9 48± 3 0.07 2.6± 0.1 4.9± 0.2 7.47± 0.13 56± 34 6.50± 0.18 7.88
J090700.00-000251.2 57± 3 0.09 4.2± 0.2 8.8± 0.5 7.71± 0.10 11± 3 6.69± 0.19 8.64
J091737.69+505715.6 64± 5 0.00 4.6± 0.4 5.8± 0.3 7.60± 0.11 64± 37 6.22± 0.15 7.28
J092713.61+031424.6 87± 5 0.05 4.7± 0.2 5.2± 0.2 7.57± 0.10 12± 3 4.83± 0.06 6.98
J093751.74+204653.2 84± 10 0.09 3.8± 0.3 5.1± 0.3 7.50± 0.16 14± 7 5.62± 0.12 8.57
J095506.70-031617.7 77± 4 0.10 4.9± 0.2 7.7± 0.3 7.76± 0.08 184± 130 7.50± 0.44 8.25
J100008.52+273614.9 110± 17 0.00 2.3± 0.1 4.7± 0.3 7.60± 0.24 36± 16 5.91± 0.11 7.11
J100438.64+291146.2 35± 2 0.06 3.4± 0.2 5.8± 0.3 7.58± 0.15 81± 49 6.91± 0.28 8.10
J100512.15+372201.5 67± 4 0.00 2.2± 0.1 2.7± 0.1 7.25± 0.22 60± 32 3.65± 0.13 4.67
J101818.56+213736.6 74± 8 0.11 3.1± 0.2 6.4± 0.4 7.58± 0.08 38± 23 6.39± 0.16 7.71
J102500.91+572129.9 62± 4 0.04 3.3± 0.2 5.4± 0.3 7.57± 0.06 66± 28 6.19± 0.11 7.26
J103129.68+383210.9 36± 2 0.11 2.0± 0.1 6.4± 0.3 7.71± 0.06 115± 57 6.82± 0.15 7.95
J103207.91+562129.6 44± 2 0.22 1.6± 0.0 8.1± 0.3 7.89± 0.06 12± 5 6.95± 0.21 9.76
J103400.94-022158.9 61± 3 0.14 2.6± 0.1 6.9± 0.3 7.72± 0.09 90± 65 7.18± 0.34 8.33
J103641.07+140715.1 41± 2 0.10 1.9± 0.1 6.0± 0.2 7.59± 0.10 22± 11 5.76± 0.11 7.70
J110431.76-004146.5 111± 8 0.11 4.6± 0.2 9.8± 0.5 8.06± 0.12 29± 18 7.09± 0.30 8.36
J110521.68+175417.8 59± 5 0.00 4.2± 0.2 7.4± 0.5 7.75± 0.10 80± 44 6.74± 0.16 7.77
J110849.73+145358.5 92± 6 0.04 3.1± 0.1 6.4± 0.2 7.59± 0.08 27± 8 6.28± 0.08 7.92
J111857.75+670953.3 62± 3 0.03 11.1± 0.5 9.8± 0.4 7.90± 0.05 580± 255 6.90± 0.16 7.57
J112712.36+391520.9 116± 12 0.06 3.0± 0.2 6.2± 0.3 7.59± 0.29 62± 30 6.06± 0.11 7.84
J113058.67+234836.9 108± 7 0.03 6.4± 0.3 6.4± 0.3 7.58± 0.07 19± 3 6.11± 0.06 7.35
J120459.62+525934.6 64± 6 0.06 3.3± 0.2 6.5± 0.4 7.59± 0.11 82± 48 6.48± 0.20 7.45
J120652.26+173942.5 129± 6 0.20 6.9± 0.2 8.8± 0.2 7.81± 0.04 45± 29 6.39± 0.13 7.40
J122641.86+223034.2 95± 6 0.07 3.9± 0.2 4.5± 0.1 7.46± 0.10 12± 3 5.93± 0.05 7.19
J123034.76+370821.3 58± 4 0.14 2.9± 0.2 7.6± 0.4 7.81± 0.15 74± 33 7.02± 0.12 8.04
J123920.18+392104.5 123± 14 0.06 7.8± 0.4 6.8± 0.4 7.50± 0.06 11± 5 6.56± 0.21 8.15
J125134.65+392642.6 94± 7 0.04 9.0± 0.8 5.8± 0.3 7.51± 0.19 42± 28 5.80± 0.12 6.94
J125727.52+270605.3 77± 8 0.09 3.8± 0.2 6.7± 0.4 7.58± 0.11 40± 34 6.21± 0.18 7.40
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(Section 4.4.1), the gas-phase metallicities (4.4.2), and the ionization state of the

gas (4.4.3).

4.4.1 Broadband Photometric Properties

The galaxies selected for spectroscopic follow-up in this paper have median apparent

magnitudes u′ = 19.3 and i′ = 19.0, significantly below the completeness limit of

the SDSS spectroscopic sample (r′ . 17.8: Strauss et al., 2002, and evident in

Figure 4.3). They are also quite compact, with median effective radius 1.4′′ in the

i′-band (as reported by the SDSS photometric pipeline from exponential profile fits

accounting for the point spread function; Table 4.1). At the spectroscopic distances

of these galaxies, the measured effective radii correspond to physical sizes of 0.4+0.6
−0.2

kpc (16-50-84 percentile range). This is comparable to the typical measured sizes

of z > 6 star-forming galaxies (e.g. Shibuya et al., 2015; Curtis-Lake et al., 2016).

Our aim is to identify galaxies at very low metallicities, which likely have rela-

tively low stellar masses (M/M� . 107.5, Berg et al., 2012). In Figure 4.6 we plot the

apparent magnitude of the targeted galaxies against the absolute magnitude derived

with our spectroscopic redshifts. The galaxies we targeted are uniformly intrinsically

faint, with median absolute magnitude of −14.6 in the i′ band. Similarly, all have

stellar masses derived from constant star formation model fits below M/M� = 107.5

and extend down to M/M� = 103.7, with median M/M� = 106.3 (Table 4.3). Our

total stellar mass estimates computed with the color-dependent mass-to-light ratios

provided by Bell et al. (2003) yield a median mass of M/M� = 107.8 (Section 4.3.1),

which in the context of the mass–metallicity relation found by Berg et al. (2012)

with masses computed in a similar manner suggests we are in the regime of very

low-metallicity systems. The faintest systems in our sample also tend to have fainter

absolute magnitudes and consequently lower stellar masses (Figure 4.6). The galax-

ies fainter than i′ ' 20 have a median absolute magnitude of Mi′ = −13.5, 1.5

magnitudes fainter than galaxies brighter than this cutoff. This is a result of our

selection technique identifying systems only at low redshifts z < 0.03 where both

the g and r band are contaminated (Section 4.2 and Table 4.1). Since our search is
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thus effectively limited to a 130 Mpc radius volume, restricting a subsample to ap-

parent magnitudes fainter than some limit is equivalent to placing an upper bound

on intrinsic luminosity and thus stellar mass.

The broadband photometry also constrains the stellar populations present in

these systems. Figure 4.6 displays the specific star formation rates derived from

the constant star formation history SED fits in the marker colors. The median

sSFR in our sample is 36 Gyr−1, which indicates that the optical SEDs of these

galaxies are predominantly shaped by stellar populations formed within the last 30

Myr (Table 4.3). This is similar to values measured in a comparable way in the

reionization era (e.g. Stark, 2016, and references therein), and substantially higher

than in most known XMPs (see Section 4.4.3). Consider the system J0822+4605, a

galaxy with stellar mass in its recent burst of M/M� = 105.9±0.1 and sSFR 40± 18

Gyr−1 typical of our sample. Despite its relatively low stellar mass in stars produced

recently, this system has had sufficient recent star formation to produce a significant

population of hot stars. Under nominal assumptions (Z/Z� = 0.1 and the fiducial

BPASS IMF, which is approximately Kroupa et al. 1993), the BPASS v2.0 stellar

synthesis models (Eldridge et al., 2017) indicate that this star formation history

corresponds to ∼ 1000 active O stars. This galaxy has a measured effective radius

of 1.3′′ at 52 Mpc distant (Figure 4.4), suggesting that this substantial young stellar

population occupies a region ∼ 33 pc in radius. The bulk properties of the dense

burst in J0822+4605 are comparable to individual super star clusters observed in the

canonical XMP SBS 0335-052, which is similarly undergoing a particularly intense

phase of star formation (Reines et al., 2008).

4.4.2 Metallicities

Our photometric selection was designed to locate nearby star-forming dwarf galaxies

at extremely low metallicity (Z/Z� < 0.1). The photometric data and spectroscopic

redshifts obtained for the set of candidates presented in this paper confirm that we

have identified nearby < 130 Mpc compact galaxies with optical SEDs dominated

by low-mass M/M� = 103.7–107.5 young stellar populations (Section 4.4.1). Now we
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Figure 4.6: Absolute (corrected for redshift-derived distances) versus apparent i-
band magnitudes for our sample (from the SDSS modelMag measurements), color-
coded by the specific star formation rates inferred from our SED fitting. The formal
uncertainties in the photometry are typically smaller than the point sizes used here,
and thus are not plotted. The galaxies presented in this paper are almost all fainter
than the completeness limits of the SDSS spectroscopic survey (r′ < 18), extending
down to i′ = 23. Due to our selection based on band contamination in both the g′

and r′ bands, our sample is effectively limited to finding objects within 130 Mpc, and
thus apparently fainter objects selected for follow-up tend to be intrinsically fainter
on average as well. The majority of our targets have faint absolute magnitudes
Mi′ > −15, within the range in which we expect to encounter extremely metal-poor
gas (e.g. Berg et al., 2012).
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examine the gas-phase metallicities measured for this sample.

The metallicity distribution of our sample is displayed in Figure 4.7, where we

plot the direct-Te oxygen abundances against absolute magnitude in the continuum

i′-band for our sample (see also Table 4.3). Of the 53 systems for which we measured

[O iii] λ4363 and derived metallicities, over half (32) fall below 12 + log O/H =

7.7 and are thus classified as XMPs, with all but 2 of the others falling below

12 + log O/H = 8.0 (Z/Z� . 0.2). This is a higher fraction of XMPs than found

in other photometrically-selected nearby galaxy samples (e.g. Brown et al., 2008;

Amoŕın et al., 2010; Yang et al., 2017). For example, the Green Peas are selected

on strong [O iii]/Hα emission (see Section 4.2), and as a result span the range

7.7 . 12+log O/H . 8.4 with mean 12+log O/H = 8.05±0.14 (Amoŕın et al., 2010);

essentially none fall into the range of XMPs. This confirms that two-band excess

selections applied at faint magnitudes are extraordinarily efficient at identifying

nearby XMPs.

Galaxies below Z/Z� = 0.05 remain particularly elusive (e.g. Guseva et al., 2017;

Hsyu et al., 2017; Izotov et al., 2018), and locating populations of massive stars in

this regime is thus extremely valuable for testing stellar models. Among the 32

confirmed XMPs in our sample, we have identified two new systems in this regime:

J0845+0131 at 12 + log O/H = 7.30 ± 0.13 and J1005+3722 with 7.25 ± 0.22 are

compact systems in the realm of the lowest-metallicity galaxies discovered to-date.

Though both are characterized by prominent massive star populations, J0845+0131

stands out, with a dominant young stellar population likely formed within the last

several Myr and as a result the highest equivalent width Hβ emission in our sample

(296± 63 Å). This system is one of only three known at 12 + log O/H ≤ 7.30 with

Hβ equivalent width ≥ 300 Å, the other two being one of the star-forming regions

in SBS0335-052E and J0811+4730 (Izotov et al., 2009; Guseva et al., 2017; Izotov

et al., 2018). Deeper spectroscopy of these systems will allow detailed investigation

of massive star populations and gas conditions in this relatively unexplored regime

of extremely young and metal-poor systems.

The lowest-metallicity galaxies in our sample present the faintest absolute mag-
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nitudes and lowest stellar masses as well, with J0845+0131 at Mi′ = −10.8 and

104.73±0.08M�; and J1005+3722 at Mi′ = −7.8 and 103.65±0.13M� in recently-formed

stars. Adopting large aperture photometry and assuming a higher mass-to-light

ratio (Section 4.3.1) still yields very low total stellar masses of 106.4 and 104.7 M�,

respectively. Due to its very low redshift z = 0.0013, the mass of J1005+3722 is

subject to large systematic uncertainties from our adopted local velocity flow model;

but even a factor of two underestimate leaves its total stellar mass ≤ 105M� and

distance < 6 Mpc. This places it as potentially one of the nearest known popula-

tion of massive stars in this metallicity regime Z/Z� < 0.05, at a similar distance

as the gas-rich XMPs Leo P (. 2.0 Mpc; Skillman et al., 2013) and the Leoncino

Dwarf (7–20 Mpc; Hirschauer et al., 2016) discovered through H i surveys. Systems

this nearby can be partially-resolved into individual stars or small clusters, enabling

even more detailed investigation of their stellar properties with deep spectroscopy

and imaging than for comparable galaxies beyond > 10 Mpc.

As we are interested in constraining the properties of the lowest-metallicity stars,

a technique to distinguish these galaxies at < 0.05 Z� from those at 0.1 Z� photo-

metrically would be extremely valuable. Our initial selection employed a blue g′−r′

cut to select galaxies with similar contamination in both g′ from [O iii]+Hβ and r′

from Hα (Section 4.2), and correspondingly low [O iii]/Hα ratios. Since this color

cut allowed us to efficiently identify systems with 12 + log O/H < 7.7, we might ex-

pect this color to be a useful way to identify systems at the very lowest metallicities

with 12 + log O/H < 7.35. However, the SDSS g′ − r′ color appears to be a poor

predictor of metallicity in the blue (g′ − r′ > −0.15) and faint (i′ > 19) range of

our sample. We see little correlation between gas-phase metallicity and g′− r′ color

among galaxies that satisfy our initial selection, and the two lowest-metallicity sys-

tems at 12+log O/H < 7.35 fall near the median of our sample in g′−r′ (at -0.04 and

0.03; Tables4.1 and 4.3). Photometric uncertainties and redshift-bandpass interac-

tions likely increase the scatter in the relationship between g′ − r′ and [O iii]/Hα,

making SDSS colors alone a poor indicator of metallicity in this domain.

However, we do observe a significant trend between absolute magnitude and
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Figure 4.7: Metallicity versus absolute magnitude for the newly-confirmed galaxies
presented in this paper. Of the 53 photometric targets we obtained spectra for, 32
revealed extremely metal-poor gas 12 + log O/H < 7.7. The absolute magnitudes of
our targets are uniformly faint Mi′ > −18, but we still observe a significant trend
between these parameters. The intrinsically faint distribution is heavily weighted
towards low metallicities, with 28/32 fainter than Mi′ > −15 classifying as XMPs.
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metallicity in this sample (Figure 4.7). The galaxies in our sample with absolute

magnitudes Mi′ > −15 are significantly more metal-poor than those brighter than

this cutoff. Among these faintest systems, 28 of 32 are XMPs with 12 + log O/H <

7.7, whereas only 4 of the 21 intrinsically brighter systems fall into this category.

This trend can be understood as a manifestation of the well-known mass–metallicity

relationship (e.g. Berg et al., 2012), and is clear also in examining our stellar mass

estimates (Table 4.3). While absolute magnitude and mass determination requires

spectroscopic redshift measurement, our sample effectively identifies only galaxies

within 130 Mpc. We might then expect apparent magnitudes to correlate with

metallicity as well.

In Figure 4.8 we plot the metallicity of objects selected by our photometric

technique against their apparent i′-band (continuum) magnitude, including brighter

candidates which were allocated SDSS fibers. As described in Section 4.3.3, metal-

licities were measured in the SDSS spectra and our MMT spectra in a self-consistent

manner. This plot reveals a significant correlation between apparent magnitude and

metallicity. Galaxies fainter than mi′ = 19 are systematically lower-metallicity than

those brighter, with a median metallicity of 12 + log O/H = 7.59 that is well into

the XMP regime at mi′ > 19 compared to the median of 12 + log O/H = 7.96

in the brighter systems. The two lowest-metallicity galaxies in our sample at

12 + log O/H < 7.35 are also the most intrinsically-faint, at Mi′ = −10.8 and −7.8;

and only one (J1005+3722) was sufficiently nearby to reach an apparent magnitude

of mi′ = 19.4 and be resolved by SDSS. This suggests that focusing this technique

on fainter objects using deeper surveys like LSST and HSC will yield large numbers

of galaxies at or below the metallicity floor of current XMP samples, substantially

expanding the sample of systems to which deep spectroscopy can be applied to

understand the lowest-metallicity massive stars.

4.4.3 Gas Properties and Ionizing Spectra

We have identified 32 new XMPs selected using a photometric band excess technique.

These systems are systematically fainter than XMPs discovered by the magnitude-
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Figure 4.8: The apparent i′-band continuum magnitude versus metallicity distri-
bution for objects selected by our photometric technique. We include 96 objects
with existing SDSS spectra for which we measured metallicities using the technique
described in Section 4.3.2, but with [O ii] λλ7320, 7330 in cases where the [O ii]
λλ3727, 3729 doublet was missed by the SDSS spectrum (Section 4.3.3). The galax-
ies with spectra presented for the first time in this paper are represented by blue
squares. These objects largely fall below the apparent magnitude completeness limit
of the SDSS spectroscopic sample, and have significantly lower typical metallicities.
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limited SDSS spectroscopic sample. By virtue of their selection on high equivalent

width nebular emission and volume-limited distribution, the XMPs presented here

uniformly host prominent massive star populations (median effective stellar popu-

lation age of 28 Myr) in a compact region < 1 kpc in radius (Section 4.4.1). Future

deep spectroscopy of these objects will enable stellar features such as Wolf-Rayet

wind emission to be constrained. However, our discovery spectra already allow us

to investigate the bulk gas conditions and to address the still-mysterious origin of

high-ionization nebular He ii emission in these systems.

We first explore how the recent star formation histories and ionized gas condi-

tions in our galaxies compare to those in brighter XMPs discovered previously. In

Figure 4.9, we plot Hβ equivalent widths and O32 ratios for the XMPs presented in

this paper. For comparison, we also plot XMPs identified by Sánchez Almeida et al.

(2016) from the SDSS spectroscopic survey. Line measurements and dust corrections

for the Sánchez Almeida et al. (2016) objects are conducted in the same manner

as for our sample (Section 4.3.3); as we are plotting O32, we only include those

systems with [O ii] λλ3727, 3729 constraints from SDSS. Reionization-era galaxies

are expected to present both high O32 (e.g. Nakajima et al., 2016; Tang et al., 2019)

and high equivalent-width Hβ. Since the equivalent width of Hβ is anticorrelated

with the age of a simple or constantly star-forming stellar population, this quantity

is a useful empirical proxy for the light-weighted stellar age of a galaxy. This plot

reveals that the bulk of XMPs identified from SDSS spectra present relatively low

Hβ equivalent widths. The median Hβ equivalent width of our sample of XMPs

is 92 Å, three times larger than the median for the SDSS XMPs of 28 Å. This

difference suggests that the XMPs we have identified here are dominated by much

younger stars compared to typical previously-known XMPs, presenting sSFRs and

effective ages closer to those expected in early galaxies. As a result of the relative

preponderance of young massive stars in these systems, we might expect the gas in

these objects to show evidence for a more intense overall ionizing radiation field.

The O32 ratio is commonly used as a proxy for the ionization parameter, or

the density of ionizing radiation relative to the gas density. Figure 4.9 reveals that
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indeed, the XMPs presented here host more highly-ionized gas than most XMPs

from the SDSS spectroscopic sample. Our XMPs have O32 ratios ranging as high as

10, with median O32 = 4.1 (and an even higher median O32 = 6.4 for the subset with

Hβ equivalent widths above 100 Å). This is substantially higher than the majority of

SDSS XMPs shown, which have median O32 = 1.2. This indicates that the gas in the

galaxies we have uncovered is more highly-ionized than in most previously-known

XMPs, consistent with these systems hosting harder ionizing radiation fields.

The offset towards higher Hβ equivalent widths and O32 ratios in our XMPs

suggests that these systems host significantly more prominent young massive stellar

populations than typical previously-known XMPs. Figure 4.9 indicates that the

average XMP from the SDSS spectroscopic sample has undergone a more extended

star formation history, resulting in an optical spectrum with a substantial contri-

bution from stars formed > 10 Myr ago and less highly-ionized gas. The EUV and

X-ray radiation powered by a typical nearby XMP with a Hβ equivalent width of

30 Å (sSFR' 1 Gyr−1 under constant star formation) is potentially very different

from that of a reionization-era galaxy which has formed essentially all of its stars in

the last 100 Myr (sSFR ' 5–10 Gyr−1). Future studies targeting these high-sSFR

XMPs will provide a new window onto the massive stars and X-ray populations that

likely dominate the early universe.

As a first step towards constraining their EUV ionizing spectra, we examine high-

ionization nebular He ii emission in our galaxies. The He ii λ4686 nebular emission

line is a recombination line powered by extremely energetic photons > 54.4 eV. This

line is commonly observed in low-metallicity star-forming dwarf galaxies (e.g. Gar-

nett et al., 1991; Brinchmann et al., 2008b; Shirazi and Brinchmann, 2012; Senchyna

et al., 2017), but the origin of the necessary > 54.4 eV photons is still a matter of de-

bate. The commonly-cited candidate sources of narrow He ii are very massive stars

and the fast radiative shocks their supernovae drive, lower-mass products of binary

stellar evolution, and X-ray binary systems. By median-stacking the MMT spec-

tra presented in this paper, we can constrain the presence of this line in these new

galaxies. Stacking the continuum-normalized MMT spectra reveals prominent nar-
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Figure 4.9: Hβ equivalent widths (a proxy for sSFR) versus dust-corrected O32 val-
ues (a proxy for ionization parameter) for our galaxies (blue circles), color-coded by
absolute i′-band magnitude. We plot as black points the XMPs uncovered uniformly
from the SDSS spectroscopic sample by Sánchez Almeida et al. (2016). Uncertain-
ties (1σ) are plotted for our galaxies, and are hidden by the markers in several cases.
The vast majority of SDSS XMPs are clustered at Hβ EWs < 50 Å and O32< 3.
Relatively few previously-identified XMPs extend into the high-sSFR region of this
diagram at Hβ EWs > 50 where our objects reside. The gas in the XMPs presented
here is also more highly-ionized than in most XMPs from the SDSS spectroscopic
sample, consistent with substantially different stellar populations and resulting ion-
izing radiation fields.
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row He ii (Figure 4.10). We fit the line complex around He ii simultaneously with Hβ

after subtracting a fit to the continuum using pyspeckit (Ginsburg and Mirocha,

2011), simultaneously fitting 6 Gaussians with a common width to He i λ4471, [Fe iii]

λ4658, He ii λ4686, [Ar iv]+He i λ4712, [Ar iv] λ4740, and Hβ, and measure uncer-

tainties in these line measurements by repeatedly perturbing the stacked spectrum

by the 1σ residual noise and refitting. The full stack reveals a flux ratio He ii λ4686

/ Hβ = 0.0133 ± 0.0004. Assuming Case B recombination, this ratio is tied to the

spectral hardness ratio Q(> 54.4ev)/Q(> 13.6eV), and the measured ratio corre-

sponds to Q(> 54.4ev)/Q(> 13.6eV) ' 0.006; this is extremely difficult for stellar

population models to reproduce (e.g. Shirazi and Brinchmann, 2012, and references

therein), but is consistent with measurements in other galaxies below Z/Z� < 0.2

(e.g. Senchyna et al., 2017).

We can also investigate how this spectral hardness changes with other galaxy

parameters such as metallicity by stacking separate bins of our sample. Stellar

population models predict harder ionizing spectra beyond the He+-ionizing edge

with decreasing stellar metallicity, as stars evolve to hotter temperatures and stellar

winds diminish in density. This is observed in local star-forming regions, with typical

He ii/Hβ ratios increasing by a factor of 5–10 below Z/Z� ' 0.2 (e.g. Senchyna

et al., 2017, and references therein). We first examine two stacks of our sample at

gas-phase metallicities above and below 12 + log O/H = 7.6, measuring He ii/Hβ in

each. We find a slightly larger value of 0.0135± 0.0006 above 12 + log O/H = 7.65

than in systems below it (0.0118 ± 0.0005), but both are near the value measured

in the full stack and are substantially elevated relative to high-sSFR systems above

12 + log O/H = 8.0. The small difference observed with decreasing metallicity may

reflect the relatively small dynamic range in metallicity spanned by our stacks; the

median metallicities of the galaxies in each are 12 + log O/H = 7.78 and 7.57.

Canonical stellar models and the fast radiative shock explanation both predict

that > 54.4 eV photons will be dominated by the most massive stars and their super-

novae, and thus that He ii should correlate with the presence of very massive stars

with lifetimes < 10 Myr (e.g. Schaerer and Vacca, 1998). Adopting this picture, we
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expect to find that He ii is strongest in systems with large Hβ equivalent widths

indicative of more dominant recent star formation. We thus consider two median

stacks split in Hβ equivalent width above 100 Å (21 objects, median 131 Å) and

below (32 objects, median 61 Å) (see Figure 4.10). This plot shows that the metal

lines nearby He ii appear to qualitatively scale with Hβ, indicating that the ionizing

radiation powering them is coupled to the very massive < 10 Myr stars dominat-

ing the H i-ionizing flux. But surprisingly, we find He ii λ4686 at nearly identical

equivalent width in both stacks (1.07± 0.06 Å among those with Hβ > 100 Å, and

0.96±0.05 Å in the < 100 Å stack). We measure a He ii/Hβ ratio of 0.0171±0.0008

in the Hβ < 100 Å stack, nearly double that measured for the highest sSFR systems

with Hβ > 100 Å (0.0093± 0.0005). This suggests that a source with characteristic

timescales longer than 10 Myr or effectively decoupled from the lifetimes of the most

massive stars contributes substantially to the He+-ionizing photon budget in these

systems. Binary stellar evolution pathways can produce stripped stars from lower-

mass progenitors with substantial flux at 54.4 eV on timescales of 20 Myr or greater

(Götberg et al., 2017). In addition, X-ray binaries with A-type or later donor stars

can live for 10–100 Myr and power relatively soft spectra with potentially a more sig-

nificant impact at 54.4 eV than their high-mass counterparts (e.g. Fabbiano, 2006).

Other evolved products of longer-lived stars such as post-AGB stars may also play

some role in powering this line (e.g. Binette et al., 1994). Further constraints on

the nature of this ionizing radiation will require deeper spectra of individual XMPs

and more detailed model comparison. However, this simple experiment highlights

the importance of examining how integrated galaxy measurements change with stel-

lar population properties when comparing nearby systems to stellar models or to

galaxies in the early universe.

4.5 Summary and Outlook

We have described a broadband color selection designed to identify low-redshift z <

0.03 XMPs with prominent recent star formation. We then presented the first results
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Figure 4.10: The median-stacked continuum normalized spectra of the galaxies in
our sample centered on He ii and separated into two bins above and below an Hβ
equivalent width of 100 Å. These stacks both reveal prominent narrow He ii λ4686 Å
emission. Surprisingly, the equivalent width of He ii is visibly unchanged between the
two stacks though the equivalent widths of the strong nebular lines are significantly
different. This suggests that some of the hard ionizing radiation > 54.4 eV is
decoupled from the lifetimes of the most massive stars (< 10 Myr), and may require
invoking longer-lived stellar sources such as binary evolution products. Deeper data
and He ii detections in a range of individual XMPs will be required to draw firmer
conclusions.
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of a spectroscopic campaign targeting candidates selected using this technique from

SDSS imaging, extending 3 magnitudes below the completeness limits of the SDSS

spectroscopic sample. We detected the [O iii] λ4363 auroral line in 53 systems,

allowing measurement of direct-Te gas-phase oxygen abundances. All but one of

these systems was found to have 12 + log O/H < 8.0 (Z/Z� < 0.2), and more

than half are XMPs (with 12 + log O/H < 7.7). We discovered 32 galaxies in this

metallicity range, including two of the most metal-poor star-forming galaxies known,

with Z/Z� < 0.05 and very low-mass young stellar populations (M/M� < 105).

Observations of local XMPs can potentially shed light on the physics of Z/Z� <

0.1 massive stars and the nature of reionization-era galaxies (e.g. Crowther and

Hadfield, 2006; Brorby et al., 2016; James et al., 2017). However, they are not

a uniform population: known XMPs display a variety of star formation histories

(Section 4.4.3). The majority of the relatively bright XMPs discovered by SDSS

have significantly less dominant massive star populations than inferred for systems

at z > 6, manifesting in low typical Hβ equivalent widths and ionization parameters

(Figure 4.9). The stellar populations and radiation fields in such systems are likely

substantially different from galaxies in the reionization era, and as a result typical

XMPs cannot be used as analogs of high-redshift galaxies. The XMPs uncovered

with our photometric technique have larger sSFRs and more highly-ionized gas than

the bulk of XMPs discovered previously by SDSS, and thus serve as a step towards a

more complete laboratory for testing models of extremely metal-poor massive stars.

We demonstrate the importance of considering the varied stellar populations

occupying nearby XMPs by examining the mysterious high-ionization He ii λ4686

line. We found that unlike the other nebular lines, the equivalent width of He ii does

not correlate significantly with Hβ equivalent width in our sample, suggesting that

some of the extremely high energy > 54.4 eV flux in these galaxies is produced by

sources with timescales > 10 Myr such as stripped stars produced by close binary

evolution or low-mass X-ray binaries. Examining XMPs with the youngest effective

ages (high sSFRs) such as those uncovered by our survey is essential for isolating

the impact of young massive stellar populations from other processes.
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This initial study confirms that the present body of known XMPs is incomplete

(as previously shown by Sánchez Almeida et al., 2017), especially at very high

specific star formation rates. SDSS photometry allowed us to select systems down

to u′ ∼ 21, revealing that a substantial number of XMPs dominated by young stellar

populations reside just below the completeness limits of large spectroscopic surveys.

Deeper HSC-SSP photometry allowed us to identify J0845+0131, an isolated and

compact system with stellar mass . 105M� at particularly low metallicity 12 +

log O/H = 7.30 ± 0.13 and with very strong nebular line emission (Hβ equivalent

width 296 ± 63 Å) suggestive of individual super star clusters in SBS 0335-052E

(e.g. Reines et al., 2008) but too faint for SDSS to resolve. Many more such systems

likely await discovery at these faint magnitudes.

Deep photometric surveys in-progress or coming online in the next decade will

likely significantly expand the number and diversity of known galaxies at the lowest

metallicities. We have demonstrated that the Hyper Suprime-Cam Subaru Strategic

Program (HSC-SSP; Aihara et al., 2018) can already be applied to reach fainter

magnitudes than SDSS. The Dark Energy Survey (DES; Abbott et al., 2018) and the

imminent Large Synoptic Sky Telescope (LSST; Ivezic et al., 2008) provide access to

new areas of sky in the Southern Hemisphere, and will eventually reach extremely

faint objects (r′ ∼ 27.5). Color and morphological selection criteria applied to

these datasets along with deep spectroscopic follow-up will likely yield a substantial

number of XMPs with high equivalent-width nebular emission powered by a variety

of stellar populations, bringing us closer to a complete empirical picture of extremely

metal-poor stellar populations.



175

CHAPTER 5

High-mass X-ray binaries in nearby metal-poor galaxies: on the contribution to

nebular He ii emission†

Abstract: Despite significant progress both observationally and theoretically, the

origin of high-ionization nebular He ii emission in galaxies dominated by stellar

photoionization remains unclear. Accretion-powered radiation from high-mass X-

ray binaries (HMXBs) is still one of the leading proposed explanations for the missing

He+-ionizing photons, but this scenario has yet to be conclusively tested. In this

paper, we present nebular line predictions from a grid of photoionization models

with input SEDs containing the joint contribution of both stellar atmospheres and

a multi-color disk model for HMXBs. This grid demonstrates that HMXBs are

inefficient producers of the photons necessary to power He ii, and can only boost

this line substantially in galaxies with HMXB populations large enough to power

X-ray luminosities of 1042 erg/s per unit star formation rate (SFR). To test this,

we assemble a sample of eleven low-redshift star-forming galaxies with high-quality

constraints on both X-ray emission from Chandra and He ii emission from deep

optical spectra, including new observations with the MMT. These data reveal that

the HMXB populations of these nearby systems are insufficient to account for the

observed He ii strengths, with typical X-ray luminosities or upper limits thereon of

only 1040–1041 erg/s per SFR. This indicates that HMXBs are not the dominant

source of He+ ionization in these metal-poor star-forming galaxies. We suggest that

the solution may instead reside in revisions to stellar wind predictions, softer X-ray

sources, or very hot products of binary evolution at low metallicity.

†This chapter has been published previously as Senchyna et al. (2020)
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5.1 Introduction

As the nearest collections of young and very metal-poor stars in the universe, local

star-forming dwarf galaxies represent a crucial testbed for models of stellar popu-

lations at low metallicity. Nebular emission lines from highly-ionized gas provide

a window onto the shape of the ionizing spectra of these systems in the extreme

ultraviolet (EUV, 10–100 eV). The EUV potentially contains contributions from

both the hottest stars and emission from gas heated by compact object accretion

and shocks, all of which are highly uncertain at very low-metallicity. The promise

of obtaining quantitative constraints on these processes with deep spectroscopy is

alluring, but physically interpreting this nebular emission has proved challenging.

In particular, the presence of nebular He ii emission in nearby star-forming re-

gions remains a puzzle three decades after it was first noted (Garnett et al., 1991,

and references therein). The difficulty in understanding this emission is rooted in

the very high energy of the photons necessary to doubly-ionize helium (> 54.4 eV,

or > 4 Ryd) and thus power the recombination spectrum of He ii; most notably,

He iiλ4686 Å and λ1640 Å. Theoretical stellar atmosphere models generally predict

very little emergent flux beyond 54.4 eV, as He+ ionization in the atmosphere and

expanding winds of massive stars introduces a strong absorption edge at this en-

ergy (e.g. Gabler et al., 1989; Pauldrach et al., 2001; Lanz and Hubeny, 2003; Puls

et al., 2005). In order to account for this apparent excess in flux at the He+-ionizing

edge relative to the stellar models, Garnett et al. (1991) proposed two alternative

non-stellar sources of ionizing radiation: radiative shocks and X-ray binaries.

Massive progress has since been made in expanding the sample of nebular He ii

detections both in the local Universe (e.g. Thuan and Izotov, 2005; Kehrig et al.,

2011; Shirazi and Brinchmann, 2012; Kehrig et al., 2015; Senchyna et al., 2017;

Kehrig et al., 2018; Berg et al., 2019a) and at z ∼ 1–4 (e.g. Erb et al., 2010; Cassata

et al., 2013; Berg et al., 2018; Nanayakkara et al., 2019). This body of observational

evidence has made clear that nebular He ii is strongly metallicity-dependent, and

is likely ubiquitous among star-forming systems at metallicities 12 + log O/H < 7.7
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(equivalently, Z/Z� < 0.1; e.g. Senchyna and Stark, 2019; Senchyna et al., 2019).

Yet despite commensurate advances in stellar modeling, including state-of-the-art

treatments of atmospheres, binarity, and rotation (e.g. Szécsi et al., 2015; Götberg

et al., 2017; Eldridge et al., 2017; Götberg et al., 2018; Stanway and Eldridge, 2019;

Kubátová et al., 2019), there is as-yet no clear solution to the apparent modeling

deficit of hard ionizing photons.

In recent years, the Chandra X-ray Observatory has revolutionized our under-

standing of X-ray binaries, enabling a reappraisal of their possible role in providing

the missing ionizing photons. High-mass X-ray binaries (HMXBs), which power

hard X-ray emission via accretion from a massive stellar companion onto a compact

object (black hole or neutron star), have been shown to power nebular He ii in cases

where they act as the sole ionizing source in a nebula (Pakull and Angebault, 1986;

Kaaret et al., 2004b; Gutiérrez and Moon, 2014). While it has long been established

that HMXBs dominate the hard X-ray flux (& 1 keV) of actively star-forming galax-

ies in the local Universe (e.g. Grimm et al., 2003; Mineo et al., 2012), early studies

largely ignored very low-metallicity galaxies due to their faintness. Now, strong evi-

dence has arisen that the X-ray luminosity per unit of star formation rate increases

by nearly an order of magnitude in extremely metal-poor galaxies (Z/Z� . 0.1) rel-

ative to those at near-solar metallicity (Mapelli et al., 2010; Prestwich et al., 2013;

Basu-Zych et al., 2013; Brorby et al., 2014; Douna et al., 2015; Brorby et al., 2016;

Brorby and Kaaret, 2017). Theoretical models reproduce this general trend, sug-

gesting that it is likely driven by the weaker stellar winds driven at low metallicity

(e.g. Dray, 2006; Linden et al., 2010; Fragos et al., 2013a). In particular, weaker

winds lead to both more massive black holes and a higher incidence of HMXB sys-

tems undergoing Roche lobe overflow accretion, which both tend to produce more

luminous X-ray binary populations.

The similarity of the metallicity dependence of HMXBs to that of nebular He ii

motivated Schaerer et al. (2019) to revisit the possibility that HMXBs may be solely

responsible for this emission line in metal-poor star-forming galaxies. By assuming

that the nebular He ii in IZw18 NW is entirely powered by the X-ray source observed
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in that cluster (c.f. Lebouteiller et al., 2017), Schaerer et al. (2019) derive a scaling

relationship between He ii flux and hard X-ray luminosity. Applying this to the

population synthesis models of Fragos et al. (2013a,b), the authors demonstrate

that the metallicity-dependent HMXB population produces a trend in the strength

of He ii relative to Hβ similar to that observed. Though suggestive, the model

presented by Schaerer et al. (2019) has yet to clear two critical hurdles. First, it

has yet to be demonstrated through full photoionization modeling that an HMXB

spectrum can successfully power nebular He ii when combined with stellar ionizing

flux. Second, a detailed galaxy-by-galaxy investigation of both He ii and X-ray

constraints has not yet been conducted for more than a handful of systems (e.g.

Thuan and Izotov, 2005; Kehrig et al., 2018).

In this paper, we will test the hypothesis that HMXBs dominate the production

of He ii in star-forming galaxies from both a theoretical and observational perspec-

tive. First, we produce a grid of photoionization models with input SEDs reflecting

the joint impact of young stellar populations and a variable HMXB contribution,

and examine the impact of the latter on the predicted nebular line spectrum (Sec-

tion 5.2). Then, leveraging recent work targeting metal-poor galaxies with both

Chandra and high-resolution optical spectroscopy including data from Keck and

new measurements from the MMT 6.5m telescope, we assemble a sample of eleven

star-forming regions with robust constraints on both X-ray emission and nebular

He ii in Section 5.3. In Section 5.4 we examine these observational constraints in

the context of the photoionization model results, providing a stringent empirical

test of the claim that HXMBs dominate production of He+-ionizing photons in

these systems. We conclude in Section 5.5.

5.2 Modeling Gas Photoionized by Stars and HMXBs

In order to investigate the possibility that He ii or other high-ionization emission

lines are powered by high-mass X-ray binaries, we construct a semi-empirical frame-

work to model this scenario explicitly. This requires us first to construct a model
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SED representing the combined ionizing spectrum of both massive stars and the

emission from HMXB accretion disks. Then, we use a photoionization modeling

framework to simulate the reprocessing of this ionizing spectrum through surround-

ing gas, producing predictions about the resultant nebular emission. We describe

these two steps below in Section 5.2.1, then discuss the results and predictions of

this modeling in Section 5.2.2.

5.2.1 Methodology

Our primary goal in this section is to assess the magnitude of the effect on nebu-

lar emission lines introduced by adding a HMXB spectrum to a stellar population

model. While there are many existing prescriptions for full galaxy SED modeling in

the literature (see e.g. Charlot and Longhetti, 2001; Gutkin et al., 2016; Chevallard

and Charlot, 2016; Leja et al., 2017; Byler et al., 2017; Fioc and Rocca-Volmerange,

2019), none yet account explicitly for the impact of HMXBs on nebular gas emis-

sion. We describe out methodology in this subsection with comparison to other

approaches in the literature where relevant.

Construction of the Spectral Energy Distribution

First, we describe how we construct the joint SED representing the ionizing flux

emitted by massive stars and HMXBs. Since strong interstellar absorption precludes

the direct observation of the EUV spectrum of massive stars or HMXBs, we must

rely on models calibrated at higher or lower energies to predict the SED in this

energy regime.

There are a variety of stellar population synthesis frameworks in the literature

designed to predict the emergent flux from stars themselves (for a review, see Conroy,

2013). As we will discuss further later in the paper, the shape of model stellar

spectra in the EUV beyond the Lyman limit is highly uncertain, as these photons

cannot be directly observed for any individual hot OB stars. In particular, the

emergent flux from stars at and just beyond the He+-ionizing edge (54.4 eV, or
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228 Å) is subject to substantial systematic uncertainties from both atmosphere and

evolutionary models, and varies significantly between different population synthesis

prescriptions. For instance, mass transfer can strip the donor star of its outer

hydrogen layers, and potentially spin-up the acceptor star sufficiently to change its

evolution, both of which can enhance the escape rate for He+-ionizing photons which

are easily blocked by the outer layers or dense winds of ‘typical’ massive stars (e.g.

Eldridge and Stanway, 2012; Szécsi et al., 2015; Götberg et al., 2018; Stanway and

Eldridge, 2019; Götberg et al., 2019). Accounting for high ZAMS rotation rates can

also boost stellar flux in the EUV (e.g. Maeder and Meynet, 2000; Vázquez et al.,

2007; Levesque et al., 2012; Byler et al., 2017). Significant uncertainties remain in

the specific treatment of all of these factors, and they have not yet been considered

simultaneously in a full population synthesis prescription.

For the purposes of this paper, we are primarily interested in constraining the

potential impact of HMXBs on nebular emission when added to a stellar popula-

tion. Thus, we focus solely on the latest version of the BPASS models accounting for

binary evolutionary effects (2.2, described in Stanway and Eldridge, 2018). These

models incorporate prescriptions for some binary mass transfer processes which can

have a substantial impact on emergent hard ionizing flux. It is important to note

that modifications to our treatment of the stellar population that tend to increase

the stellar contribution to flux at the He+-ionizing edge will decrease the relative

impact of the HMXB spectrum. The BPASS flux predictions in the EUV are fairly

representative of the state-of-the-art population synthesis codes, and in particular

are lower than the newest results from the modified Bruzual and Charlot (2003)

models (Charlot & Bruzual, in-prep.) incorporating newer theoretical stellar atmo-

spheres for massive main-sequence and Wolf-Rayet stars (see Stanway and Eldridge,

2019; Plat et al., 2019).

The ionizing flux of of a purely-stellar SED depends strongly on the assumed

IMF, star formation history, and stellar metallicity. Since we are interested primarily

in the HMXB contribution, we will make reasonable assumptions about the IMF and

star formation history while leaving metallicity as a free parameter. We assume the
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fiducial BPASS IMF, which consists of a broken power-law with a Salpeter (1955)

slope (−2.35) over the mass range 0.5–300 M�. Extreme IMFs can enhance the

He+-ionizing flux achieved, though not sufficiently to alone explain the strongest

He ii emission observed (Stanway and Eldridge, 2019). We assume a constant star

formation history that has proceeded for sufficiently long for the SED to stabilize

(100 Myr), noting that instead adopting younger ages or adding young bursts will act

to enhance the relative flux beyond 54.4 eV per unit SFR by increasing the number

of early O and Wolf-Rayet stars (e.g. Shirazi and Brinchmann, 2012; Chisholm

et al., 2019). Adopting a more extreme IMF or a star formation history weighted to

younger ages would both increase the amount of hard ionizing flux from the stellar

population at fixed SFR and reduce the relative impact of the HMXB spectrum

on nebular line emission. Our relatively conservative assumptions about the stellar

population synthesis prescription, IMF, and star formation history are chosen to

provide a reasonable first estimate of the effect on nebular lines of adding HMXBs

to a stellar ionizing spectrum.

With the stellar model prescription, IMF, and star formation history fixed, the

most important variable affecting the ionizing flux of the stars themselves is then the

stellar metallicity. As the bulk metallicity of a stellar population is lowered, reduced

opacities in the stellar interior and atmosphere lead to both hotter temperature

evolution for massive main-sequence stars and dramatically weakened stellar winds.

These factors both directly lead to harder ionizing spectra for individual metal-

poor stars, and the reduced impact of stellar wind mass loss at low metallicity can

result in rotational and binary evolutionary effects playing a more prominent role

in producing very hot stars. Models of these evolutionary stages are still highly

uncertain and are not uniformly included in population synthesis predictions (e.g.

Szécsi et al., 2015; Stanway et al., 2016; Götberg et al., 2019, and references therein).

We allow the stellar metallicity to vary from Z = 0.020 (solar, Z�) to Z = 0.001

(Z/Z� = 5%), the lowest metallicity provided by the BPASSv2.2 grids. We note that

adopting lower stellar metallicities would harden the stellar spectrum and further

increase the maximal nebular He ii flux powered by the stars alone. However, this
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metallicity range encompasses the full range of gas-phase oxygen abundances in our

observational sample (assuming solar α/Fe; Table 5.1); and as already discussed,

such lower metallicities would further diminish the relative impact of HMXBs to

He ii.

In contrast to the stellar ionizing spectrum which drops-off at energies above

54.4 eV due to absorption in stellar winds, the spectra of high-mass X-ray binaries

are dominated by extremely hot accretion disks and peak at hard X-ray energies

in the 1–10 keV range (Figure 5.1). Their spectra can be approximated with a

multi-color disk (MCD) model (Mitsuda et al., 1984), which produces a modified

blackbody spectrum representing gas at a range of temperatures in the accretion

disk. This model is parameterized by the mass of the accreting black hole MBH

and the maximum radius of the disk Rmax (in this work, we compute this spectrum

using code from the ARES package1; Mirocha, 2014). For black hole masses in

the range of 10–100 M� and radii of 103–105 cm, 54.4 eV remains solidly in the

Rayleigh-Jeans tail of this spectrum, with flux far lower than at the SED peak in

the keV range. Over this range, the black hole mass has the largest impact on flux at

54.4 eV for a fixed total luminosity, with more massive black holes yielding a softer

spectrum and more flux at 54.4 eV. Increasing Rmax from 103 to 104 cm increases

the flux at 54.4 eV by . 25% for black hole masses in this range, and essentially

no change is seen when Rmax is increased further to 105 cm. Accordingly, we fix

Rmax = 104 cm for our grid. HMXBs are known to undergo spectral transitions,

though generally their spectrum is found to harden relative to an MCD spectrum

likely due to Compton up-scattering during a super-Eddington accretion event (e.g.

Kaaret and Feng, 2013; Brorby et al., 2015), decreasing the flux at low (� 1 keV)

energies. A more sophisticated model including Comptonization would thus cause

the HMXB spectrum to be less efficient at producing photons at the He+-ionizing

edge. For simplicity in this analysis, we adopt a single MCD model to represent the

HMXB contribution to the total SED. While in massive galaxies we expect the X-

ray spectrum to be a composite of several active HMXBs, the total unresolved X-ray

1https://bitbucket.org/mirochaj/ares

https://bitbucket.org/mirochaj/ares
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luminosity of most nearby dwarf galaxies studied in Brorby et al. (2014, 2016, 1038–

1040 erg/s) is actually suggestive of the luminosity of individual HMXBs resolved

in larger spiral galaxies (e.g. Mineo et al., 2012), so this assumption may actually

be more appropriate for the study of He ii in the lowest-metallicity, lowest-mass

galaxies found locally.

We are interested in the impact of explicitly varying the HMXB contribution on

high-ionization nebular emission. Thus, we incorporate as an additional parameter

the X-ray luminosity measured in a broad Chandra band (erg/s) produced per unit

of star formation (M�/yr), hereafter referred to as the X-ray production efficiency:

LX,0.5−8 keV/SFR. Previous observations with Chandra provide guidance as to the

range of values of this parameter attained in local galaxies. For the purposes of

this study, we allow this quantity to vary over a broad range bracketing the values

typically measured in nearby dwarf galaxies (e.g. Brorby et al., 2016) by several

orders of magnitude: 1040–1044erg/s/(M�/yr).

Figure 5.1 compares these two SED components for a representative model in our

grid. We plot here a BPASS model computed with the above assumptions (constant

star formation history at 1 M�/yr and fiducial IMF) at Z = 0.004 (Z/Z� = 0.2).

Next to this, we plot an MCD spectrum assuming Rmax = 104 cm for MBH = 10–100

M�, in each case normalized in the 0.5–8 keV band to the median X-ray produc-

tion efficiency in our grid: 1042erg/s/(M�/yr). This particular X-ray production

efficiency is chosen such that the HMXB spectrum begins to impact significantly

on the total EUV flux. At this X-ray luminosity per unit of star formation, the

Rayleigh-Jeans tail of the MCD spectrum approaches the stellar contribution to the

SED at the He+-ionizing edge as the black hole mass is increased.

Photoionization Modeling

Accurately predicting the nebular emission powered by HMXBs requires photoion-

ization modeling, taking into account the joint effects of both HMXBs and stars

in heating and ionizing their surrounding gas. We use the code cloudy (version

17.1, detailed in Ferland et al., 2017) to perform this part of the analysis. This
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Figure 5.1: Representative SEDs for a model stellar population (BPASS v2.2, con-
stant star formation at 1M�/yr, Z = 0.004) and a model HMXB (multi-color disk
spectrum, Rmax = 104 cm, with MBH/M� = 10–100). The HXMB spectrum is
normalized in the 0.5–8 keV range (shaded grey) to the median X-ray production
efficiency adopted in our grid: LX,0.5−8 keV/SFR = 1042erg/s/(M�/yr). At this X-ray
normalization, the Rayleigh-Jeans tail of the HMXB spectrum is within an order of
magnitude of the stellar SED at the He+-ionizing edge (black dashed line).
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photoionization code natively handles the processing of X-rays by nebular gas, in-

cluding accounting for secondary ionizations. Following the standard methodology

for modeling integrated light from star-forming galaxies (e.g. Byler et al., 2017),

we assume a closed radiation-bounded spherical geometry consisting of a shell of

material located sufficiently far from the central source (1019 cm) to be essentially

plane-parallel. We allow the computation to iterate to convergence up to 5 times

(typically only 3 are required), and stop the calculation once the temperature drops

below 100 K or the edge of the hydrogen ionization front is reached (beyond ei-

ther of which nebular line emission will be minimal). We run the cloudy models

with a separate high-resolution input file for each SED, and measure the strength

of the emission lines we are interested in directly from the saved output. To or-

ganize and analyze the grid, we utilize a modified version of the grid construction

tools developed as part of cloudyfsps (Byler, 2018). Our approach is appropriate

for our model of radiation-bounded H ii regions surrounding recently-formed young

stellar populations, but modeling more massive galaxies with several dominant gen-

erations of stars generally benefits from more complex approaches (e.g. Charlot and

Longhetti, 2001). Considering density-bounded model conditions is also beyond

the scope of this paper, but Plat et al. (2019) demonstrate that the suppression of

lower-ionization emission that these conditions introduce is generally inconsistent

with the nebular properties of a broader sample of local He ii-emitters.

There are several other important variables describing the gas to consider in this

modeling scheme. We fix the gas density to nH = 102 cm−2 to approximate the

typical values measured from [S ii] in nearby star-forming galaxies, including those

which power strong high-ionization line emission (e.g. Brinchmann et al., 2008b;

Senchyna et al., 2017; Berg et al., 2019b). While typical H ii region densities may

be somewhat higher in galaxies in the early universe (e.g. Shirazi et al., 2014; Sanders

et al., 2016), this is unlikely to significantly affect recombination lines such as He ii

(e.g. Plat et al., 2019). Since in this work we focus on metal-poor star-forming

dwarf galaxies with low dust extinction measurements, we do not consider the ef-

fects of extinction or depletion onto dust in this analysis (though these effects are
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very important for general galaxy modeling; see e.g. Gutkin et al., 2016). The at-

tenuation introduced by dust extinction is minimal for X-ray photons (dominated

by small-angle forward scattering; Draine, 2011) and we only consider observed op-

tical line ratios after correction for extinction according to the Balmer decrement

(Section 5.3).

Next, we must consider the gas-phase metallicity and chemical abundance pat-

terns, which directly impact upon both metal line strengths and thereby the gas

cooling efficiency and thus temperature. We fix the gas abundance patterns to

those adopted by Dopita et al. (2000), which is based upon the solar abundances

found by Anders and Grevesse (1989) with an additional empirically-motivated scal-

ing of N/O with O/H imposed to account for the secondary production of nitrogen.

In this first analysis, we scale the gas-phase metal abundances directly with the

metallicity Z of the stellar population, while noting that allowing for an offset in

this ratio could enhance the contribution of stellar ionizing flux to the production

of high-ionization metal lines (e.g. Steidel et al., 2016; Senchyna et al., 2019).

Finally, we also allow the gas ionization parameter U to vary. This dimensionless

quantity parametrizes the relative density of hydrogen-ionizing photons to the gas

density:

U =
QH

4πR2nHc
, (5.1)

where QH is the total number of hydrogen-ionizing photons emitted by the source

spectrum per second, c is the speed of light, and R is the radius of the ionized region.

In this effectively plane-parallel case, the Strömgren sphere radius is approximately

equal to the inner radius of the shell, and their distinction is unimportant (e.g.

Charlot and Longhetti, 2001; Byler et al., 2017). Nebular line ratios are typically

insensitive to changes in R and QH that preserve logU (e.g. Evans and Dopita, 1985;

McCall et al., 1985). Since we fix the radius, specifying the ionization parameter

implicitly normalizes the input spectrum. We allow this parameter to vary between

−3 < logU < −1, which spans the range typically observed in galaxies dominated

by recent star formation.
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5.2.2 Modeling Results and Predictions

The framework described above results in a model for a composite stellar and HMXB

spectrum with four free parameters. These are metallicity Z (of both the stars and

the gas, which we couple); the ionization parameter of the gas logU ; the X-ray

production efficiency, LX,0.5−8 keV/SFR; and the black hole mass for our MCD model,

MBH. We construct a grid of models while varying these parameters, and extract

the CLOUDY predicted line fluxes for each point therein, allowing us to investigate

the relative impact of these variables on nebular line emission.

We are particularly interested in how varying the HMXB contribution to the

spectrum impacts the high-ionization nebular lines. In Figure 5.2, we plot the

predicted line fluxes for He ii λ4686 and Nev λ3426 relative to Hβ for our entire grid

as a function of the X-ray production efficiency. These two species have ionization

potentials of 54 eV and 97 eV (respectively). As the X-ray production efficiency

is increased from 1040–1044 erg/s at a star formation rate of 1 M�/year, we find

that the range of flux in He ii relative to Hβ is increased by 2 orders of magnitude.

The effect on Nev is even more dramatic, increasing from essentially unobservable

at < 10−5 times the flux of Hβ to uniformly greater than this limit for the highest

X-ray productions rates. At the highest X-ray luminosities per SFR tested, both

lines approach the flux of Hβ, indicating that the composite spectrum is effectively

dominated by the hard Rayleigh-Jeans tail of the HMXB model. If we assume

HMXBs provide the photons necessary to power He ii and Nev, then our models

suggest we should observe a trend between enhanced flux in these lines relative to

Hβ and the X-ray production efficiency.

However, He ii and Nev are only substantially affected by the HMXB spectrum

for systems with very large X-ray output relative to their star formation rate. As the

X-ray production efficiency is increased from 1040 to 1041 erg/s per unit SFR, the

ratio of He ii λ4686/Hβ remains in the range observed for the BPASSv2.2 models

alone, with the maximum achieved value increasing only from He ii/Hβ = 0.20%

to 0.23%. This is an order of magnitude below measurements in metal-poor dwarf



188

−3

−2

−1

lo
g 1

0
H

e
ii
/H
β

1040 1041 1042 1043 1044

LX,0.5−8 keV/SFR
[
erg s−1 (M� yr−1)−1

]

−10

−5

0

lo
g 1

0
N

e
v
/H
β

Figure 5.2: Line fluxes for He ii λ4686 and Nev λ3426 (top and bottom panels,
respectively) relative to Hβ for all points in our model grid, plotted as a function
of the X-ray luminosity per unit of star formation. The individual photoionization
model grid points are displayed as black circles, and we outline in grey the flux
range spanned by the models at each value of LX,0.5−8 keV/SFR. In the top panel for
He ii, we shade in red the range of values observed for this line in low-metallicity
nearby star-forming galaxies (e.g. Shirazi and Brinchmann, 2012; Senchyna et al.,
2017, 2019). He ii is only boosted into the observed range of values for this line by
the addition of the HMXB spectrum for systems with very high X-ray production
efficiencies (LX,0.5−8 keV/SFR > 1042 erg s−1/(M� yr−1), marked by a vertical black
dashed line).
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galaxies, which span 1–5% (the red band in Figure 5.2, e.g. Shirazi and Brinchmann,

2012; Senchyna et al., 2019). None of the models exceed 1% flux in He ii or Nev

relative to Hβ until LX,0.5−8 keV/SFR exceeds 1042 erg s−1 at 1 M� yr−1 (marked with

a dashed black line in Figure 5.2). That is, galaxies with HMXB populations less

luminous per SFR than this cutoff do not produce sufficient flux in the EUV to

power He ii at the level observed locally.

Though both He ii and Nev increase in strength relative to Hβ as the X-ray pro-

duction efficiency is increased, the dispersion in their flux at fixed LX,0.5−8 keV/SFR

evident in Figure 5.2 illustrates that they are also sensitive to the other model pa-

rameters (MBH, logU , and Z). We now investigate the impact of these variables

in-turn, starting with the model black hole mass. In Figure 5.3, we fix the metal-

licity and ionization parameter to Z = 0.004 and logU = −2 while allowing MBH

to vary over our full grid range (1–100 M�). At X-ray production efficiencies below

1042 erg/s at 1 M�/year, the modeled black hole mass has essentially no effect,

since the EUV is still largely dominated by the stellar SED. At higher values of

LX,0.5−8 keV/SFR where the HMXB spectrum begins to impact significantly on the

EUV, we see that increasing the black hole mass boosts both Nev and especially

He ii (since it is produced at lower energies). This is because a higher black hole

mass yields a softer MCD spectrum (Figure 5.1), allowing the HMXB flux to play

a larger role in the ionization structure of the nebula.

The gas geometry can also significantly affect the prominence of He ii and Nev

with the input spectrum fixed (Figure 5.4). Increasing logU from −3 to −1 can

increase Nev/Hβ by nearly 3 orders of magnitude, by effectively expanding the size

of the highest-ionization part of the H ii region. However, logU has a smaller effect

on the flux of He ii relative to Hβ (. 0.2 dex). Since He ii and Hβ are recombination

lines, their ratio is fixed to first-order by the hardness of the input ionizing spectrum

(e.g. Hummer and Storey, 1987; Draine, 2011; Senchyna et al., 2017).

The metallicity also plays a role in modulating the strength of He ii and Nev.

In the regime where the stellar SED dominates He ii production (left of the dashed

line in Figure 5.5), He ii is most strongly affected by metallicity, increasing by nearly
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Figure 5.3: Same as Figure 5.2, but displaying a subset of the models with metallicity
and ionization parameter fixed to Z = 0.004 and logU = −2 to illustrate the
dependence of the nebular lines on MBH. Increasing the black hole mass from 1–
100 M� can effectively boost the prominence of He ii by up to nearly an order of
magnitude, but this only has a modest effect at low LX,0.5−8 keV/SFR values where
the the stellar spectrum dominates the EUV.
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an order of magnitude as metallicity drops from Z = 0.02 to 0.001. As mentioned

in Section 5.2.1, this is due to the hardening of the stellar SED with decreasing

metallicity. At high X-ray production efficiencies (right of the dashed line), He ii/Hβ

decreases modestly with decreasing metallicity, due to the lowering of the recombina-

tion rate with increasing gas temperature (Hummer and Storey, 1987). In contrast,

Nev/Hβ displays a very different behavior; at all but the highest X-ray production

efficiencies, Nev/Hβ peaks at Z = 0.01 before dropping at lower metallicity. Since

the adopted stellar SED is too soft to contribute effectively to these lines, this be-

havior is due primarily to gas physics, with a competition between the diminishing

abundance of neon and the increasing electron temperature (due to less efficient

cooling). At the lowest metallicities (Z < 0.01), the diminishing neon abundance

dominates, and Nev become less prominent with decreasing metallicity. At the

highest X-ray production efficiencies, gas heating is far more efficient, and this line

simply decreases in strength with decreasing abundance over the entire metallicity

range.

While MBH, logU , and Z all impact on He ii and Nev to some degree, our

full set of photoionization models suggest two testable observational predictions

independent of these variables if we assume that HMXBs dominate He ii production.

First, strong He ii emission should be associated with very high X-ray production

efficiencies: that is, X-ray luminosities in-excess of 1042 erg/s for a galaxy forming

stars at 1 M�/year. And second, stronger He ii relative to Hβ (and, with greater

dispersion due to gas physics, Nev/Hβ) should positively correlate with higher X-

ray luminosities per unit star formation rate. In the remainder of this paper, we

will test whether these predictions hold in a sample of local star-forming galaxies

with both high-quality Chandra and optical line constraints.

5.3 Observations

Through photoionization modeling, we have established an observational test of

the scenario in which HMXBs dominate the production of He ii in star-forming
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galaxies (Section 5.2). To investigate this, we have collated archival Chandra ACIS-

S imaging of nearby z < 0.2 star-forming dwarf galaxies and assembled both ESI and

new MMT spectra covering He ii λ4686 and (in several cases) Nev λ3426. Though

X-ray detections have previously been published for several of the targets in our

sample, the absence of reported coordinates for these X-ray sources and the fact

that several of our collected datasets are unpublished requires that we reanalyze

these X-ray data. We present the sample in Sections 5.3.1 and 5.3.2; the optical

spectroscopy in Section 5.3.3; the Chandra data in Section 5.3.4; and describe the

results of this joint optical and X-ray analysis in Section 5.3.5.

5.3.1 Selection of the Sample

In order to test whether HMXBs are responsible for He ii, we need an observational

sample with high-quality constraints on both X-ray emission and nebular He ii. In

particular, the X-ray imaging must have sufficiently high spatial resolution (. 1′′)

to confidently associate X-ray point sources with the spectroscopic targets, which

is presently only attained by Chandra. In addition, the optical spectra must have

sufficiently high spectral resolution and signal-to-noise to confidently deblend the

narrow (< 500 km/s) nebular He iiλ4686 recombination line from the broad (> 1000

km/s) component originating in the winds of WR or very massive O stars, which

is generally not possible with SDSS spectra (see e.g. Senchyna et al., 2017). In the

past several years, we have acquired high resolution optical spectra for a total of

eleven star-forming dwarf galaxies which have Chandra X-ray imaging observations

available in the archive (Table 5.1). Though selected in different ways initially, all

are actively star-forming galaxies at subsolar metallicity and thus potential hosts

for metal-poor HMXB populations.

Eight of these eleven are galaxies targeted with HST /COS ultraviolet spec-

troscopy in Senchyna et al. (2017) and Senchyna et al. (2019) for which we also

obtained deep echellette optical spectra (we will subsequently refer to these papers

as S17 and S19, respectively). These galaxies were originally selected on the basis

of either a detection of optical He ii emission in an SDSS spectrum (S17) and as
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having gas-phase metallicity measurements placing them in the regime of extremely

metal-poor galaxies (XMPs, 12+log O/H < 7.7, Z/Z� . 0.1; S19). All are compact

regions of active star formation dominated by the light from young (typically < 50

Myr) stellar populations. We cross-matched the entire sample of sixteen presented

in these publications with publicly-available observations in the Chandra Observa-

tion Catalog accessed via ChaSeR to obtain the subsample of eight with Chandra

coverage discussed here2. We refer the reader to these previous papers for a more

thorough discussion of the sample properties.

We also obtained new deep optical spectra for three additional galaxies previously

studied with Chandra. In particular, we targeted three galaxies classified as Lyman

Break Analogues (LBAs; Heckman et al., 2005) and studied in X-rays using Chandra

by Basu-Zych et al. (2013) and Brorby et al. (2016, hereafter B16) with the MMT

Blue Channel spectrograph: SHOC042, J2251+1427, and SHOC595. These spectra

provide coverage of both He ii λ4686 and Nev λ3426. We will discuss the reduction

and analysis of these observations in Section 5.3.3 below.

5.3.2 Star Formation Rates and General Characterization

Before advancing to the high-quality optical spectra and Chandra data available for

the galaxies in our sample, we will first discuss their bulk properties. All but one

of the targeted systems (HS1442+4250) has an SDSS spectrum available as of the

latest data release (DR15; Aguado et al., 2019), and the other (HS1442+4250) has

an MMT spectrum described in S19. We derive distance estimates by comparing

the redshifts measured in these spectra to the local flow model presented by Tonry

et al. (2000) with H0 = 70 km/s/Mpc, with this simply reverting to the cosmological

distances for the most distant objects. We present these distances in Table 5.1, along

with gas-phase metallicities and the references to their derivation.

Since the higher-resolution spectra discussed in Section 5.3.3 do not all provide

access to both Hβ and Hα, we obtain uniformly-calibrated measurements of the

2Note that while SB198 from S17 falls within the standard 10′ search radius employed by

ChaSeR, the optical target falls outside the footprint of the ACIS-S3 chip.
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strong optical lines from the SDSS spectra for reddening correction and SFR esti-

mation. We follow the procedure outlined in S17; S19: in particular, we measure line

fluxes using a custom python routine based on MCMC fits (Foreman-Mackey et al.,

2013) with a linear continuum plus Gaussian line model, and correct for extinction

by comparing the observed Balmer decrement to that predicted from our direct

determination of Te with PyNeb (Luridiana et al., 2015), assuming an SMC extinc-

tion curve (Gordon et al., 2003) after correction for Galactic extinction (Schlafly

and Finkbeiner, 2011; Fitzpatrick, 1999). We follow the procedure described in S17

using PyNeb to derive direct temperature metallicities (with [O iii]λ4363) for the

three LBAs from the B16 sample, yielding uniform metallicity measurements for

the entire sample (Table 5.1). In the case of HS1442+4250, we use an MMT Blue

Channel spectrum obtained with the 300 lines/mm grating on January 25, 2017

(described in S19). To correct for aperture differences between this MMT spectrum

and the other SDSS spectra, we derive an effective aperture correction by comparing

the measured fluxes of the strong lines of H and O in MMT spectra taken in the

same configuration and on the same night for SBSG1129+576 and J1119+5130 to

their SDSS spectra. This yields consistent correction factors of 0.58 and 0.57 for

SBSG1129+576 and J1119+5130 with a scatter of ∼ 3% among the different lines,

respectively; we adopt a value of 0.57 and add an additional statistical uncertainty

of 10% in this conversion.

These measurements of Hα and Hβ provide a direct estimate of the current star

formation rate in the spectral aperture where He ii is constrained. Following the

standard methodology, we convert the dust-corrected Balmer line luminosities into

SFR estimates using a conversion factor derived from the same BPASS v2.2 models

employed in the photoionization modeling (Section 5.2). In particular, we assume

Z = 0.003 (corresponding to the mean metallicity of our sample, 12+log O/H = 7.9,

assuming solar abundances) and the fiducial BPASS IMF (Salpeter slope). For each

galaxy, we derive an SFR conversion factor appropriate for the effective age of the

dominant stellar population by choosing the constant star formation rate model

with predicted Hβ equivalent width closest to that observed. The uncertainty in
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the resulting estimates (Table 5.1) represents the statistical uncertainties in the flux

measurement and determination of Q(Lyc)/LHα. These estimates only account for

star formation within the spectroscopic aperture, and thus represent lower limits to

the total star formation rate of the target galaxies.

These bulk measurements reveal a diverse set of actively star-forming galaxies.

They range in distance from ∼ 10 to 800 Mpc, with all but the relatively distant

LBAs from B16 residing at < 50 Mpc (redshifts z . 0.01). Their gas-phase metal-

licities span from the extremely metal-poor regime 12 + log O/H = 7.5–7.7 up to

over half solar metallicity at 12 + log O/H = 8.3. Though they are all dominated by

young stars, their absolute star formation rates span over four orders of magnitude,

from 10−3.6 to 100.77 M�/year.

5.3.3 Optical Spectroscopy

Here, we collate and summarize the deep optical spectral constraints available for

the systems under study. As demonstrated in S17, nebular and broader stellar He ii

can be confused at the signal-to-noise and resolution typically attained in SDSS fiber

spectra. We have specifically selected galaxies for which we have additional optical

spectral constraints that can separate nebular from stellar He ii and in some cases

provide constraints on Nev λ3426, which probes even higher-energy photons. We

obtained optical echelle spectra covering He ii and Hβ (but not Nev) for eight of

the systems with the Echellette Spectrograph and Imager (ESI; Sheinis et al., 2002)

on Keck II in 2016–2017 as part of an ongoing joint optical and ultraviolet spectro-

scopic campaign (S17; S19). We refer the reader to these previous publications for

a detailed description of the Keck/ESI observations and analysis, and present the

measurements of dust-corrected He ii/Hβ derived from these spectra in Table 5.3.

We have also obtained several new spectra with the Blue Channel Spectrograph

on the 6.5m MMT (MMT/BC) specifically targeting Nev and He ii (Table 5.2). We

observed J2251+1327, SHOC595, and SHOC042 (LBAs from B16) on the night of

September 10, 2018 with the 800 lines/mm grating and the 1.0′′ × 180′′ slit (0.75

Å/pixel dispersion), at central wavelengths chosen to span the rest-wavelength range



199

Table 5.2: A summary of the new MMT Blue Channel observations presented in
this work.

Target Airmass Configuration Exposure
Grating (slit) (hours)

10 September 2018

J2251+1327 1.2 800gpm (1.0′′ × 180′′) 2.3
SHOC595 1.3 800gpm (1.0′′ × 180′′) 1.6
SHOC042 1.4 800gpm (1.0′′ × 180′′) 1.6

15 April 2018

HS1442+4250
X-ray source

1.1 300gpm (1.0′′ × 180′′) 0.17

from Nev λ3426 to Hβ at the SDSS redshift of each target. The standard stars

G24-9, Feige 110, and LB 227 (respectively) and a HeAr/Ne comparison lamp were

observed either before or after each target object with the same spectrograph con-

figuration for flux and wavelength calibration. In addition, on April 15 2018 we

used the 300 lines/mm grating to observe an optical point-source identified in SDSS

imaging as coincident with an X-ray source in the ACIS-S image of HS1442+4250

(see Section 5.4 for more details). All spectra were reduced using standard longslit

techniques with a custom python pipeline.

To measure nebular He ii confidently in these MMT/BC spectra, we follow the

same technique adopted with the Keck/ESI data. In order to distinguish the nebular

contribution from the broad > 500 km/s FWHM stellar component, we fit two

Gaussians simultaneously to the He ii λ4686 line, with one constrained to narrow

width comparable to that measured for the strong nebular lines (FWHM < 7 Å)

and the other forced to be broader than this cutoff. The results of these fits are

displayed in Figure 5.6. We detect a distinct narrow component in J2251+1327

and SHOC042 at a relative strength of He ii/Hβ = 0.0070 ± 0.0034 and 0.0046 ±
0.0021 (respectively), and place a 3σ upper limit on the nebular component of

He ii/Hβ < 0.0068 for SHOC595. These relatively weak detections (He ii/Hβ <

0.01) are consistent with the metallicities of these systems (12 + log O/H > 8.0) in

the context of the trend towards stronger He ii at low metallicity (e.g. Figure 7 of
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Senchyna et al., 2019, which includes the other systems discussed in this paper). In

addition, these MMT spectra place strong constraints on the presence of nebular

Nev λ3426 (Nev/Hβ < 0.8 in all three cases). These line measurements and

dereddened 3σ upper limits where appropriate are reported in Table 5.3. We also

include the measurement of Nev/Hβ = 0.79 ± 0.36 for SB111 (or J1230+1202)

reported by Izotov et al. (2012). We discuss these measurements in the context of

the Chandra constraints in the following section.

5.3.4 Chandra X-Ray Imaging

All objects in our sample have publicly available Chandra ACIS-S imaging observa-

tions. While detections have been published for several of these systems in the past,

these prior studies generally do not include the coordinates of the identified X-ray

sources and our sample also includes several galaxies covered by unpublished Chan-

dra datasets. This requires that we reanalyze the Chandra data in a uniform way.

We compare to these literature measurements where available in Appendix C.1. We

first reprocessed the level 1 event files for these observations using the latest ver-

sion of CIAO (4.11, CALDB version 4.8.2 Fruscione et al., 2006), focusing on the

back-illuminated S3 chip which all targets were placed on. We used fluximage to

produce a clipped exposure map in the broad Chandra band, which we then used

for source detection with a significance threshold of 10−6 run on the
√

2 series of

pixel scales (see e.g. Mineo et al., 2012; Brorby et al., 2014).

The spatial resolution afforded by Chandra is a key advantage in conducting a

study connecting X-ray observations to optical data. The astrometry of Chandra

detections on the ACIS-S detector is accurate to < 1.4′′ in 99% of cases in compar-

isons with ICRS optical counterparts3. Since we are concerned in this work with

the potential impact of HMXBs on nebular line emission measured on spatial scales

of ∼ 1′′ (Section 5.3.3), we are not interested in X-ray sources significantly offset

from the optical galaxy. This is in contrast to much of the previous work on these

galaxies, where significantly offset sources were included to account for the fact that

3CIAO manual: http://cxc.cfa.harvard.edu/cal/ASPECT/celmon/.

http://cxc.cfa.harvard.edu/cal/ASPECT/celmon/
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Figure 5.6: The He ii λ4686 complex for each of the LBAs observed with Blue
Channel (green). We overplot models drawn from the fit posterior distribution,
decomposed into the broad (black) and narrow (purple) components atop the fit
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by a line profile with width significantly larger than the strong nebular lines.
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HMXBs may be kicked up to hundreds of parsecs from their birthplace (e.g. Kaaret

et al., 2004a; Zuo and Li, 2010; Brorby et al., 2014). It is important to note that

even with this resolution, we cannot unambiguously associate X-ray sources with

the gas in which the observed He ii is excited. At the distances of our targets, 1′′

corresponds to comoving physical distances of 50 pc to 3 kpc, larger than the sizes

of individual star clusters in the local universe (e.g. Meurer et al., 1995).

We adopt the 99% confidence positional accuracy limit of 1.4′′ as a limiting

radius to establish association between the X-ray sources and the observed optical

line emission, and consider separations between 1.4′′–5′′ on an individual basis (see

Section 5.3.5 and Appendix C.1). To compute net count rates, fluxes, and 68%

uncertainties for these detected sources in the 0.5–8.0 keV band, we ran srcflux

on the filtered level 2 event files assuming an absorbed power law model with photon

index Γ = 1.7 and a neutral absorbing column with density NH set to the Galactic

value towards each system in the NRAO dataset of Dickey and Lockman (1990)

accessed by colden. This photon power law is a reasonable approximation of the

shape of the assumed intrinsic MCD spectrum over the 0.3–8.0 keV band, and is

commonly assumed in flux measurements for similar samples (e.g. Douna et al.,

2015). Adopting a steeper index of Γ = 2.0 (corresponding to a softer spectrum, as

in Mineo et al., 2012; Fabbiano, 2006) would decrease the inferred fluxes by 12+1
−2%.

If no sources were detected within 1.4′′ from the SDSS ICRS coordinates on which

the optical spectra were centered, we consider the target undetected in X-rays. In

this case, we compute a 95% confidence upper limit to the count rate and flux using

srcflux. In both cases, we convert the observed fluxes to luminosities in the same

band using the distance to each galaxy (Table 5.1). These measurements and upper

limits are presented in Table 5.4.

One concern in computing the X-ray fluxes is the possibility that uncertainties

in the absorbing column density of neutral gas towards each source might impact

on the inferred X-ray luminosities. We do not have a robust way to estimate this

internal absorption for these galaxies without X-ray spectral information or Lyα

constraints (e.g. Thuan et al., 2004), so we follow the standard procedure for such
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SHOC042 J0940+2935 SB80 SB2 J1119+5130 SBSG1129+576

SB191 SB111 HS1442+4250 J2251+1327 SHOC595

Figure 5.7: Optical and X-ray imaging for the eleven galaxies in our sample. The
bluescale background image is a linear-scaled display of the SDSS u-band image
probing light from recently-formed stars, and in red we overplot contour lines at
count levels [0.25, 0.5, 1, 2] from the primary Chandra image after smoothing by a
normalized σ = 1′′ Guassian. A purple circle with radius 2′′ centered on the optical
spectral target (the brightest region in the u-band) is drawn in each case. Chandra
X-ray sources are confidently detected within this optical radius in five cases, where
it is possible for them to contribute to the observed nebular emission.

data and correct only for Galactic NH as described above. Fortunately, the galactic

absorbing column density towards our sources is uniformly low (NH < 1021 cm−2).

Increasing the assumed value of NH by a factor of five in the above-described sr-

cflux measurements increases the resulting LX,0.5−8 keV values by a median factor of

only 1.15, suggesting that the effect of accounting for additional absorption internal

to the target galaxies would likely be small.

This procedure yields Chandra detections of seven of the galaxies in X-rays

(Figure 5.7 and Table 5.4). We discuss the results in more detail in Section 5.3.5

and Appendix C.1.

5.3.5 Results

With both optical and X-ray data in-hand, we can now build a picture of the X-ray

properties of the galaxies in our sample. For a detailed discussion of the results for

each system, we refer the reader to Appendix C.1. Following the procedure described

in Section 5.3.4, we detect X-ray emission cospatial with the star-forming clump
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targeted with optical spectroscopy in seven of the eleven galaxies in our sample

(Table 5.4 and Figure 5.7). The resulting measurements of LX,0.5−8 keV range over

three orders of magnitude, with the nearest sources revealing X-ray luminosities

of 1–40×1038 erg/s and the more distant LBAs residing at 2–7×1041 erg/s. The

available observations place strong upper limits on the X-ray luminosities of the

undetected systems, constraining their luminosities to . 1038 erg/s. We find good

agreement with the X-ray luminosities measured by Brorby et al. (2014, 2016) for

the subset of our Chandra observations previously analyzed in these works, but

our more stringent matching of the X-ray and optical coordinates reveals two key

differences with earlier analysis.

The undetected systems include two galaxies previously reported as HMXB hosts

based upon the same Chandra data. For both SB111 and HS1442+4250 (Brorby

et al., 2014), we identified a nearby X-ray source, but found that it resided at a

distance of 11′′ and 8′′ (respectively) from the center of the star-forming region tar-

geted with ESI (Figure 5.7). This offset is far larger than the uncertainty associated

with the Chandra coordinates (< 1.4′′ at 99% confidence). Even assuming the X-ray

source resides at the same redshift, this places the object at a significant distance

from the H ii region in which we observe nebular He ii (0.9 and 0.4 comoving kpc).

In the case of SB111, the nearest X-ray source has no SDSS optical counterpart.

However, the X-ray emission near HS1442+4250 is clearly associated with a faint

i = 21 point source in the SDSS image (Figure 5.7). As detailed in Appendix C.1,

we obtained an MMT/BC spectrum of this source and discovered broad emission

lines consistent with Lyα and C iv at z = 2.4 (Figure 5.8). Thus, in this case the

X-ray emission previously thought to belong to an ejected HMXB is actually asso-

ciated with a background quasar. In both cases, we conclude the X-ray emission

cannot be physically associated with the observed nebular He ii.

Combined with the aperture SFR estimates from the Balmer lines (Section 5.3.2),

these Chandra detections provide a measurement of the X-ray production efficiency

of these galaxies. These systems power luminosities LX,0.5−8 keV ranging from 4×1039

to 8 × 1041 erg/s at a fixed SFR of 1 M�/year (Appendix C.1). Crucially, none
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Figure 5.8: Follow-up spectroscopy of the X-ray source near HS1442+4250. The
Chandra contours (red; same as Fig. 5.7) correspond precisely to a faint point source
visible in the SDSS r-band (background bluescale image) 8′′ away from the optical
star-forming region in HS1442+4250 studied with previous deep spectroscopy (out-
lined with a purple 2′′-radius circle). A 10-minute MMT/BC spectrum (inset, red)
reveals strong broad emission at 4130 and 5470 Å (observed-frame), which we inter-
pret as Lyα and C iv at z = 2.4. In this case, the observed X-ray emission appears
to be associated with a background AGN rather than an ejected HMXB associated
with HS1442+4250.



208

of the galaxies exceeds 1042 erg/s per M�/year. We discuss the implications of

these measurements in the context of our photoionization model predictions in the

following section.

5.4 Discussion

With the assembled set of eleven metal-poor galaxies with optical and X-ray con-

straints, we can test whether HMXBs are a plausible explanation for the observed

nebular He ii. In particular, we derived two key observational predictions from our

photoionization modeling adopting the assumption that HMXBs provide the extra

EUV ionizing radiation necessary to power He ii (Section 5.2). First, we found that

the HMXB spectrum could only boost the He ii luminosity relative to Hβ to & 1%

at extraordinarily large X-ray luminosities per star formation rate of > 1042 erg/s

at 1 M�/year (Figure 5.2). And second, our models indicate that this scenario

should create a positive correlation between high X-ray luminosities at fixed SFR

and strong high-ionization emission relative to Hβ (especially high He ii/Hβ).

First, we compare the X-ray production efficiencies attained by the galaxies in

our sample to the results of our model grid. In Figure 5.9, we plot the flux ratio

of He ii to Hβ as a function of the X-ray luminosity per unit star formation rate

measured for these eleven galaxies, alongside our full set of photoionization mod-

els. Our targets with He ii detections are entirely disjoint from the photoionization

modeling, powering He ii up to an order of magnitude stronger relative to Hβ than

expected. For instance, consider SB2, in which we detect He ii at a high flux ratio

with Hβ of 0.0130 ± 0.0004. This system is detected in X-rays as well, but at an

X-ray production efficiency of only 1.47± 0.61× 1040 erg/s for a star formation rate

of 1 M�/year, two orders of magnitude lower than we estimate is required for the

HMXB spectrum to reach the level of the stellar SED at the He+-ionizing edge.

Seven of our target systems are detected in He ii, including some of the highest

values of He ii/Hβ yet measured locally (up to 0.04), and yet all are found to be

relatively inefficient producers of X-ray flux. None reach an X-ray production ef-
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ficiency of 1042 erg/s for a star formation rate of 1 M�/year, which we predict is

the minimum required for HMXBs to begin powering strong He ii. This indicates

that HMXBs (with a standard MCD spectrum) in these galaxies do not produce

sufficient flux at the He+-ionizing edge to account for the observed He ii emission.

Our photoionization models also make a clear prediction that if HMXBs are

primarily responsible for He+-ionization, we should observe a correlation between

He ii/Hβ and the SFR-normalized X-ray luminosity, with the strongest He ii emis-

sion expected in galaxies most efficient in X-ray production. Our observational

results show no evidence for a relationship between these features. In particular,

the six galaxies with the strongest X-ray emission (exceeding 1041 erg/s in LX,0.5−8 keV

for a SFR of 1 M�/year) include only three He ii detections, with all but one re-

vealing relatively-weak He ii (He ii/Hβ . 0.01). The most prominent cases of He ii

emission in our sample (He ii/Hβ > 0.025, among the highest observed in any star-

forming galaxies) occur in three systems: J1119+5130, SB111, and HS1442+4250.

The latter two of these are both confidently undetected in X-rays, with limiting

X-ray production efficiencies as low as < 1.2×1040 erg/s at 1 M�/year. In the third

case (J1119+5130), it is highly unlikely that the X-ray emission associated with the

galaxy is capable of powering the observed He ii due to the sizable spatial offset

from the spectroscopic aperture (Section 5.3.5). Analogously to He ii, our models

also suggest that the relative strength of Nev should correlate with higher X-ray

production efficiencies if it is also powered by HMXBs. While only three of our

systems have Nev constraints, none of these three reveal detections of both X-ray

emission and Nev. The X-ray output of these systems appears entirely decoupled

from the strength of high-ionization emission, contrary to our expectations assuming

the two are physically related.

A potential source of concern in this analysis is HMXB variability, which could

plausibly cause scatter relative to the models in Figure 5.9 if systems were observed

with optical spectroscopy during an outburst and in X-rays during a period of quies-

cence. Due to their nature as accretion-driven systems, HMXBs exhibit variability

in both spectral shape and normalization during outbursts (e.g. Mineo et al., 2012;
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Figure 5.9: Observed and predicted He ii/Hβ line ratios versus LX,0.5−8 keV/SFR
for our observational sample and our photoionization model grid. The observed
galaxies detected in He ii lie uniformly in-excess of the maximal predictions of our
photoionization model grid over the inferred range of X-ray production efficiencies.
In addition, the most intense He ii-emitters show no indication of enhanced X-ray
emission relative to galaxies with less extreme He ii. This comparison suggests that
HMXBs are not the dominant source of He ii production in this sample of galaxies.
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Kaaret and Feng, 2013; Brorby et al., 2015). We see tentative possible evidence for

variability in the X-rays in the multiple observations of SB80 and SHOC595 (Sec-

tion 5.3.5). However, the strongest nebular He ii emission in our sample (in SB111)

was found at nearly identical strength relative to Hβ in our 2017 Keck/ESI spec-

trum and in a 2011 MMT/BC spectrum (Izotov et al., 2012; Senchyna et al., 2017),

suggesting that in contrast to the emission from HMXBs, the He ii emission in this

object is not significantly variable. In addition, in this scenario we would expect to

see with equal likelihood observations of systems with enhanced LX,0.5−8 keV due to

being caught in an outburst and relatively low He ii/Hβ (i.e. residing to the right

of the models in Figure 5.9), which we do not observe. This argument applies also

to the similar concern that geometrical beaming (as we see some evidence for in

ultraluminous X-ray sources, e.g. King et al., 2001; Kaaret et al., 2017) may lead

some systems to appear under-luminous in X-rays while still producing strong He ii;

in this scenario we would also expect some systems to appear unexpectedly bright in

X-rays relative to their He ii emission when observed down the beam, which we do

not. Even examining the larger sample of X-ray detected galaxies presented by B16,

there are no instances of a measurement of an X-ray production efficiency in-excess

of 1042 erg/s per 1 M�/year SFR in any local dwarf galaxy. Thus, HMXB variability

or beaming cannot readily explain the discrepancies we have discussed.

With HMXBs effectively ruled-out as the dominant source of He ii in these galax-

ies, we consider the possibility that the model stellar ionizing spectra may simply be

underestimating the flux at the He+-ionizing edge. Even with the latest generation

of models for the expanding outer atmospheres and winds of massive stars incor-

porating line-blanketing and NLTE effects, the estimation of emergent flux beyond

the He+-ionizing edge for a given star remains significantly uncertain (e.g. Gabler

et al., 1992; Puls et al., 2005). In addition, there are large systematic uncertainties

in predictions of the evolutionary tracks taken by stars at low metallicity, especially

for those which undergo binary mass transfer. In particular, stars stripped by binary

mass transfer or structurally reshaped by high rotation rates can potentially pro-

vide substantial ionizing flux beyond 54.4 eV even at relatively low initial mass (e.g.
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Szécsi et al., 2015; Vink, 2017; Götberg et al., 2017, 2018; Kubátová et al., 2019).

Such stars have only recently been included in any form in population synthesis

predictions (Eldridge and Stanway, 2012; Götberg et al., 2019), and may provide a

natural explanation for both the strong metallicity dependence and lack of corre-

lation with high specific star formation rates found for He ii in dwarf galaxies (e.g.

Senchyna and Stark, 2019; Plat et al., 2019) as well as some of the peculiar He ii neb-

ulae lacking coincident massive stars in the Local Group (e.g. Pakull, 2009; Kehrig

et al., 2011). While some constraints can be placed on such stars from resolved

work in the Local Group (e.g. Smith et al., 2018), extending calibrations of stellar

models below the metallicity of the SMC in this way is challenging with current

facilities given the limited number of appropriate resolved stellar populations (e.g.

Bouret et al., 2015; Garcia et al., 2019b; Evans et al., 2019). The study of nebular

He ii in large samples of dwarf galaxies in the context of improved stellar population

synthesis models may provide some of our only insight into and constraints on such

stars, which are likely to exist but challenging to directly observe.

It is still possible that other non-stellar ionizing sources contribute to the He+-

ionizing photon budget. Fast radiative shocks driven by supernovae and stellar

winds are another candidate origin for He ii and Nev emission (e.g. Dopita and

Sutherland, 1996; Thuan and Izotov, 2005; Izotov et al., 2012; Plat et al., 2019).

While galaxies with strong He ii emission often lack clear signatures of significant

shock-ionized gas (e.g. Senchyna et al., 2017; Kehrig et al., 2018; Berg et al., 2018),

a small shock contribution can boost He ii while keeping the other high-ionization

UV lines consistent with observations in some cases (Plat et al., 2019). However,

no predictive model of this shock contribution can yet account for the strong ob-

served metallicity dependence in nebular He ii (though a metallicity-dependent IMF

or sSFR scaling could help explain this; Plat et al., 2019). In addition, soft and su-

persoft X-ray sources such as accreting white dwarfs identified in the Local Group

can have effective temperatures Teff ' 105–106 K (corresponding to ∼ 40–400 eV)

and can potentially contribute to He+ ionization if they reside in a sufficiently dense

ISM (e.g. Remillard et al., 1995; Di Stefano and Kong, 2003, 2004; Liu et al., 2013;
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Woods and Gilfanov, 2016; Cracco et al., 2018). Accreting intermediate-mass or su-

permassive black holes > 103 M� produce more flux at low energies than the ≤ 100

M� black holes we consider here, and are potentially required to explain some of the

most luminous soft X-ray sources discovered nearby (e.g. Fabbiano, 2006; Kaaret

et al., 2017, and references therein). Observations provide strong evidence that ac-

creting massive black holes do reside in low-mass galaxies (e.g. Reines et al., 2013;

Baldassare et al., 2015; Sartori et al., 2015) and in some cases, even in galaxies

classified as star-forming by optical emission line diagnostics (Reines et al., 2020).

Detailed study of many of these candidates in unresolved dwarf galaxies directly in

the X-rays is challenging, however, due to their distance and relatively low luminosi-

ties (though see e.g. Baldassare et al., 2017). Deeper investigation of fainter high

ionization lines like Nev which probe photons at higher energies than 54.4 eV may

provide new insight into these softer sources of EUV radiation, as well as stringently

constraining their potential impact on He ii.

Regardless of their impact on He ii, X-ray binaries likely played a dominant

role in shaping the thermal history of the very early universe. Accurate calibra-

tion of models for HMXB populations at low metallicities will prove crucial for

accurate interpretation of the 21-cm signal of reionization (e.g. Furlanetto et al.,

2006; Pritchard and Loeb, 2010; Mesinger et al., 2013; Fragos et al., 2013b; Fialkov

et al., 2014; Mirocha, 2014; Mirocha and Furlanetto, 2019). While much progress has

been made in establishing the X-ray luminosity of low-metallicity stellar populations

(Brorby et al., 2014; Douna et al., 2015; Brorby et al., 2016; Bluem et al., 2019), our

results underscore the importance of expanding the sample of local galaxies with

Chandra constraints. Of the 8 XMPs with Chandra detections thus far (Brorby

et al., 2014), we have shown that the X-ray source in one (HS1442+4250) actually

corresponds to a background quasar, and another (SB111/[RC2] A1228+12) is off-

set enough to make association fairly unlikely. Additional X-ray observations are

needed to more confidently constrain the X-ray binary populations at the extremely

low metallicities relevant for modeling the first galaxies.
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5.5 Summary

Nebular spectroscopy promises powerful insight into the physical conditions and

stellar populations of galaxies, and the origin of nebular He ii remains one of the

most significant sources of tension in such analyses of nearby galaxies. Since the

first statement of this problem (Garnett et al., 1991), HMXBs have remained a

popular proposed solution. In order to assess the potential impact of HMXBs on

He ii and high-ionization nebular line emission more generally, we constructed a

photoionization model grid using a joint SED incorporating both stellar light and

a model HMXB spectrum with variable normalization (Section 5.2). To test the

predictions of this grid observationally, we assembled a sample of eleven z < 0.2

star-forming galaxies with both Chandra ACIS-S X-ray constraints and deep optical

spectra capable of resolving nebular He ii (Section 5.3). Our main conclusions are

summarized as-follows:

1. Due to their typically high disk temperatures, HMXBs are relatively ineffi-

cient producers of He+-ionizing photons even compared to typical stellar pop-

ulations with a strong break at the 54.4 eV ionizing edge (Figure 5.1). Our

photoionization modeling reveals that the low-energy tail of a HMXB spec-

trum can contribute significantly to He ii production only for galaxies with very

large X-ray luminosities for their star formation rate, exceeding 1042 erg/s for

a 1 M�/year SFR (Figure 5.2). Our results also indicate that if HMXBs power

He ii, we should find a positive correlation between He ii/Hβ and the X-ray

production efficiency LX,0.5−8 keV/SFR among local galaxies.

2. Significant care must be taken in establishing physical association between

X-ray emission and dwarf galaxies. We find several instances in which X-

ray emission which could be associated with ejected HMXBs is nevertheless

too spatially-offset from the optical regions under study spectroscopically to

be physically related to the measured high-ionization emission. In addition,

we find one instance in which an offset X-ray source previously identified as

an HMXB actually corresponds to a background object which we identify
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spectroscopically as a quasar at redshift z = 2.4 (Figure 5.8).

3. Among our sample of nearby He ii-emitters, we find X-ray production is far less

efficient than we predict is required for HMXBs to power He ii. In particular,

our galaxies are uniformly less efficient at producing X-rays than the 1042 erg/s

in LX,0.5−8 keV normalized to 1 M�/year lower limit that we find is required to

power strong He ii (i). This indicates that the HMXBs present in these systems

are too faint to produce significant power at the He+-ionizing edge relative to

the stellar SED.

4. We find no correlation between higher X-ray production efficiencies and

stronger He ii/Hβ in our sample. Of the three strongest He ii-emitters in our

sample, only one is detected in X-rays, and even in this case the X-ray emission

is likely too spatially offset to be related to the observed nebular emission.

Our results suggest that HMXBs are not responsible for the nebular He ii emis-

sion detected in the metal-poor galaxies in our sample. Continued observations and

modeling of nebular emission from higher-ionization emission lines such as Nev will

be necessary to further constrain the potential impact of other non-stellar sources

such as shocks or softer accretion systems (Section 5.4). However, the possibil-

ity remains that He ii is indeed powered by very metal-poor stellar populations.

Both stellar evolutionary and atmosphere models below the metallicity of the SMC

(Z/Z� < 0.2) remain entirely theoretical, and population synthesis predictions es-

pecially at the highest energies are subject to substantial systematic uncertainties.

Detailed spectroscopic observations of large samples of nearby metal-poor galaxies

may provide one of our best opportunities to study the physics of low-metallicity

stars.
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CHAPTER 6

Ultraviolet spectra of extreme nearby star-forming regions: populations of massive

stars at a third-solar metallicity †

Abstract: As deep spectroscopic campaigns extend to higher redshifts and lower

stellar masses, the interpretation of galaxy spectra depends increasingly upon the

accuracy of models for the evolution and ionizing radiation output of very young

stellar populations. Nearby unresolved star-forming regions hosting massive stars

represent one of the most accessible laboratories in which outstanding uncertainties

in these models can be confronted. Here we present new HST /COS ultraviolet

spectroscopy of seven nearby (. 100 Mpc) extreme star-forming regions at gas-

phase metallicities 12 + log O/H = 8.0–8.3 which host young stellar populations

(∼ 4–20 Myr) with prominent optical Wolf-Rayet stellar wind signatures. We detect

nebular C iii] in all seven, but at equivalent widths uniformly . 10 Å. Together

with UV spectra of three similar systems presented previously, this suggests that

even for extremely young systems the most prominent C iii] emission at & 15 Å is

reserved for inefficiently-cooled gas and hot stars at metallicities at or below that

of the SMC. The ultraviolet spectra for this entire sample are dominated by stellar

C iv P-Cygni profiles and broad He ii emission formed in the hot winds of massive

stars, including some of the most prominent He ii stellar wind lines ever detected in

integrated stellar populations at ∼ 4–5 Å. We find that the latest stellar population

synthesis prescriptions considering only single-star evolution nearly reproduce the

entire range of stellar He ii wind strengths found here with improved treatment

of mass loss for very luminous stars. However, we find that these models cannot

simultaneously match the strongest stellar He ii emission lines and most prominent

C iv profiles alongside the optical nebular line constraints. We suggest that either

†This chapter is a work in preparation
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these systems host an overabundance of the most massive stars, or binary mass

transfer and collisions play a larger role in spinning-up massive stars and powering

strong stellar He ii than expected at these very young ages. Reproducing both

the stellar and nebular light in young systems such as these constitutes a crucial

benchmark and guide for improvements to stellar population synthesis models in

the coming years.

6.1 Introduction

The surprising detection of prominent doubly- and triply-ionized carbon emission in

several Lyα-emitters at z > 6 has ignited substantial renewed interest in the rest-

frame ultraviolet nebular emission powered by star-forming galaxies (Stark et al.,

2015a,b; Mainali et al., 2017; Schmidt et al., 2017; Hutchison et al., 2019). While

emission in C iii] λλ1907, 1909 (hereafter C iii]) at such high equivalent widths (&

15 Å) is rare in typical massive galaxies at lower redshifts (Du et al., 2017), a growing

body of work at z ∼ 2 has revealed that this semi-forbidden doublet is routinely

detected in subsolar metallicity galaxies with very high specific star formation rate

(sSFR; e.g. Maseda et al., 2017; Nakajima et al., 2018; Du et al., 2020, , though with

an unclear AGN contamination fraction at the highest equivalent widths: Le Fèvre

et al. 2019). As the second-strongest rest-UV line after Lyα in most moderately

metal-poor star-forming systems, C iii] will likely play a significant role in tracking

galaxies and their environments with JWST deep into an increasingly neutral ISM at

z > 6 (e.g. Jaskot and Ravindranath, 2016; Vallini et al., 2020; Mason and Gronke,

2020).

Despite this progress, the range of stellar populations and gas conditions that

can support this nebular emission remains unclear. The Cosmic Origins Spectro-

graph onboard the Hubble Space Telescope (HST /COS) has in recent years pro-

vided deep ultraviolet spectroscopy for a growing and diverse sample of metal-poor

star-forming galaxies in the local (z ∼ 0) Universe, and an empirical picture of

these local C iii]-emitters has begun to emerge. Locally, prominent C iii] emission
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at equivalent widths > 5 Å is observed only in star-forming regions with metallic-

ity 12 + log O/H < 8.4, corresponding to Z/Z� . 0.5 (sub-LMC metallicity; Rigby

et al., 2015; Berg et al., 2016; Senchyna et al., 2017; Schaerer et al., 2018; Berg et al.,

2019b; Senchyna et al., 2019; Ravindranath et al., 2020). This suggests that in ad-

dition to providing a systemic velocity reference, C iii] may prove to be an accessible

metallicity indicator in the reionization era alongside C iv emission at yet lower (sub

0.1Z�) metallicities (Senchyna et al., 2017, hereafter S17). Intriguingly, however,

some of the strongest emission is encountered alongside signatures of Wolf-Rayet

(WR) stars at metallicities approaching that of the LMC (Rigby et al., 2015; Peña-

Guerrero et al., 2017; Senchyna et al., 2017). These envelope-stripped stars driving

dense stellar winds visible in broad emission lines are among the hottest sources of

ionizing radiation in stellar population synthesis models. If short-lived populations

of such massive stars are capable of powering prominent C iii] emission near LMC

metallicity, the utility of this doublet as a metallicity indicator may be in-question;

but few constraints on UV nebular emission exist for galaxies dominated by such

stars.

Our ability to accurately interpret nebular gas emission excited at cosmological

redshifts is fundamentally limited by our understanding of massive stellar popula-

tions, and WR stars remain particularly difficult to model. Canonically, the WR

phenomenon is understood as the result of intense radiatively-driven stellar winds

on the main sequence which remove the outer layers of the stellar envelope, exposing

the extraordinarily hot stellar interior and nuclear-processed material during core

helium-burning for stars with initial stellar masses in-excess of 20M� (e.g. Crowther,

2007, and references therein). However, it is now recognized that the optically-thick

wind signatures including broad emission in He ii that define WR spectra can also be

produced by very massive stars on the main sequence but near the Eddington limit

(Of/WN and WNh stars: Smith and Conti, 2008; Bestenlehner et al., 2014; Crowther

et al., 2016; Bestenlehner, 2020) and by stars stripped or spun-up by binary mass

transfer, especially at very low metallicity where stellar winds are relatively weak

(Eldridge and Stanway, 2012; Götberg et al., 2018; Smith et al., 2018). Studies of
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resolved young stellar clusters in the Local Group has provided invaluable insight

into the outsized impact these very massive stars have on the integrated spectra

and feedback in their host stellar populations (Doran et al., 2013; Crowther et al.,

2016; McLeod et al., 2020). However, the ionizing spectrum powered by these mas-

sive stars is difficult to assess in these resolved cases, and its theoretical prediction

alongside that of the visible wind emission lines is dependent on complex hydro-

dynamical atmosphere modeling (e.g. Gräfener and Hamann, 2005; Crowther and

Hadfield, 2006; Sander et al., 2015). The larger number of unresolved star-forming

regions dominated by massive WR or WR-like stars at slightly greater distance al-

low simultaneous measurement of both the wind signatures of these stars and the

nebular emission that their ionizing radiation excites in nearby gas (e.g. Allen et al.,

1976; Kunth and Joubert, 1985; Schaerer et al., 1999; Brinchmann et al., 2008b;

Wofford et al., 2014; Smith et al., 2016; Leitherer et al., 2018). These systems rep-

resent a powerful testbed for stellar population synthesis predictions including these

stars.

Motivated by the small number of star-forming regions with WR signatures

thus far studied in the UV, we targeted seven particularly extreme such systems

with HST /COS NUV+FUV spectroscopy in Cycle 25 (GO:15185, PI: Stark). The

G160M+G185M moderate-resolution spectra obtained provide access both to the

crucial high-ionization nebular O iii] and C iii] doublets, as well as clear views of the

stellar C iv P-Cygni and He ii emission profiles formed in the high velocity winds

of massive stars. We describe how these targets were selected in Section 6.2, and

the assembled spectroscopic data and their analysis in Section 6.3. We then present

the ultraviolet spectra in Section 6.4, and describe an experiment designed to test

the ability of state-of-the-art stellar population synthesis tools to reproduce these

spectra in Section 6.5. Finally, we discuss the implications of these results for both

z > 6 galaxy observations and models of massive stellar populations in Section 6.6,

and conclude in Section 6.7.

For comparison with solar metallicity, we assume a solar gas-phase oxygen abun-

dance of 12 + log10 ([O/H]�) = 8.69 (Asplund et al., 2009) unless otherwise noted.
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For distance calculations and related quantities, we adopt a flat cosmology with

H0 = 70 km s−1 Mpc−1. All equivalent widths are measured in the rest-frame and

we choose to associate emission with positive values (W0 > 0).

6.2 Sample Selection

While rare, nearby star-forming regions dominated by massive stars formed in a

very recent burst can be discovered in appreciable numbers in modern large sur-

veys. Relatively-shallow optical spectroscopic observations such as those provided

by the Sloan Digital Sky Survey (SDSS) can detect emission from highly-ionized gas

exposed to especially hard radiation fields. In particular, as recombination lines of

He+ with an ionization potential of 54.4 eV, the He ii λ4686 Å optical line and its

sibling at 1640 Å in the UV are potentially a powerful signature of very hot stellar

populations. The SDSS DR7 spectroscopic database (Abazajian et al., 2009) was

mined to produce a sample of spectra with significant detections of the He ii λ4686

line by Shirazi and Brinchmann (2012, hereafter SB12). After removing galaxies

with probable contributions to He ii from active galactic nuclei (AGN) using opti-

cal line ratio diagnostics, their search yielded 199 SDSS spectra with optical line

emission indicative of a stellar ionizing spectra but with clear He ii emission.

High-resolution ultraviolet and optical spectra of ten SB12 He ii-emitters span-

ning 7.7 < 12 + log O/H < 8.5 were presented in S17, painting a clearer picture

of the He ii emission detected in SDSS. Among the lower-metallicity systems at

12 + log(O/H) < 8.0 (Z/Z� . 0.2), these new spectra revealed strong nebular He ii

λ1640 and λ4686 produced in gas excited by very hard ionizing radiation fields.

The precise origin of the strong nebular emission commonly encountered in star-

forming galaxies at very low metallicities 12 + log O/H . 8.0 is still a matter of

significant debate (e.g. Shirazi and Brinchmann, 2012; Kehrig et al., 2018; Stan-

way and Eldridge, 2019; Senchyna and Stark, 2019; Schaerer et al., 2019; Senchyna

et al., 2020). Among the five systems targeted at modestly sub-solar metallicities

12 + log O/H ∼ 8.0–8.5 (Z/Z� ' 0.2–0.6) however, the narrow nebular component
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of He ii is relatively weak, and the profiles were found to be dominated by a very

broad component (FWHM ∼ 1600 km/s) alongside strong stellar C iv λλ1549, 1550

P-Cygni profiles. The broad He ii emission encountered in these systems is charac-

teristic of envelope-stripped WR stars and very massive stars near the Eddington

limit which drive strong, optically-thick stellar winds.

The clear detection of UV massive stellar wind signatures alongside nebular gas

emission excited by the ionizing radiation these stars produce provide a unique

opportunity to test stellar population synthesis predictions for galaxies dominated

by very young stars. To establish a statistical sample of UV spectra for galaxies

with substantial massive stellar populations to conduct such a test, we selected an

additional seven systems from the SB12 He ii-emitting sample which showed WR

stellar wind signatures in the optical. In particular, SB12 identified 116 systems

with both He ii emission and evidence for broad emission at the blue or red WR

bumps. These two bumps, located at 4600–4700 and 5650–5800 Å, are composed of

blended emission lines of He ii, N iii, Nv, and C iii,iv in the highly-ionized winds of

WR stars (e.g. Crowther, 2007; Brinchmann et al., 2008a). Specifically, we selected

galaxies from the star-forming SB12 sample with:

• Clearly-detected WR features in the SDSS spectra: WRcl≥ 2.

• Sufficiently bright magnitude in the blue for study in a single orbit per grating

with HST /COS: u < 18.5 (aperture magnitude in the 3′′-diameter SDSS fiber).

• Very high specific star formation rate (sSFR), as selected by [O iii] λ5007

rest-frame equivalent width in-excess of 600 Å.

These requirements identified a total of 11 galaxies, three of which were included in

the S17 UV sample (SB 80, 179, and 191). We selected the seven highest-equivalent

width systems of the remaining eight for follow-up with HST /COS to complete

a UV survey of ten galaxies with extreme WR emission. The new targets are

summarized in Table 6.1, and a summary plot showing SDSS cutouts and their

stacked SDSS spectra are displayed in Figure 6.1. We will refer to these systems
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Figure 6.1: Optical g, r, i cutouts from SDSS centered on our targets, ordered by
the identification number from the Shirazi and Brinchmann (2012) sample (top
row). A 10′′ scalebar and a 3′′-diameter circle representing the size of the SDSS
spectroscopic aperture are displayed for reference in white over each cutout. On
the bottom row, we highlight the broad blue and red WR bumps in the composite
SDSS spectrum of these systems after normalization and median-stacking. The
presence of this emission from highly-ionized gas entrained in dense stellar winds (in
particular, broad He ii λ4686 clearly visible under the narrow nebular component) is
clear evidence that these regions are dominated by massive stars formed in a recent
burst.

by their identification number from SB12 (prefaced SB) throughout this paper.

Note that by construction, our targets are also all present in the earlier sample of

SDSS spectra with prominent WR features assembled in Brinchmann et al. (2008a).

We present cross-matched identification numbers from that sample and discuss the

targets and their host galaxies in the context of other studies in Appendix D.1.

Together with the targets from S17, our sample represents the highest-sSFR systems

with evidence for prominent stellar He ii emission in the SDSS spectroscopic survey.
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6.3 Observations and Analysis

6.3.1 Optical Spectra and Imaging

By virtue of their selection from the SDSS spectroscopic survey, high-quality imaging

and optical spectra are already available for all seven new targets. The broadband

photometric magnitudes of the target regions provide important constraints on the

total stellar mass and SFR enclosed in the spectroscopic apertures. We measure

aperture photometry centered on each target region from SDSS sky-subtracted and

calibrated ugriz frames covering each target, adopting a 3′′-diameter aperture cor-

responding to the size of the SDSS spectroscopic aperture.

The public SDSS spectra for these systems provides R ' 1500–2500 coverage

over 3800–9200 Å. As our targets reside at very low-redshifts z < 0.03, the [O ii]

λλ3727, 3729 doublet (hereafter [O ii] λ3727 as we observe it as an unresolved single

line) remains outside the SDSS spectroscopic range for all but the highest-redshift,

SB 611 The 3727 doublet is an important component of gas-phase oxygen abundance

and ionization parameter determination. Therefore, in addition to the SDSS spec-

tra, we obtained supplementary blue spectra with the Blue Channel spectrograph

mounted on the 6.5m MMT telescope on Mount Hopkins. Spectra for four of the

targets (SB 119, 125, 126, and 153) were obtained on the night of April 9, 2019 with

the 800gpm grating and 1.5′′ × 180′′ slit, yielding spectra spanning 3400–5200 Å.

Seeing as-measured from the wavefront sensor ranged from 1.1′′–1.5′′ over the course

of the night. In addition, SB 49 was observed on the night of October 8, 2019 with

the 300gpm grating and 1.0′′ × 180′′ slit, resulting in coverage of 3500–8500 Å. All

observations were reduced using standard longslit data reduction techniques, in-

cluding wavelength calibration using HeAr/Ne lamp exposures and flux calibration

with standard star observations conducted at similar airmass (Feige 34 and BD+33

2642 on April 9, and HZ 14 on October 8). To correct for potential differences in

1While [O ii] λ3727 is indeed barely shifted into the wavelength range of the SDSS spectrum

for the second highest-redshift system SB 125 at z = 0.018, the bluest part of the line profile is

cut-off at the edge of the SDSS spectrum.
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Table 6.2: Summary of supplementary MMT observations used to measure [O ii]
λ3727.

Name Airmass Integration time (s)
April 9, 2019

SB 125 1.2 3600
SB 126 1.1 3600
SB 119 1.2 1800
SB 153 1.3 1800

October 8, 2019
SB 49 1.1 900

aperture and flux calibration between the SDSS and MMT spectra, we correct the

flux of [O ii] λ3727 measured in the MMT data by the median ratio between other

strong lines measured in both spectra. We find a median scatter in this ratio mea-

sured between different lines of 8%, which we add in-quadrature to the corrected

flux uncertainty.

Nebular line flux and equivalent width measurements were performed using the

technique described in more detail in S17. In brief, a base model consisting of

a Gaussian emission line (or two in the case of doublets or fitting for multiple

components to a single line, as specified) and a linear continuum are fitted to the

spectroscopic data in the region of each emission line of interest using the Markov

chain Monte Carlo sampling framework emcee (Foreman-Mackey et al., 2013). The

fits are examined by-eye to ensure that the fit wavelength range is sufficient to

accurately capture the continuum level and ensure that the correct features are

identified. The resulting posterior distributions after removing a nominal burn-in

period trivially provide confidence intervals for the parameters of interest, including

fluxes, equivalent widths, and line widths.

With this photometry and nebular line information in-hand, important con-

straints can be placed on the bulk star formation history and ionized gas properties

of these star forming regions. As a first step towards constraining the timescale

of recent star formation in these systems, we fit the broadband photometric mea-

surements and Hβ equivalent widths measured from the SDSS data. In particular,
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we use the BayEsian Analysis of GaLaxy sEds (beagle, v0.23.0; Chevallard and

Charlot, 2016) tool to model each system. The underlying stellar models and pop-

ulation synthesis methodology will be discussed in more detail in Section 6.5 and

has been previously described Gutkin et al. (2016). We assume a constant star

formation history (CSFH) with an SMC extinction curve (Gordon et al., 2003)

and allow the age of this star formation period (0 < log10[t/yr] < 9), metallicity

(−2.2 < log10[Z/Z�] < 0), stellar mass (0 < log10[M/M�] < 10), nebular ioniza-

tion parameter (−4 < logU < −1) and effective V -band attenuation (0 < τ̂V < 2)

to vary over the indicated uniform prior ranges. We inflate the photometric flux

uncertainties by a conservative 5% added in-quadrature to more heavily-weight the

spectroscopic Hβ equivalent width and account for possible differences in aperture

spectroscopic versus photometric aperture, and find good agreement with both in

the posterior PDFs.

The results of these photometric fits are displayed in Table 6.3. By selection,

these systems display extremely high equivalent width optical nebular line emission.

Our measurements of their SDSS Hβ equivalent widths range from 125 to 285 Å,

yielding correspondingly strong broadband nebular line contamination. In particu-

lar, the target g-band photometric measurements (contaminated by Hβ and [O iii]

λλ4959, 5007) are brighter than measurements in the adjacent u-band (close to the

continuum, contaminated only by weaker [O ii] λ3727) by 0.3–1.0 (median 0.5) mag-

nitudes. The results of our SED fitting reflect this, indicating that the photometry

of all seven objects is consistent with entirely young stellar populations. The median

inferred age of our assumed constant star formation history model range from a very

young 3.7 Myr in the most extreme case (SB 153) to ∼ 20Myr for systems with lower

equivalent-width optical emission (SB 125, 126), consistent with the presence of WR

wind signatures in the optical spectra (Figure 6.1). These ages represent an upper

limit for the young stellar component of the target systems, as adopting a single-age

simple stellar population would require ages uniformly < 10 Myr to reproduce the

observed optical line equivalent widths. The stellar masses inferred from this fitting

are uniformly low, ranging from 104.9–107.0 M�, as expected for very young stellar
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Table 6.3: Results of fits to the broadband photometric ugriz SED and Hβ equiva-
lent widths with beagle. These results indicate that the optical photometry of the
target systems is in all cases consistent with extremely young stellar populations
formed within the last 3–20 Myr.

Target log10(M/M�) log10(SFR/(M�/yr)) age/Myr
SB 9 5.05± 0.22 −1.95± 0.12 5.5+10.8

−0.3

SB 49 5.80± 0.10 −1.20± 0.10 5.5+3.5
−0.3

SB 61 6.95± 0.05 −0.05± 0.05 6.2+1.4
−0.9

SB 119 5.12± 0.11 −1.88± 0.10 5.6+4.0
−0.5

SB 125 6.66± 0.16 −0.65± 0.05 20.2+11.4
−5.7

SB 126 5.81± 0.16 −1.42± 0.03 17.1+9.2
−4.2

SB 153 4.93± 0.15 −2.07± 0.15 3.7+0.3
−0.8

populations with low mass-to-light ratios. This fitting strongly supports the idea

that the spectroscopic apertures centered on these systems are entirely dominated

by continuum and nebular gas emission from massive stars formed in a very recent

star formation episode.

Measurements of the prominent collisionally-excited nebular lines provides di-

rect constraints on the ionization state and chemical abundances of this ionized gas.

As in S17, we use the software pyneb (Luridiana et al., 2015) to derive gas-phase

oxygen abundances. We use the temperature-sensitive ratios of [O ii] λ7325 / λ3727

and [O iii] λ4363 / λ5007 alongside the density-sensitive [S ii] λ6731 / λ6716 ratio

to derive electron temperatures and densities appropriate for O+ and O2+, respec-

tively. 2 In the one case for which we lack a measurement of [O ii] λ3727 (SB

9), we instead estimate Te(O ii) from that measured for O iii using the empirical

relationship derived by Izotov et al. (2006, equation 14, for the 12 + log O/H > 8

subsample). Attenuation corrections are derived from the Balmer decrement assum-

ing an SMC internal extinction curve (Gordon et al., 2003) and an intrinsic value

2We assume atomic transition probabilities for O ii from Wiese et al. (1996); Froese Fischer and

Tachiev (2004) and effective collision strengths from Tayal (2007). For O iii we adopt the atomic

data of Storey and Zeippen (2000); Froese Fischer and Tachiev (2004) and collision strengths of

Storey et al. (2014). And for S ii, we utilize the transition probabilities presented by Podobedova

et al. (2009); Tayal and Zatsarinny (2010) and collision strengths from Tayal and Zatsarinny (2010).
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of Hα/Hβ computed with pyneb using our derived Te, ne after correcting first for

Galactic extinction towards each object using the Schlafly and Finkbeiner (2011)

maps and the RV = 3.1 extinction curve of Fitzpatrick (1999).

The resulting metallicities and other optical nebular line properties are presented

in Table 6.4. In addition to high equivalent-width emission indicative of an extremely

young effective age, these systems exhibit signs of very highly-ionized gas, with dust-

corrected O32= [O iii] λ4959 + λ5007 / [O ii] λ3727 values ranging from 5.3–10.7.

Their gas-phase metallicities span the regime 8.0 < 12 + log10 O/H < 8.3, which

assuming a solar abundance of 12 + log(O/H)� = 8.69 corresponds to a relative

metallicity range of 0.2 < Z/Z� < 0.4.

6.3.2 Ultraviolet Spectra

We secured moderate-resolution UV spectra with HST /COS for all seven target

regions in a program approved in HST Cycle 25 (GO:15185, PI:Stark). Our obser-

vations were conducted in the NUV with the G185M grating and in the FUV with

G160M, with a 2-orbit visit devoted to each object. Each target was first centered

with a 7–81 second ACQ/IMAGE exposure with either Mirror A or B, with the optical

element and exposure time chosen with the COS ETC based upon an assumed com-

pact source with flat SED in Fν normalized to the SDSS u-band fiber magnitude.

The resulting target acquisition images are shown in Fig. 6.2, and reveal a range

of morphologies at 10–100 pc scales (though note that the marked Mirror B im-

ages are complicated by the fainter, displaced secondary image this optical element

generates). The remainder of the first orbit of each visit was devoted to G185M

observation, with the second orbit occupied by G160M. The central wavelength of

each observation was selected with the SDSS redshift in mind to ensure that the full

stellar C iv λλ1548, 1550 profile, He ii λ1640 and O iii] λλ1661, 1666 were located

in G160M segments A and B, and that the [C iii] λ1907 + C iii] λ1909 doublet

(hereafter C iii] λ1908) was centered in the middle segment NUVB.

Two visits of our program required repeat observation. On 29 April 2018, guide

star tracking was lost during reacquisition at the beginning of the second orbit for SB
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126. While the G185M integration was successfully completed before fine guidance

loss occurred, this prevented the G160M integration (LDI203020) from proceeding.

A single-orbit repeat was scheduled as-per HOPR 90495, and a G160M spectrum

was successfully recorded for this object on 27 May 2018 (LDI208010). During the

original scheduled visit targeting SB 61 on 20 June 2018, the FGS acquired the

guide stars after target acquisition had been attempted. As a result, the aperture

was not correctly centered on-target for the spectroscopic exposures, resulting in

an unexpectedly low continuum level and signal-to-noise in both the G160M and

G185M spectra (LDI207020 and LDI207010, respectively). These observations were

repeated following HOPR 90852 with a successful target acquisition on 9 August

2018, yielding spectra that reach the expected S/N which we use in this paper

(LDI209020 and LDI209010).

All spectroscopic observations were taken in time-tagged photon-address mode

(TIME-TAG) with wavelength calibration lamp exposures (FLASH=YES) to allow for

optimal data correction post-observation. We cycle through all four focal plane offset

positions for each grating (FP-POS=ALL) to mitigate the effect of fixed pattern noise.

The data were reduced with the default settings for calibration and extraction using

CALCOS v3.3.5 and CRDS v7.3.0 (HSTDP v2019.2). The final one-dimensional

spectra, with resolution elements (resels) of 73.4 mÅ in the FUV/G160M and 102

mÅ in the NUV/G185M, achieve a typical effective spectral resolution of 0.25 Å

as-inferred from the width of Milky Way absorption lines (identical to that found in

S17) and median signal-to-noise of 11 (4) per resel at 1450 Å (1700 Å) in G160M

and 1.7 per resel at 1900 Å in G185M.

We measure emission lines in the HST /COS spectra in the same manner as

for the optical emission lines. The high spectral resolution afforded by the G160M

and G185M gratings allows us to easily identify and separate Milky Way (MW)

and ISM absorption lines, alleviating blending concerns except in the most extreme

cases. In addition to our measurement of O iii] and C iii] semi-forbidden nebular

line emission, we define two integration regions designed to measure the strength

of the two key stellar wind features accessed by the G160M spectra. In order to
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SB 9

94 pc

SB 49 Mirror B

116 pc

SB 61

571 pc

SB 119

98 pc

SB 125

368 pc

SB 126 Mirror B

51 pc

SB 153 Mirror B

60 pc

Figure 6.2: Target acquisition images taken in the NUV with HST /COS. A 1.0′′

scalebar is drawn in each case, labeled with the comoving distance this angle cor-
responds to at the estimated distance of each object. Note that the brightest three
sources were observed with Mirror B to ensure instrument safety, which produces a
fainter second image at about half-intensity displaced by 20 pixels from the primary
image. Thus, some of the structure visible in these images (noted) is artificial. While
each object is clearly dominated by a bright central object, the additional diffuse
flux and fainter compact sources visible around each suggest that we are viewing
light from a complex of star-forming regions.
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ensure that ISM and MW absorption lines do not contaminate these measurements,

we first mask-out the spectra ±1.5 Å around all identified strong absorption lines

and interpolate the spectrum over these windows. We estimate the equivalent width

of the C iv P-Cygni wind absorption trough by integrating this cleaned spectrum

between 1530 and 1550 Å relative to a linear continuum determined by evaluating

the median flux in two windows chosen to avoid wind and nebular line features:

[1500:1525] and [1565:1575]. Likewise, we measure the strength of emission in the

He ii λ1640 wind and nebular emission line in the window 1630–1650 Å relative to

a continuum estimated from flux at [1620:1630] and [1650:1660] 3. We present the

resulting measurements in Table 6.5.

6.4 Extreme Wolf-Rayet galaxies in the Ultraviolet

The wavelength range spanned by our HST /COS spectra includes a number of

high-ionization line complexes which probe nebular gas emission, wind emission

and absorption in massive stars, ISM gas absorption, or some combination thereof.

The UV spectra of our sample (Figure 6.3) in particular further evince a dominant

population of massive stars in these galaxies. We detect C iii] emission in all six

systems at equivalent widths ranging from 2–9 Å and O iii] λ1666 in all but one

(SB 126, where it is fully absorbed by the MW Al ii λ1671 line). The essentially

unanimous detection of this doubly-ionized carbon and oxygen emission in the UV

confirms the presence of a strong ionizing continuum at ∼20–40 eV.

The other high-ionization line complexes in our G160M spectra provide a di-

rect window onto the massive stars powering this nebular gas emission. The C iv

λλ1548, 1550 doublet complexes show no clear sign of narrow nebular emission, in-

stead revealing a characteristic P-Cygni profile consisting of broad redshifted emis-

sion and blueshifted absorption extending down to ∼ 1530–1535 Å (∼ 2500–3500

km/s). This feature is formed in the dense winds of massive O stars, and is ob-

3We use only the blueward continuum window to integrated He ii λ1640 for SB 80 from S17 as

strong Al ii λ1670 absorption contaminates a significant portion of the redward window.



233

T
ab

le
6.

5:
L

in
e

m
ea

su
re

m
en

ts
fr

om
th

e
n
ew

u
lt

ra
v
io

le
t

H
S

T
/C

O
S

sp
ec

tr
a

p
re

se
n
te

d
in

th
is

p
ap

er
al

on
g

w
it

h
th

os
e

fo
r

th
e

th
re

e
ot

h
er

ex
tr

em
e

W
R

ga
la

x
ie

s
in

cl
u
d
ed

in
S
17

.
In

p
ar

ti
cu

la
r,

w
e

p
re

se
n
t

eq
u
iv

al
en

t
w

id
th

s
in

te
gr

at
ed

ov
er

tw
o

b
ro

ad
re

gi
on

s
ca

p
tu

ri
n
g

th
e

C
iv

re
so

n
an

t
st

el
la

r
P

-C
y
gn

i
ab

so
rp

ti
on

tr
ou

gh
an

d
b
ro

ad
H

e
ii

st
el

la
r

w
in

d
em

is
si

on
;

an
d

fl
u
x

an
d

eq
u
iv

al
en

t
w

id
th

m
ea

su
re

m
en

ts
fo

r
n
eb

u
la

r
O
ii
i]

an
d

C
ii
i]

em
is

si
on

.
W

h
er

e
th

es
e

li
n
es

ar
e

u
n
d
et

ec
te

d
,

w
e

p
re

se
n
t

2.
5σ

u
p
p

er
-l

im
it

s
th

er
eo

n
.

N
eb

u
la

r
li
n
es

m
ar

ke
d

b
y

a
†

w
er

e
co

n
ta

m
in

at
ed

b
y

M
W

A
li
i
λ

16
70
.7

9
ab

so
rp

ti
on

an
d

ei
th

er
en

ti
re

ly
su

p
p
re

ss
ed

or
li
ke

ly
si

gn
ifi

ca
n
tl

y
aff

ec
te

d
,

an
d

sh
ou

ld
b

e
in

te
rp

re
te

d
w

it
h

ca
u
ti

on
.

W
e

al
so

p
re

se
n
t

C
/O

es
ti

m
at

es
fr

om
p

op
u
la

ti
on

sy
n
th

es
is

fi
ts

to
th

e
U

V
an

d
op

ti
ca

l
n
eb

u
la

r
li
n
es

as
d
es

cr
ib

ed
in

S
ec

ti
on

6.
5.

1
an

d

ad
op

te
d

in
th

e
re

m
ai

n
d
er

of
th

e
fi
ts

p
re

se
n
te

d
in

th
is

p
ap

er
.

N
am

e
C
iv
λ

15
49

P
-C

y
gn

i
H

e
ii
λ

16
4
0

O
ii
i]

1
6
6
1

O
ii
i]

1
6
6
6

C
ii
i]

1
9
0
8

lo
g
1
0
(C
/
O

)

A
b

so
rp

ti
on

,
W

0
/
Å
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Å

)
1
0−

1
5

er
g
s/

s/
cm

2
(W

0
/Å
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served to extend to comparable terminal velocities in LMC stars at Z/Z� ' 0.5

(e.g. Massey et al., 2004; Crowther et al., 2016). Likewise, rather than the nebu-

lar gas emission typically observed in He ii λ1640 at metallicities below ∼ 0.2Z�,

the target systems all show broad emission with FWHM ∼ 1500–2000 km/s. This

emission is characteristic of massive WN and O If stars, and is formed in extremely

dense and optically thick stellar winds driven by stars approaching the Eddington

limit.

Imprints of extremely hot stellar atmospheres dominate the UV spectra of these

105–107 M� star-forming complexes. Similar prominent stellar wind signatures are

routinely encountered in the integrated light spectra of galaxies dominated by recent

star formation at these metallicities. Indeed, C iv P-Cygni and broad He ii emission

have been detected in gravitationally-lensed and stacked spectra of galaxies out to

z ∼ 4 (e.g. Shapley et al., 2003; Erb et al., 2010; Dessauges-Zavadsky et al., 2010;

Jones et al., 2012; Steidel et al., 2016), at strengths that have challenged the ac-

curacy of canonical stellar population synthesis models. These z ' 2–3 galaxies

reach stellar He ii λ1640 equivalent widths of 1–3 Å, often significantly in-excess of

canonical stellar population synthesis predictions without invoking solar or super-

solar stellar metallicities (e.g. Leitherer et al., 1999; Brinchmann et al., 2008b). In

contrast, Eldridge and Stanway (2012) demonstrate that these observed He ii equiv-

alent widths are in fact well-reproduced by models which account for the effects of

binary evolution, including in particular rapidly-rotating and fully-mixed secondary

stars produced by efficient mass transfer. However, only two of these high-redshift

systems reach stellar He ii equivalent widths above 2 Å, limiting detailed investiga-

tion of the physical processes driving the strongest emission in this line.

The star-forming regions assembled here are among the most intense stellar He ii-

emitters known. In Figure 6.4, we plot the equivalent width of the stellar He ii

emission against that of the P-Cygni C iv absorption trough, measured as described

in Section 6.3.2, for the full sample of extreme WR galaxies in Table 6.5. All of

the galaxies in this sample power stellar He ii emission at equivalent widths ≥ 2

Å, reaching 4.7 Å in the most extreme case (SB 179). The only comparable or
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more prominent He ii emission in integrated light spectra has been found in similar

star-forming complexes at low redshift; in particular, NGC 3125-1 (7.1 Å; Chandar

et al., 2004; Wofford et al., 2014), SSC-N in II Zw 40 (7.1 Å; Leitherer et al., 2018),

NGC 5253-#5 (5.1 Å; Smith et al., 2016), and the coadded spectrum of stars in the

center of R136 in the LMC (4.5 Å; Crowther et al., 2016). This powerful though not

unprecedented emission places our targets uniformly in-excess of the predictions of

canonical stellar population synthesis models (e.g. Brinchmann et al., 2008b), which

even including bursts struggle to exceed 2 Å in the 1640 line.

However, recent developments in population and atmosphere modeling change

this picture. As mentioned above, (Eldridge and Stanway, 2012) find that account-

ing for spun-up products of binary mass transfer undergoing quasi-homogeneous

evolution (QHE) in their Binary Population and Spectral Synthesis (BPASS) code

can boost this line sufficiently to explain the stellar He ii emission detected in some

z ∼ 2–3 galaxies. We plot the BPASS predictions for these stellar line equiva-

lent widths in Figure 6.4 assuming a constant star formation history for tracks at

fixed metallicities 0.05 < Z/Z� < 1.0 alongside their predictions ignoring binary

interaction, which are representative of canonical predictions for stellar He ii4. The

fixed-metallicity tracks span a limited range of C iv equivalent widths, with higher-

metallicity models with denser O-star winds presenting deeper C iv absorption on

average. Each BPASS track begins by moving to increasingly strong C iv absorp-

tion as the O-star population is built-up, then progress to higher He ii equivalent

widths which peak at ∼10–50 Myr as the spun-up QHE population reaches a maxi-

mum, before settling to a slightly less extreme equilibrium as lower-mass stars with

weaker winds build up the UV continuum. These models with QHE boost He ii

substantially over their single-star predictions, and this effect is most prominent at

Z/Z� = 0.2 due to the competing effects of increasing numbers of stars undergoing

QHE at lower metallicities and the diminishing strength of their stellar winds (El-

4In particular, we plot the results for BPASS v1.1 for consistency with Eldridge and Stanway

(2012), but note that we measured He ii λ1640 in the latest v2.2 results and did not find significantly

higher equivalent widths than reported in v1.1.
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dridge et al., 2011; Eldridge and Stanway, 2012). While this does push the models

closer to the observed population, intriguingly at a similar range of C iv equivalent

widths as observed for our strongest He ii emitters, the maximum He ii equivalent

widths reached by these models still fall short of the most extreme emitters by at

least 1 Å.

Part of the solution to this mismatch with models may reside in the details of

modeling post-MS massive star evolution and atmospheres. The latest generation of

the Charlot& Bruzual (in-preparation; hereafter, C&B) population synthesis mod-

els adopt new prescriptions for the evolution, mass loss rates, and atmospheres of

massive stars (as described in Section 6.5.1 and Vidal-Garćıa et al., 2017) which

together significantly affect the strength of optically thick wind lines like He ii. We

plot the predictions for these updated C&B models in Figure 6.4 in the same manner

as before, for CSFH tracks at metallicities 0.16 ≤ Z/Z� ≤ 1. The morphology of

these tracks is generally similar to those of BPASS as described above. However,

because the dominant source of the stellar He ii emission in these single star models

is initially-massive Of and WR stars rather than a broader variety of stars spun-up

by binary interaction, the tracks boost to their respective maxima at much younger

ages of ∼ 4–5 Myr rather than > 10 Myr. Additionally, both the peak and equi-

librium values of the He ii equivalent width for a given track are uniformly greater

than predicted by the other models, extending to 3–4 Å and 2–3 Å, respectively.

As in the BPASS predictions, the maximum in He ii wind emission is reached at

an intermediate metallicity rather than at solar; in the case of the C&B models,

this occurs at Z = 0.006–0.008, or Z/Z� ' 0.5 (approximately the metallicity of

the LMC). This is likely due to the new Eddington-factor formalism adopted by

the underlying PARSEC stellar evolution models to predict mass loss rates for the

most massive stars, which allows strong stellar winds to be driven at lower metal-

licities for sufficiently luminous stars (Chen et al., 2015). While the tracks still fall

slightly short of the most intense emission observed, these models have now entered

a strikingly similar part of this stellar wind parameter space as that occupied by

the observations.
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The CB models come remarkably close to spanning the stellar C iv-He ii equiva-

lent width regime that our target galaxies occupy. However, it remains unclear from

this bulk comparison alone whether the stellar populations that power the strongest

stellar He ii emission in the models accurately represent the contents of the observed

star-forming regions. In the following section, we describe a straightforward experi-

ment to test whether the CB models can self-consistently reproduce both the strong

stellar C iv and He ii wind emission lines and the nebular emission powered by the

responsible stellar population. At the very young stellar ages . 10 Myr inferred

for our sample from the broadband photometry and equivalent width of nebular

emission in the optical (Table 6.3), BPASS predicts relatively little impact on He ii

from the spun-up QHE population which dominates at ∼ 50–100 Myr (see above

and Eldridge, 2012). Thus, this population provides an opportunity to examine the

impact of the latest prescriptions for single-star evolution on the strength of dense

stellar wind tracers for the most massive stars, and determine whether such models

are still missing physics relevant for the youngest stellar populations.

6.5 UV–Optical Spectral Synthesis

The high-quality UV–optical spectroscopy available for these targets access power-

ful diagnostics of both massive stellar populations and the gas they have ionized,

enabling a stringent test of stellar models. The very high equivalent width optical

line emission these systems power implies a dominant young . 10 Myr stellar popu-

lation, comparable to the extremely high sSFR systems glimpsed in the reionization

era (e.g. Roberts-Borsani et al., 2016; Endsley et al., 2020). Our analysis of these

systems can thus provide insight onto the accuracy of inferences from nebular line

emission in assembling galaxies at high redshift as well as guidance for corrections

and additions to the underlying stellar models at very young ages.

In this paper, we will focus on a straightforward formulation of an experiment

to answer this question: can we accurately infer the correct stellar population from

model fits only to the gas emission they power? In particular, if the strong neb-
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ular emission line fluxes alone are fit with a modern stellar population synthesis

framework, we are interested in whether the models correctly predict the strength

of the UV stellar wind features of the responsible massive stars. The more involved

approach of simultaneously fitting the full UV–optical spectrum, informed by the

results of this first approach, will be reserved for a later paper. We describe our

methodology and the results of these fits in the next two subsections.

6.5.1 Methodology

To conduct this experiment, we require a stellar population synthesis model cou-

pled to a photoionization code to generate spectra, and an inference framework to

apply these models to observational data. Motivated by their ability to approxi-

mately match the range of stellar He ii equivalent widths observed in our sample

(Figure 6.4), we will focus on the latest generation of the C&B stellar population

synthesis models. The version of the C&B models used in this work is described in

more detail in Vidal-Garćıa et al. (2017, their Section 2.1 and Appendix A, updating

Gutkin et al. 2016). The most important features of this code for the purposes of this

work concern the revised predictions for the evolution and atmospheres of the most

massive stars (extended now to 300 M�). The latest predictions from the PAdova

and TRieste Stellar Evolution Code (parsec) are now adopted to predict the evo-

lution of individual massive stars (Bressan et al., 2012; Chen et al., 2015). Notably,

these latest parsec results include a revised formalism for the prediction of stellar

wind driven mass loss rates based upon the stellar Eddington factor (Vink et al.,

2011). This is in contrast to most other stellar evolutionary codes which predict O

and WR mass loss rates using older calibrations (Vink et al., 2001) derived under

assumptions about wind driving which likely break down for stars at the highest lu-

minosities and sub-solar metallicities (see e.g. Gräfener and Hamann, 2008; Müller

and Vink, 2008; Sander et al., 2020). In addition, the C&B models leverage the large

library of non-LTE, line-blanketed, spherically-expanding WR model atmospheres

produced by the Potsdam Wolf Rayet group (PoWR) spanning metallicities from

Z = 0.001–0.014, effective temperatures from 104.4–105.3 K, and a range of CNO
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mass fractions5 (Gräfener et al., 2002; Hamann and Gräfener, 2003; Hainich et al.,

2014, 2015; Sander et al., 2015; Todt et al., 2015). These updated mass loss and

atmosphere prescriptions for massive stars near the Eddington limit have significant

implications for stellar lines like He ii λ1640 produced in the optically-thick winds

such Of and WR stars drive, as we observed in Section 6.3.2 above.

The spectral inference framework beagle (Chevallard and Charlot, 2016, intro-

duced in Section 6.3.1) is readily used to fit spectrophotometric observables using the

C&B stellar population models and associated cloudy nebular line predictions, and

provides the inference framework we require for this experiment. For this analysis,

we choose to adopt the fiducial Chabrier (2003) initial mass function (IMF) with up-

per mass cutoff of 300 M� (as we will discuss below, the contribution of very massive

stars > 100M� to high-ionization stellar wind lines can be dominant; e.g. Crowther

et al., 2016). For all fundamental variables describing the stellar population, we

adopt a uniform prior over the adopted range for simplicity. Since the initial photo-

metric fits including nebular emission were well-fit by a CSFH model (Section 6.3.1)

and this likewise populates the region of stellar wind parameter space occupied by

our observations (Figure 6.4), we parameterize our assumed SFH as such. However,

in addition to the variable start time (which we allow to vary from 106.5–109.0 years)

and stellar mass (M ≤ 1010M�) for this recent period of star formation, we allow

an early truncation of up to 10 Myr before the present time to allow additional flex-

ibility in the mix of very massive stars present. We allow the stellar metallicity to

freely vary with −2.2 ≤ log10(Z/Z�) ≤ 0. While this framework explicitly couples

the interstellar metallicity to this stellar metallicity, depletion of refractory elements

onto dust grains can change the gas-phase oxygen abundance at fixed Z. We allow

the dust-to-metal mass ratio ξd to vary from 0.1–0.5, which effectively corresponds

to a factor of 1.6 range in the ratio of gas-phase oxygen to stellar iron (Gutkin et al.,

2016). This ratio plays an important role in modulating the joint nebular and stellar

spectra of star-forming systems (e.g. Steidel et al., 2016; Strom et al., 2018; Sanders

et al., 2020), since oxygen is the primary species probed in the nebular spectrum

5see http://www.astro.physik.uni-potsdam.de/~wrh/PoWR/powrgrid1.php.

http://www.astro.physik.uni-potsdam.de/~wrh/PoWR/powrgrid1.php
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while the winds and ionizing spectra of massive stars is shaped primarily by iron.

Thus a model preference for low ξd can be interpreted in part as a preference for

enhanced α/Fe in this context. Since we are studying relatively small star-forming

regions, we assume an SMC extinction curve with variable 0 ≤ τ̂V ≤ 2. Finally, we

allow the nebular ionization parameter to vary over −4 ≤ logU ≤ −1.

In this experiment, we are primarily fitting nebular line fluxes. In particular, we

focus on the set of strong optical nebular lines necessary to measure the gas-phase

oxygen abundance via the direct method: [O ii] λ3727, [O iii] λ4363, Hβ, [O iii]

λλ5007, and Hα Since the gas densities inferred from the [S ii] λλ6716, 6731 doublet

are all consistent with 100–200 cm−3, for simplicity we exclude these lines from the

fits and instead fix the gas density to the nearest grid value of 100 cm−3. For addi-

tional leverage on the extinction, we add Hγ; and to better anchor the recent star

formation history of the models, we also fit equivalent widths measured in SDSS

for Hγ, Hβ, [O iii] λ5007, and Hα. In each case, the observed line flux or equiva-

lent width is compared to the flux measured via simple integration using a linear

continuum in the model spectra. We choose the integration region and continuum

windows for each line manually to ensure that they capture the entire line flux and

that the continuum is not biased by other features. This approach does not account

for potential underlying stellar absorption for the Balmer lines, but this is negligible

at the very young effective ages preferred by our spectra. Since our objective is to

determine whether the UV stellar wind lines can be reproduced, we also perform a

second fit for each object including the equivalent widths of these features measured

as for the data (as in Section 6.3.2, though obviously without the need for ISM or

MW absorption line masking in the model spectra). For each object, we extract

constraints on the underlying model parameters from the posterior (displayed in

Table 6.6), as well as the flux distributions for the fitted lines to examine fit quality

(Figure 6.5). Finally, we also sample the posterior model distribution and extract

predicted UV spectra at C iv λλ1548, 1550 and He ii λ1640. Analysis of the UV spec-

tra in a continuum-normalized space minimizes issues with potential flux calibration

mismatch between the optical and UV. We fit a cubic spline to the UV spectrum
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with the stellar wind lines masked both for the data and the model spectra, and

normalize the spectra by this continuum before comparison (Figure 6.6).

Thus far, we have focused on fits to only the optical nebular lines and the equiv-

alent widths of the UV stellar wind lines. This relatively straightforward approach

allows us to ignore the complications that reddening and aperture matching un-

certainties introduce when fitting both UV and optical line fluxes from HST /COS

and SDSS. However, we are also interested in whether the UV O iii] and C iii] lines

can be reproduced, and the ratio of these lines provides valuable constraints on the

gas-phase C/O ratio. Thus, we perform an additional set of fits with the above-

described optical line information along with the flux and equivalent width of both

O iii] λ1661, 1666 and the total flux of the C iii] λ1908 doublet (with upper limits

employed where lines are undetected or impacted by MW absorption), and allow

the C/O abundance to vary over the full range of the models (0.1–1.4). We verify

that the strength of the O iii and C iii lines are reasonably well-reproduced by this

fit within the measurement uncertainties, confirming that the prominent C iii] de-

tections here can be reproduced by our population synthesis models and that the

resulting C/O abundances are reasonable. We present these C/O constraints in Ta-

ble 6.5. We also verify that the results of the experiment we present in the following

section, comparing nebular line fits with or without including constraints on the UV

stellar equivalent widths, produce qualitatively-similar results for the stellar wind

lines when the UV nebular lines are included. For simplicity of interpretation, we

focus on the optical nebular line fits for the remainder of this paper, deferring a full

optical and UV spectral synthesis analysis to a future work. However, we utilize the

results of these fits to fix the C/O abundance assumed in the population synthesis

fits presented and discussed in this paper, adopting the median values presented in

Table 6.5 for each.

The parameter estimates from the optical nebular line fits (Table 6.6) for the new

systems in this paper are generally in good agreement with the fits to the photometry

and W0(Hβ) described in Section 6.3.1 (Table 6.3). The star formation rates are

generally well-matched between the two methods within their uncertainty. The
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nebular line fits without UV information generally prefer a slightly earlier initiation

of the current period of star formation than the photometry fits (median age of 20

Myr compared to 4 Myr), and the inferred stellar masses tend to be correspondingly

higher by ∼ 0.3–0.5 dex 6 The nebular-only fits uniformly prefer a truncation of

the current period of star formation within the last Myr. Adding the UV stellar

equivalent widths changes this picture, as will be discussed in detail in the following

section.

6.5.2 Results

On Reproducing the Nebular Lines and Massive Stellar Wind Signatures

Our main objective is to investigate whether the observed massive stellar wind

features are consistent with fits to the nebular lines. We defer a detailed case-by-

case discussion of the objects to Appendix D.2, and instead summarize the results

for the sample as a whole here.

Before interpreting the results of our population synthesis fits in detail, we first

examine how well they reproduce the provided line fluxes and equivalent widths. In

Figure 6.5, we plot the results of the fits in the parameter space of the fit flux and

equivalent width quantities for both the line-only fits and those incorporating the

stellar line equivalent widths. In the former case, the agreement with the nebular

line measurements is very good, with all nebular line fluxes and equivalent widths

simultaneously reproduced by the model posterior distribution.

We note that fits to the optical nebular line information only consistently pro-

duce higher gas-phase metallicity estimates than found with the direct-Te method

above (Section 6.3.1). This offset ranges from 0.09–0.33 dex, with a median offset

of 0.18 for our ten systems. This is a significant difference typically well in-excess

of the joint uncertainties on both metallicity determinations, but comparable or

larger offsets are common in the literature (see also Chevallard et al., 2018). The

6With the exception of SB 153, where the nebular line fit prefers a star formation rate 0.4 dex

lower and a lower mass by 0.3 dex.
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Figure 6.6: Comparison of our beagle model results to the UV C iv and He ii
complexes, which in these galaxies are both dominated by broad massive stellar wind
features. We plot both the data and models after first normalizing by the continuum
as described in the text. The fits in blue incorporate no information about these
wind features, whereas those in red include the equivalent width measured for both.
Interstellar absorption lines in the data from the galaxy CGM and the MW are
masked in yellow and white, respectively. The models come close in many cases to
the observed stellar wind features even with only information about the gas emission
they power. However, several galaxies present stellar He ii emission that is well in-
excess of the model predictions even when the equivalent width of this feature is fit
directly.
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Figure 6.7: Comparison of our beagle model results to the optical WR stellar wind
features at 4600 (the blue bump) and UV C iv and He ii complexes, which in these
galaxies are both dominated by broad massive stellar wind features. We plot both
the data and models after first normalizing by the continuum as described in the
text. The fits in blue incorporate only strong nebular line information, whereas those
in red include the equivalent width of the C iv and He ii stellar features measured in
the UV. We highlight with dashed lines the approximate centers of the broad stellar
wind features we aim to reproduce (N iii 4640, C iii/iv 4650, He ii 4686 in the blue;
and C iv 5808 in the red. The fits with the nebular line information only provide a
generally good fit to the observed optical stellar wind features, in which He ii is by
far the most prominent. However, in several cases the models with the UV stellar
equivalent widths included prefer very prominent broad emission in the other WR
stellar lines well in-excess of that allowed by the data, indicating that the observed
He ii λ1640 is being fit with WN stars at either too high a metallicity or too large
a relative number.
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tendency of metallicity estimates based upon photoionization model grids to pro-

vide systematically larger gas-phase oxygen abundance estimates than the canonical

two-zone direct-Te method has been previously attributed to complications in in-

terpreting [O iii] λ4363 (e.g. Blanc et al., 2015; Vale Asari et al., 2016). Because

the optical forbidden line ratios are sensitive to temperature and density fluctua-

tions and to the velocity distribution of free electrons, the implicit assumption in

the direct-Te approach that [O iii] 4363/5007 provides an accurate bulk measure

of the average Te in a perfect two-zone H ii region structure is likely not always

valid (e.g. Tsamis et al., 2003; Nicholls et al., 2012). Indeed, this offset may be

related to the longstanding offset between metallicities determined with recombina-

tion lines and collisionally-excited lines in nearby H ii regions and planetary nebulae

(the abundance discrepancy factor problem; e.g. Peimbert et al., 1993; Garćıa-Rojas

and Esteban, 2007). Regardless, since the lines including [O iii] λ4363 are well-fit by

beagle when considered alone, we interpret this offset as the presently unmitigable

systematic uncertainty in gas-phase oxygen abundance determinations using only

collisionally-excited nebular lines.

Despite an apparently high-quality fit to the optical nebular data (Figure 6.5)

including high-precision metallicity constraints, comparing the model spectra to

the UV stellar wind features reveals a more complicated picture. We compare the

model spectra at C iv and He ii λ1640 after continuum normalization in Figure 6.6,

and to the optical WR features in Figure 6.7, where we again plot the output of

both the nebular line-only fits as well as those incorporating the stellar equivalent

width constraints. In some cases (note in particular SB 9, 80 and 125), the models

come close to correctly predicting the observed stellar wind profiles even with no

information about the UV provided at all. However, there is a systematic trend

for both the depth of C iv P-Cygni absorption and strength of He ii λ1640 emission

to be underestimated by the models. In nearly every case, the nebular line-only

fits produce predictions that underestimate the observed strength of at least one of

these stellar wind features, and no cases in which they produce stronger UV stellar

wind signatures than observed (Figure 6.6).
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Incorporating the stellar wind equivalent widths into the nebular fits does in

some cases bring the model UV stellar features into reasonable agreement with

the data. However, this is generally accomplished by forcing the models to higher

stellar metallicities by up to ∼ 0.3 dex in the most extreme cases (Table 6.6). This

increase in Z is often accompanied by a similar increase in the dust-to-metal mass

ratio ξd to well above the solar value, which suppresses the effect of the change in

Z on gas-phase O/H by depleting a more significant fraction of the gas-phase O

onto dust grains. However, in most cases (six of the targets) the gas-phase O/H

is still forced to increase enough to suppress the model flux of the temperature-

sensitive [O iii] λ4363 line and bring the model confidence interval for this line

out of agreement with the measured flux (Figure 6.5). Such resulting metallicity

offsets are much more challenging to interpret as due to error in interpreting [O iii]

λ4363, and suggest significant tension between our model and the observed data. In

addition, the modeled optical WR features are often enhanced to well above their

observed equivalent widths in these fits (Figure 6.7), indicating a solution with the

incorrect metallicity or mixture of WR and O stars.

In summary, in over half of our sample, the models are unable to find a set of

parameters which can simultaneously reproduce the massive stellar wind signatures

and the limited optical nebular line data we choose to fit. Even when the fits incor-

porating the UV stellar wind information manage to reach comparable equivalent

widths in the UV wind lines, these solutions require metallicities and WR popu-

lations that are inconsistent with the optical spectral constraints. We discuss this

finding and possible implications further in Section 6.6.2.

On the Peculiar He ii Profiles in SB 179 and 191

The objects which present the greatest disagreement with the stellar model predic-

tions in the above UV comparison are SB 179 and 191. In particular, both power

significantly more prominent He ii λ1640 emission than the models can reproduce

alongside the optical nebular lines. Intriguingly, both of these systems display a

clear double-peak in the broad component of emission in this line, with peak sepa-
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ration of-order 1000 km/s (Figure 6.8). No intervening MW absorption is expected

at this wavelength for these systems (which reside at different redshifts, z = 0.0047

and 0.0028). If interpreted first as two kinematic emission components, this profile

is inconsistent with a stellar origin. The two peaks are individually far more narrow

than the other 1640 profiles, and 1000 km/s is well beyond the rotational velocity a

massive star can maintain. Roughly symmetric double-peaked He ii profiles are ob-

served in some accretion disks surrounding neutron stars in low-mass X-ray binaries

(e.g. Soria et al., 2000; Val Baker et al., 2005) and in other nebular lines surround-

ing high-mass X-ray binaries (e.g. Filippenko et al., 1988). However, these systems

typically display lower peak velocity separation (. 500 km/s) than observed here In

addition, SB 191 has archival Chandra observations which constrain its X-ray emis-

sion to LX,0.5−−8keV < 1.3× 1038 erg/s, making the presence of a massive accretion

disk in this system unlikely. Aspherical supernovae explosions are also observed to

produce double-peaked emission line profiles with even larger velocity separations

at late times in cases where the explosion is viewed close to down the jet axis (e.g.

Maeda et al., 2008), but we see no other strong evidence for a recent supernovae in

the nebular spectra.

Rather than a double-peak in emission, this profile may instead be characterized

by central absorption. In fact, such a He ii profile is observed in a rare subset of hot

O star spectra, defining the spectral designation Onfp with He ii λ4686 in emission

but with a peculiar central reversal (“f” and “p”; see Figure 6.8: Walborn, 1973;

Conti and Leep, 1974; Walborn et al., 2010). As indicated by the “n”, this profile

is commonly found alongside significantly broadened absorption lines. indicative of

rapid rotation. Detailed atmosphere modeling has demonstrated that such a profile

is naturally produced for rotating stars driving an isotropic wind (Hillier et al.,

2012), supporting the notion that such stars are rapid rotators driving dense stellar

winds. Such strong winds should efficiently brake rotation, but many of the stars of

this class in both the Milky Way and Magellanic Clouds show evidence of binarity

or runaway velocities (Walborn et al., 2010). They may then be the product of

binary mass transfer or stellar mergers, rejuvenated in luminosity and spun-up to
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very high velocity by this interaction.

Several aspects of the observed integrated He ii profiles remain puzzling in

this context. The He ii profiles for individual Onfp stars typically show slightly

blueshifted absorption, and thus an asymmetric emission profile with the red com-

ponent brighter. However, this effect may be washed-out when integrated over a

population of stars at a spread in velocities powering various He ii profiles. In ad-

dition, the optical He ii 4686 profiles for SB 179 and 191 do not show the same

morphology, even at Keck/ESI resolution (S17). Individual Onfp stars show signifi-

cant time variability in their wind profiles on timescales of days however, sometimes

transitioning out of this peculiar profile entirely (Walborn et al., 2010). While

the circular apertures of these instruments are similar in size (2.5′′ and 3.0′′, re-

spectively) and the objects appear compact on this scale in the HST /COS target

acquisition imaging (Figure 6.2), the HST /COS primary science aperture is subject

to vignetting beyond 0.4′′ from the aperture center (Dashtamirova et al., 2020). This

may be the part of the cause of the puzzling lack of a nebular He ii λ1640 detection

in the HST /COS spectrum of SB 125 and 126 when this emission is present at He ii

λ4686 in the SDSS spectrum, though dust extinction likely plays a significant role as

well. In the case of SB 179 and 191, it is possible that COS is magnifying a subclus-

ter within the SDSS aperture. And if Onfp stars are indeed likely runaways expelled

from their natal clusters by binary interaction, they may see a substantially smaller

column of dust than other massive stars and thus are more likely to dominate the

He ii profile in the ultraviolet. We discuss these profiles further in Section 6.6.2.

6.6 Discussion

We have presented new ultraviolet spectra for a sample of nearby star-forming re-

gions hosting very young stellar populations at moderately sub-solar (likely near

LMC) metallicity. Such integrated spectra provide a key opportunity to test models

of the massive stars that dominate these clusters and similarly high specific star for-

mation rate systems at cosmological redshifts. We first discuss implications for UV
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Figure 6.8: The peculiar, apparently double-peaked He ii λ1640 profiles for SB 179
and 191 (note SB 191 also shows a narrow nebular component in addition). For
comparison, we plot the He ii λ4686 profile of the star N11–20, an rapidly-rotating
(v sin i = 260 km/s) Onfp giant in the LMC with the centrally-absorbed profile
characteristic of this spectral class (adapted from Walborn et al., 2010).
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nebular line detections at high-redshift, and then turn our attention to our ability

to reproduce the strong massive stellar wind lines detected in the UV.

6.6.1 Nebular C iii] Emission Powered by Moderately Metal-Poor Mas-

sive Stars

The growing body of rest-frame UV line detections at z & 6 has ignited substantial

interest in locating and understanding nearby galaxies that power similar emission.

Particularly puzzling among the four C iii] detections at these redshifts are those in

EGS-zs8-1 and z7 GND 42912, two very bright L?UV ' 3, 2 reionization-era galaxies

with C iii] measured at 22, 16 Å (respectively; Stark et al., 2015a; Hutchison et al.,

2019). This is an order of magnitude higher than typical galaxies at similar lumi-

nosities at lower redshift (e.g. Shapley et al., 2003; Du et al., 2017). The emerging

picture from extensive work at both z ∼ 2− 4 (e.g. Nakajima et al., 2018; Mainali

et al., 2019; Du et al., 2020) and in the local z ∼ 0 Universe (e.g. Rigby et al., 2015;

Senchyna et al., 2017, 2019) suggests that such prominent C iii] emission requires a

combination of both very high specific star formation rates & 10 − 100Gyr−1 and

very metal-poor (Z/Z� . 0.2, 12 + log O/H . 8.0) stars and gas. If such low metal-

licities are indeed necessary, these prominent C iii] detections at z > 6 imply that

these & L? systems reside at sub-SMC metallicities, implying a large shift in the

luminosity-metallicity relationship from z ∼ 2–6.

However, the most extreme of the local galaxies with UV spectroscopy hint at a

possible alternate solution. The detection of very strong ∼ 9– 11 Å C iii] emission

alongside prominent stellar He ii in SB 179 and 191, very young local star-forming

regions at 12+log O/H = 8.3 (Z/Z� ' 0.4), suggested that potentially very massive

O and WR stars could power stronger emission than expected at well above SMC

metallicities (S17). The spectra presented in this work for seven additional systems

selected in the same manner as SB 179 and 191 allow us to test this possibility.

In addition to their WR wind signatures in the optical, our targets extend to very

high sSFRs, and reach equivalent widths in [O iii] λ5007 up to 1719 ± 133 Å (in

SB 153) higher than in any of the targets studied in S17. According to the trend
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towards more prominent C iii] emission at high sSFR or W0([O iii]) displayed by that

sample and observed by others (e.g. Mainali et al., 2019), such young effective stellar

populations should be capable of powering equivalent widths in C iii] approaching

that observed in the reionization era.

In Figure 6.9 we plot the observed equivalent width of C iii] emission in these

systems and other UV observations of z < 0.1 star-forming galaxies. Despite their

extraordinarily high equivalent width optical emission lines and correspondingly

young effective stellar ages, none of these objects power C iii] emission above 12 Å.

Even SB 153, with extremely prominent wind emission at 3.9± 0.1 Å in He ii λ1640

and an effective young stellar population age of . 5 Myr (assuming a recent CSFH),

only reaches 8.7 ± 0.4 Å in C iii]. This suggests that we are observing the upper

envelope of the expected strength of C iii] at metallicities 12 + log O/H > 8.0.

Besides metallicity and sSFR, several other factors play a role in regulating

C iii] emission. The ISM abundance of carbon has a direct effect on the strength

of C iii], and can suppress this emission significantly at very low C/O. However,

our galaxies reside at moderate C/O abundances (−0.7 < log10(C/O) < −0.2, with

median −0.31; Table 6.5), consistent with other local systems at comparable oxygen

abundances but significantly higher than the bulk of more metal-poor galaxies at

12+log O/H < 8 which extend down to log10 C/O = −1.0 (e.g. Esteban et al., 2014;

Berg et al., 2019b). Finding star-forming galaxies at high redshift with substantially

higher C/O than these systems is unlikely given this observed pseudo-secondary

behavior and low-metallicity plateau in C/O in local systems. We do expect to

encounter α/Fe enhancement in high-redshift galaxies dominated by a rising star

formation history, which can lead to a lower-metallicity stellar population and thus

harder ionizing radiation field than expected from the gas-phase oxygen abundance

(e.g. Steidel et al., 2016; Strom et al., 2018; Sanders et al., 2020). The presence of

lower-metallicity stars may act to further enhance C iii] even at moderate gas-phase

oxygen abundance, though the magnitude of the effect will depend on the interplay

between both gas ionization shaped by these stars and cooling efficiency determined

largely by O/H.
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Even for systems dominated by very young stellar populations with prominent

optical [O iii] emission, it appears unlikely that C iii] significantly in-excess of 10

Å can be powered for stars and gas at metallicities above 12 + log O/H > 8.0

(Z/Z� & 0.2). The number of systems at very high sSFR studied at metallicities

12+log O/H > 8.4 remains relatively small (Fig. 6.9), but all are consistent with even

weaker C iii] . 5 Å. This is broadly consistent with the picture painted by photoion-

ization models (e.g. Jaskot and Ravindranath, 2016; Nakajima et al., 2018), which

indicate that both softer ionization radiation fields and lower electron temperatures

encountered at higher metallicities conspire to suppress collisionally-excited emis-

sion from the C iii] doublet. While C iii and O iii have similar ionization potentials

and our systems power extremely prominent [O iii] emission, the C iii] doublet is

far more sensitive to electron temperature than the optical [O iii] lines (e.g. Jaskot

and Ravindranath, 2016). As a result, C iii] is suppressed more strongly by the

drop in temperatures associated with the increased efficiency of metal-line cooling

at these high gas-phase metal abundances, producing the relatively sharp evolution

with metallicity we observe. The possibility remains that some of the strongest

emission & 20 Å encountered in this line at high-redshift may require additional

photoionization and heating from AGN (Nakajima et al., 2018; Le Fèvre et al.,

2019). However, in galaxies with nebular line ratios consistent with star formation,

detection of C iii] emission at equivalent widths in-excess of 15 Å can be considered

strong positive evidence for metallicities below that of the SMC (12+log O/H . 8.0).

Along with C iv and He ii emission which become prominent at yet lower metallici-

ties (12 + log O/H < 7.7; e.g. Senchyna et al., 2019; Berg et al., 2019a), these strong

UV nebular lines may be a powerful probe of early chemical evolution in the JWST

era when detection of [O iii] λ4363 is intractable due to faintness or when the optical

lines are entirely inaccessible at the highest redshifts.
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Figure 6.9: The equivalent width of nebular C iii] emission as a function of metal-
licity for the ten extreme WR galaxies in this work. We also show results from UV
spectra of nearby z < 0.1 galaxies assembled by Leitherer et al. (2011, L11), Gi-
avalisco et al. (1996, G96), Berg et al. (2016, B16), Senchyna et al. (2017, S17), Berg
et al. (2019b, B19), and Senchyna et al. (2019, S19b). While the galaxies presented
here extend to extremely high sSFR (indicated by their [O iii] λ5007 equivalent
widths) and all but one are detected in C iii], they all remain below 12 Å in equiv-
alent width in this doublet. This suggests that even galaxies dominated by very
massive stars cannot power emission in C iii] at the level observed at z > 6 at the
moderately-low metallicities of our sample (Z/Z� ∼ 0.2–0.5)
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6.6.2 On the Modeling of Galaxies Dominated by Young Stellar Popu-

lations

The accessibility of nebular emission at cosmological distances represents an op-

portunity to study early star-forming systems in much greater physical detail than

photometry alone can afford. Our understanding of galaxies in the reionization era

in particular will soon be transformed when JWST begins to deliver rest-frame opti-

cal emission line measurements from which constraints on physical parameters such

as metallicity and star formation history can be inferred. However, Spitzer photo-

metric excesses sensitive to the equivalent widths of these lines suggest that even

the most luminous galaxies at z ∼ 7 have substantially-higher sSFR than typical

galaxies at lower redshifts, with extreme value indicative of stars formed predom-

inantly on . 10 Myr timescales inferred for a sizable fraction (e.g. Labbé et al.,

2013; De Barros et al., 2019; Endsley et al., 2020). For systems dominated by such

young stellar populations, physical inferences drawn from the nebular lines are fun-

damentally linked to the ionizing spectrum assigned to populations of very massive

stars. This is implicitly true in the case of applying traditional strong-line metal-

licity calibrations for instance, and explicitly the case when stellar metallicities and

α/Fe are inferred from model fits with decoupled stellar and gas-phase abundances.

With direct calibration of this EUV radiation field for individual stars essentially

impossible and theoretical models highly sensitive to detailed physics both of stellar

evolution and atmospheres especially at these high masses (e.g. Lanz and Hubeny,

2003; Puls et al., 2005; Zastrow et al., 2013; Stanway and Eldridge, 2019), parame-

ters derived from analysis of nebular lines excited by such young stellar populations

are subject to potentially large and unquantified systematic uncertainties.

The star-forming galaxies presented in this work represent an opportunity to test

the degree to which modern stellar population synthesis models correctly model

stellar populations at specific star formation rates similar to those we expect to

encounter in the reionization era. These systems are by-selection dominated by very

young stellar populations, with [O iii]+Hβ equivalent widths at or exceeding the
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highest values inferred at z > 6. But unlike at high redshift (at least without deep

exposures prohibitively long to extend to large samples), our spectra simultaneously

provide access to high-ionization lines formed directly in the expanding winds of the

massive stars which power this line emission.

The strength of broad stellar He ii produced by very dense stellar winds has long

stymied stellar population models in galaxies where it is detected at high equivalent

width. In Section 6.4, we found that the latest iteration of the Charlot & Bruzual

(in-prep.) stellar models are able to largely reproduce the range of He ii equivalent

widths in our sample up to 4 Å, suggesting potentially significant improvements in

matching the properties of very young stellar populations. However, there are im-

portant degeneracies between many of the underlying physical effects which could

bring about such a population in the models. In particular, the CB models come

closer to the observed He ii equivalent widths relative to canonical population mod-

els in large part due to the adopted evolutionary tracks, which allow for a larger

number of very massive stars to drive optically-thick winds outside the canonical

WR pathway (see Section 6.4; Chen et al., 2015). These models do not consider

binary mass transfer effects, which can potentially power nearly as strong stellar

He ii at later ages by spinning-up mass gainers and producing WR-like helium stars

through quasi-homogeneous evolution (Figure 6.4; Eldridge and Stanway, 2012).

Since our systems are characterized by very young effective ages . 10 Myr where

the impact of binary mass transfer on the He ii line is likely to be sub-dominant

(Eldridge, 2012), they enable a unique case study to investigate whether the latest

single-star population synthesis models can self-consistently reproduce young stellar

populations and the nebular emission they power simultaneously.

In Section 6.5, we performed a straightforward test with beagle and the Char-

lot & Bruzual (in-prep.) stellar models to determine whether the stellar features

could be accurately predicted with fits to the optical nebular spectrum alone. Our

fits to the nebular emission in several systems (in particular, SB 80 and 125) re-

sult in predicted UV stellar C iv and He ii profiles at nearly the equivalent width

observed in our HST /COS spectra, suggesting that the models have identified a
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population of massive stars with wind properties largely consistent with those ob-

served using constraints on the ionized gas alone. However, the majority of systems

power notably stronger C iv and He ii wind signatures than the C&B models are

able to reproduce. In particular, our fits to SB 49, 179, and 191 each revealed

some combination of significantly underestimated emission and absorption in C iv

P-Cygni and underestimated broad emission in He ii. Even explicitly fitting the UV

stellar equivalent widths did not result in a consistent model picture for most of

the targets, yielding metallicities inconsistent with the strength of the temperature-

sensitive [O iii] λ4363 line and significantly over-estimated stellar wind emission in

the optical WR wind lines. Variations in α/Fe are often invoked to help explain mis-

matches between gas-phase and stellar inferred metallicities, and this is naturally

expected to produce large effective differences for systems dominated by a recent

burst. However, we observe an offset in the opposite sense of that expected from an

ISM dominated by Type II SNe yields, and it is highly unlikely that these systems

host such strongly subsolar α/Fe ratios as would be necessary to explain such an

offset. Likewise, aperture differences and dust attenuation are unlikely to account

for these offsets: we have focused on equivalent widths rather than fluxes, and dust

is unlikely to shield the nebular line-emitting gas more strongly than the massive

stars that power it.

Taken at face-value, our results indicate that the target galaxies host a larger

population of stars driving dense winds than expected by the stellar population syn-

thesis models. A simple explanation for this observation then is a overabundance of

massive stars relative to the model expectations. Such an overabundance would lead

both to more very massive stars approaching the Eddington limit and driving dense

winds, and to a larger fraction of stars entering the WR phase due to wind stripping,

and should thus be expected to influence both stellar He ii and the strength of C iv

absorption and emission (such dense winds produce the strongest P-Cygni emission

and deepest absorption troughs; e.g. Crowther et al., 2016). The effect of such

an offset would be expected to appear most clearly in the highest-metallicity sys-

tems where dense winds are encountered more frequently and at greater strength,



261

and indeed the most discrepant objects are all at the high end of the metallicity

distribution of our sample (12 + log O/H = 8.20–8.35). While stochastic IMF sam-

pling in very low-mass . 105 M� clusters can lead to an over-representation of the

most massive stars without invoking a change in the IMF form (e.g. Vidal-Garćıa

et al., 2017; Paalvast and Brinchmann, 2017), the discrepant objects are not biased

towards particularly small populations of massive stars. These objects extend to

relatively large inferred masses ∼ 106M� (in particular, SB 49 and 179 at 106.3 and

105.7M�, respectively) where stochastic sampling should be relatively unimportant.

In particular, using a dust correction derived from the optical with an SMC ex-

tinction curve (Section 6.3.1) and assuming a single WNL star has a luminosity in

He ii λ1640 of 1.2 × 1037 erg/s (Schaerer and Vacca, 1998; Chandar et al., 2004),

the integrated luminosity of He ii in these systems suggests that the number of WR

stars in the discrepant systems spans the entire range displayed by our sample; from

as few as N(WNL) '13 in the lowest-mass system SB 191 to as many as 300 and

1650 in SB 179 and 49, respectively. Thus, stochasticity alone is unlikely to explain

these model offsets.

Indeed, our observations suggest that the stellar populations in at least some of

these extreme star-forming regions may be more heavily-weighted to massive stars

than conventionally assumed. This would be naturally explained by a top-heavy

IMF or shallower high-mass IMF slope, biased more heavily towards massive stars

than our assumed Chabrier (2003) IMF. This is in agreement with at least some

other observational studies focused on similarly extreme star-forming environments

(Gunawardhana et al., 2011; Marks et al., 2012; Hopkins, 2018). In particular, the

dense star-forming region 30 Dor in the LMC shows evidence for both very massive

stars well in-excess of 150 M� as well as a significantly shallower high-mass IMF

slope than Salpeter, leading to a clear over-abundance of massive stars relative to

canonical expectations (Crowther et al., 2010, 2016; Schneider et al., 2018). Alter-

natively, this may indicate that the stars in these systems are well-described by our

assumed IMF but are driving denser winds than predicted by the models, possibly

due to a larger fraction reaching higher Eddington ratios than theoretically pre-
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dicted. Distinguishing these possibilities is challenging in these unresolved systems;

however, deeper and broader UV spectroscopic coverage spanning other mass and

luminosity-sensitive stellar wind lines such as OV and NV will likely provide far

more stringent constraints on the mix of massive stars present (e.g. Smith et al.,

2016). Regardless, our results suggest that population synthesis models may under-

predict the relative proportion of massive stars present in systems at very high SFR

densities such as we might expect to encounter at z > 6. While this would be visible

primarily in stellar wind signatures at high metallicities, an IMF bias towards higher

mass stars at lower metallicity where winds are substantially weaker and increas-

ingly transparent to EUV radiation may instead reveal itself primarily in a harder

ionizing spectrum reflected in nebular emission, with significant consequences for

studies limited to these lines at high redshift.

So far we have focused on ways to resolve this discrepancy in the context of single

star stellar evolution predictions. As discussed in Section 6.4, our systems have very

low inferred ages where the impact of binary mass transfer on stellar He ii from more

numerous lower-mass stars has been predicted to be small. However, it is possible

for mass transfer and collisions to affect the evolution of the most massive stars in a

cluster on very short timescales (e.g. de Mink et al., 2014). In fact, such interactions

have been suggested as a primary origin of a large fraction of the most luminous

stars observed in young clusters like R136 (Schneider et al., 2014). A potential clue

pointing to this possibility is the resolved profile of He ii λ1640 for two of the most

prominent emitters, SB 179 and 191. As discussed in Section 6.5.2, both of these

systems reveal broad emission at similar overall width to the other galaxies but with

a peculiar double-peaked or centrally-absorbed profile. One possible origin of such

a feature is in very rapidly-rotating massive stars with a co-rotating dense stellar

wind, potentially products of stellar collisions in very dense clusters or of significant

spin-up by binary mass transfer (Walborn et al., 2010). This profile and anomalously

high equivalent width are potentially consistent with a population of massive stars

dramatically affected by binary evolution even � 10 Myr after formation. High

spatial and spectral resolution optical IFU observations probing the He ii λ4686 line
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across these systems are necessary to confirm and narrow the origins of this peculiar

emission profile. Detailed comparison of the spectra of these highest equivalent

width He ii emitters with stellar population synthesis models incorporating both

IMF variation and increasingly sophisticated treatment of binary mass transfer will

provide important guidance on the implementation of these uncertain but crucial

aspects of stellar population modeling.

6.7 Summary

Nearby star-forming regions at very young ages represent a crucial testbed for models

of massive stellar populations and as a benchmark for understanding high-redshift

galaxies. At modestly-low metallicities, strong stellar wind signatures can provide

direct insight into the properties of the most massive stars present in these popula-

tions. In this paper, we presented new ultraviolet spectra probing the highly-ionized

stellar winds powered by stars in 7 very high specific star formation rate systems

with WR signatures in the optical (Section 6.2). The optical and ultraviolet spectra

both reveal clear signatures of massive stars at gas-phase metallicities corresponding

to 25–40% solar (Section 6.3). In particular, we detect both C iii] and O iii] neb-

ular emission alongside extremely prominent stellar He ii λ1640 emission alongside

strong C iv P-Cygni features produced in dense stellar winds (Section 6.4). These

high-quality spectra enable us to conduct a unique test to determine if the latest

stellar population synthesis models are able to reproduce both the winds powered by

massive stars and the ionized gas they excite simultaneously. Our main conclusions

are summarized as follows:

• We detect nebular C iii] in all of the targeted systems, confirming its ubiquity

at high sSFR in galaxies below 50% solar metallicity. However, the equiv-

alent widths in this doublet only reach a maximum of 11 Å for the entire

sample of local galaxies in this metallicity range (8.1 < 12 + log O/H < 8.4),

likely due to efficient gas cooling at these metallicities. This suggests that the

most prominent emission powered by stars in this line (> 15 Å) requires gas
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and/or stars at or below SMC metallicity (Z/Z� . 20%), suggesting that the

massive reionization-era systems detected at these equivalent widths may be

significantly metal-poor.

• We find that the latest Charlot & Bruzual (C&B, in-prep) stellar models are

able to reach significantly higher stellar He ii equivalent widths than previous

models, and are able to largely reproduce the extreme range of stellar C iv and

He ii strengths populated by our sample. This suggests that the new mass-loss

formalism adopted by the underlying stellar evolution models may be required

to reproduce the spectra of the most extreme local star-forming regions.

• However, population synthesis fits using beagle and these models system-

atically under-predict the strength of both C iv and He ii in the UV. We are

unable to find simultaneous satisfactory agreement between the stellar wind

features and the optical nebular lines and WR features, suggesting that these

models are missing a source of stars driving dense winds. We suggest that a

top-heavy IMF or binary spin-up of a significant fraction of the most massive

stars may be required to explain the most prominent stellar He ii we observe.

As stellar population synthesis models become increasingly sophisticated and

their applications to observables at high-redshift become increasingly varied, it is

ever more important to anchor their predictions empirically where possible. Nearby

star-forming regions such as these represent a crucial benchmark for population

synthesis at the extremely young ages required to reproduce high-redshift galaxies.

Our results suggest that even the latest prescriptions for massive stars fall short of

fully reproducing the wind properties of the highest sSFR systems nearby at ∼ 30%

solar metallicity, potentially due to an overabundance of very massive stars or a very

high rate of spin-up at early times. If confirmed, these processes would have even

more dramatic impacts on the integrated ionizing spectrum of stellar populations

at lower metallicities where the winds they drive are substantially weaker or trans-

parent. This underscores the importance of ensuring the next generation of stellar

population synthesis predictions are capable of matching these benchmark systems.
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CHAPTER 7

Summary and Future Directions

7.1 Overview

In this concluding chapter, I first summarize the results of the preceding chapters,

and the lessons learned from the presented observations regarding both the inter-

pretation of early Universe spectroscopy and very metal-poor stellar populations.

I then present an outline of a path towards direct calibration of stellar population

synthesis models below the metallicity of the SMC, and some preliminary results

along these lines.

7.2 Summary of This Dissertation

In Chapter 2, I presented HST /COS UV spectroscopy for a sample of ten star-

forming regions spanning a wide range in metallicity: 7.7 < 12 + log O/H < 8.5.

These systems were selected to show optical He ii emission and to reside at sSFRs

well in-excess of the regime probed by archival UV spectroscopic samples in the

local Universe, probing stellar populations at effective ages of-order 10 Myr. The

ultraviolet spectra reveal a diversity of features, including prominent emission in

C iii] and O iii] for many. In combination with archival UV spectra spanning a

wider range in star formation history and metallicity, these data confirm that stellar

populations can power prominent C iii] in the ∼ 5–15 Å regime, approaching that

observed at high-redshift; but only for systems both dominated by young stars and

with metallicities < 50% solar. I discuss the transition in the spectral properties

of our sample with decreasing metallicity, from UV spectra dominated primarily

by stellar wind signatures among those above SMC metallicity (12 + log O/H >

8.0, Z/Z� & 0.2) to nebular emission even in the high-ionization C iv and He ii
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lines among those systems below. This is tracked by a marked increase in the

maximum observed optical flux ratio of He ii/Hβ with decreasing metallicity, a proxy

for spectral hardness across the He+-ionizing edge: Q(He+)/Q(H). Though the data

do not completely rule out the presence of other sources of hard ionizing radiation,

this is consistent with a hardening in the underlying stellar ionizing spectrum with

decreasing stellar metallicity reflected also in diminishing stellar wind strengths.

The observed trend in spectral hardness suggests yet stronger high-ionization line

emission might be powered by yet more metal-poor systems.

In Chapter 3, I present HST /COS observations of a new sample of local star-

forming galaxies this time selected to reside at lower gas-phase metallicities in the

XMP regime (at 12 + log O/H < 7.7, or Z/Z� . 10%). These new spectra confirm

that C iii] remains strong (> 10 Å) even at these extremely low metallicities for the

highest-sSFR systems. Despite the fact that these systems were selected only on

metallicity and apparent magnitude, nebular He ii emission is detected in half at

strength relative to Hβ higher than in all but one of the He ii-emitters studied in

Chapter 2. This suggests that this line is ubiquitous at these metallicities, even in

relatively low-sSFR galaxies (effective stellar ages ∼ 10–100 Myr). The C iv doublet

is detected in nebular emission for the highest-sSFR galaxy in our sample at equiva-

lent width exceeding the largest observed in Chapter 2 at higher metallicity; and in

the full sample of local XMPs with C iv constraints, this doublet is detected almost

uniformly in XMPs undergoing a sufficiently high-sSFR period of star formation

(Hβ equivalent widths & 100 Å). However, the spread in C iv equivalent width even

at these extreme sSFRs is large; and local systems still fall short of the & 20 Å lev-

els observed in some reionization-era systems. Interestingly, the weak but detected

C iv P-Cygni profile in one of the C iv emitters is inconsistent with significant α/Fe

enhancement at the levels inferred in z ∼ 2 LBGs. These data suggest that nebular

C iv with UV line ratios consistent with stellar photoionization may be an effective

signpost of very active star formation at extremely low metallicity and potentially

enhanced α/Fe in the reionization era.

The results of Chapter 3 underscore the importance of investigating the highest-
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sSFR systems at very low metallicity to access the uncontaminated signatures of the

ionizing radiation of very metal-poor massive stars; and in Chapter 4, I present a

new technique to locate precisely such systems. Leveraging the fact that [O iii]+Hβ

and Hα contaminate the g and r bands at z < 0.03, I use SDSS imaging to identify

new candidate galaxies with very high equivalent width optical emission lines and

colors consistent with near-unity Hα/[O iii] ratios within the local 100 Mpc volume.

Follow-up spectroscopy to obtain direct-Te abundances with the MMT confirmed

53 new metal-poor star-forming galaxies at very high-sSFR, with 32 residing in the

XMP regime. We establish that these systems are dominated by younger stellar

populations and as a result host more highly-ionized gas than the bulk of XMPs

uncovered at brighter apparent magnitudes by the SDSS spectroscopic survey. Con-

sequently, they are likely more appropriate reference systems to analyze stellar pop-

ulations comparable to those in high-redshift galaxies than other XMPs with more

protracted star formation histories. We compare the He ii λ4686 emission in stacked

spectra of two subsamples divided by Hβ equivalent width, and surprisingly find that

the He ii line is present at comparable strength in both. This suggests that the ion-

izing radiation powering this line is likely produced on timescales > 10 Myr. This is

longer than the lifetime of the most massive stars, but qualitatively consistent with

an origin in products of binary mass transfer extending to lower primary ZAMS

masses.

Disentangling sources of photoionization is a crucial step towards interpreting

and leveraging nebular line information; and in Chapter 5, I consider the oft-cited

possibility that high-mass X-ray binaries (HMXBs) might contribute to observed

He ii emission. In particular, I present photoionization models consisting of a com-

posite stellar population SED and a multi-color disk model approximation to repre-

sent an HMXB contribution to the ionizing continuum. These models illustrate that

if HMXBs described by this model contribute significantly to He+ ionization relative

to the stellar population under relatively conservative assumptions, they must be

extremely luminous in X-ray; with LX,0.5−8 keV/SFR ratios in excess of 1042 erg/s

per unit SFR and scaling in proportion to He ii/Hβ To test this prediction, I collate
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Chandra X-ray observations for a set of local galaxies with high-quality constraints

on He ii emission. The observations reveal that these He ii-emitters power far less

luminous X-ray emission relative to their SFR than this model would imply; and no

clear correlation exists between the X-ray and He ii detections in this sample. This

significantly narrows the set of ionizing sources which could be responsible for pow-

ering He ii in local XMPs, leaving it increasingly likely that this nebular emission

could be a novel probe of uncertain products of stellar evolution made increasingly

visible in the ionizing continuum by diminishing stellar winds.

Finally, in Chapter 6 I present HST /COS spectra of a sample of galaxies

selected on the presence of broad He ii emission originating directly in the winds of

massive Wolf-Rayet (WR) or WR-like stars. These spectra reveal that even at these

extremely high sSFRs, these relatively metal-rich systems at 12 + log O/H > 8.0

do not power nebular C iii] in excess of 12 Å. This suggests that like strong C iv

emission below 10% solar metallicity, prominent C iii] at equivalent widths & 15

Å as has been detected in several massive galaxies at z > 6 may be a positive

indicator of gas and stars at sub-SMC metallicities (Z/Z� < 0.2). While well above

the metallicities where strong nebular C iv and He ii are routinely powered, the

strong stellar wind signatures visible in these lines provide a unique opportunity

to test stellar population synthesis predictions for very massive stars at ages where

binary evolutionary effects are likely to be relatively minimal. Population synthesis

predictions neglecting binary evolution but incorporating new prescriptions for mass

loss for very luminous stars come far closer to reproducing the range of stellar

He ii and C iv equivalent widths observed for this sample than previous models.

However, the single-star models are unable to simultaneously reproduce these stellar

wind features and the nebular line emission that the underlying stellar population

powers in the systems with the strongest wind signatures. These results suggest that

either the IMF is more heavily-weighted towards very massive stars than canonically

expected in these systems, or that binary mass transfer processes have a significant

impact on the integrated spectrum of these star-forming regions even at very young

inferred ages.



269

7.3 Towards Stellar Population Synthesis Model Calibration at Ex-

tremely Low Metallicity

The work presented in this dissertation illustrates the crucial role that local metal-

poor star-forming galaxies have to play as a reference sample for the empirical

interpretation of galaxy spectra obtained at very high redshift. However, such com-

parisons must always be made with due caution: local dwarf galaxies can only ever

be treated as ‘analogues’ to high-redshift systems along certain axes. For example,

z ∼ 0 star-forming galaxies will always be constrained to lie at significantly lower

halo and stellar masses at fixed metallicity than their high-redshift counterparts,

by virtue of chemical enrichment over gigayears of cosmic time. As a result, obser-

vations of star formation in galaxies comparable in metallicity and sSFR at z ∼ 0

and 7 will inherently probe different physical scales, making direct comparison of

e.g. Lyman continuum escape properties challenging. For another, as we discussed

in Chapter 3, local metal-poor dwarf galaxies even at high sSFR may harbor signif-

icantly lower α/Fe abundances than typical high-redshift systems with continually

rising star formation histories. This complicates direct nebular line comparison

since local systems may never or only rarely harbor the same combination of gas-

phase abundances and stellar metallicity as systems common in the reionization era.

Such limitations must always be considered carefully whenever directly comparing

systems across the gulf of cosmic time.

That is not to say, however, that the present uncertainties are irreducible. But

instead of seeking perfect matches to high-redshift systems, the path forward must

rely on using detailed observations in the local Universe to confront, guide, and

ultimately calibrate our models for individual underlying physical processes. And

as motivated in Chapter 1, models of young stellar populations at metallicities

below that of the SMC remain a critical and essentially theoretical ingredient in the

interpretation of high-redshift systems. In particular, the ionizing spectrum powered

by metal-poor massive stars as a function of age is highly uncertain, and sensitive

to products of binary mass transfer which themselves are as-yet poorly constrained
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empirically. Though local star-forming systems likely have different combinations

of stars and gas than those at z > 6, the physics that governs the stars and the

ionizing radiation they emit will remain the same — and clusters of metal-poor stars

in the local Universe represent the most accessible laboratory in which to study these

populations in detail.

The ramifications of revisions to low-metallicity stellar population model pre-

dictions are wide-ranging. First, as discussed extensively above, our ability to suc-

cessfully interpret high-ionization nebular emission lines detected at high-redshift

is intimately related to the accuracy of (presently, essentially) entirely theoretical

prescriptions for the hard ionizing spectrum powered by metal-poor stars. Even

ignoring lines like He ii which are sensitive to the highest-energy photons emitted

by stars, many of the scientific objectives of JWST and the 30m-class telescopes

hinge on the extraction of constraints on physical parameters such as metallicity

and star formation history from nebular spectroscopy. Motivated by the puzzling

nebular properties of LBGs at z ∼ 3 (discussed in Chapter 1), many authors have

begun to explicitly decouple and treat separately the stellar and gas-phase metal-

licities in modeling and fitting nebular emission lines at high redshift (e.g. Strom

et al., 2018; Sanders et al., 2020). While this may be necessary to consistently re-

produce these nebular line ratios, the stellar metallicity inferred from this analysis is

fundamentally tied to the assumed mapping from stellar metallicity to the ionizing

spectrum, which can vary significantly between different stellar population synthesis

models. Likewise, the effective stellar population age and recent star formation his-

tory inferred from such analyses are intimately linked to predictions for the change

in the ionizing spectrum with age, which is particularly sensitive to the treatment

of binary mass transfer and its products (e.g. Eldridge et al., 2017; Götberg et al.,

2019). Without calibration of these stellar model predictions, our understanding of

chemical evolution and star formation at the highest redshifts and lowest masses at

intermediate redshifts will be subject to significant systematic uncertainties.

In the remainder of this chapter, I highlight several projects and research direc-

tions that together map a path towards an empirical picture of very young stellar
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populations below SMC metallicity. As has canonically held at higher metallicities,

the closest star-forming galaxies likely represent our best chance to reduce the large

systematic uncertainties that remain in our understanding of stellar evolution in the

extremely metal-poor regime.

7.3.1 Towards Calibration of the Stellar Ionizing Spectrum in the Ex-

tremely Metal-Poor Regime

The ionizing spectra of young stellar populations can only be constrained indirectly

by observing the nebular emission it powers in nearby gas. While this nebular emis-

sion is precisely what we would like to interpret more confidently with improved

stellar models at high-redshift, comparison of model predictions to local observa-

tions of this emission are also the only confirmation that the predicted stellar ion-

izing spectrum is reasonable. This work has largely been limited to relatively high

metallicities 12 + log O/H & 8.0 (e.g. Levesque et al., 2010; Xiao et al., 2018). But

in Chapter 4, I demonstrated a new method to locate extremely metal-poor galax-

ies at very high sSFR through broadband photometry alone, confirming 53 new

metal-poor star forming systems dominated by massive stars including 32 XMPs.

By virtue of their very young effective stellar ages and the fact that a single super

star cluster likely completely dominates their UV–optical emission, such low-mass

galaxies represent a particularly clean window onto the ionizing spectrum powered

by recently-formed low-metallicity stars. While these discovery spectra were rel-

atively shallow, a simple stacking experiment revealed surprisingly uniform He ii

emission relative to the continuum as a function of Hβ equivalent width.

Such an analysis can directly inform models for the evolution of the ionizing

spectrum and very hot stars with population age. However, approaching such con-

straints will require deeper spectra with significant high-ionization line constraints

before stacking. We have already obtained deeper optical spectra for several of these

new high-sSFR XMPs with MMT/Binospec, which reveal high signal-to-noise detec-

tions of nebular He ii. The highest-sSFR systems studied by SDSS and other spec-

troscopic surveys at brighter apparent magnitudes extend the sample of galaxies this
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analysis can be applied to to of-order tens of XMPs probing stellar populations on

. 10 Myr timescales. By comparing the observed distribution of age-sensitive equiv-

alent widths and ionization-sensitive line ratios probing photon energies throughout

13.6–54.4 eV to photoionization predictions from a variety of modern population

synthesis codes, the first implicit empirical constraints on the time evolution of the

ionizing spectrum at < 10% solar metallicity will be readily obtained.

Ultimately, the robustness of these constraints will rest on the number of systems

to which this work can be extended. This number determines how finely the systems

can be binned as a function of metallicity and age, and the degree to which out-

liers with non-stellar photoionization contributions can be identified. As discussed

in Chapter 4 and further evinced by early results from the application of similar

photometric selection techniques to deeper HSC imaging (Kojima et al., 2019), it

is likely that a substantial population of extremely young and metal-poor XMPs

reside at fainter magnitudes i & 22. These fainter systems will be crucial to ex-

tending this analysis to the lowest metallicities < 5% solar where very few systems

are presently known, and next-generation photometric surveys such as VRO/LSST

extending to unprecedented depths & 25–26 AB will likely dramatically expand the

number of such systems known. But unfortunately, sufficiently deep spectroscopy of

these faint systems will be prohibitively expensive with currently-available instru-

mentation, and still expensive without multiplexing using 30m-class facilities.

Instead, I suggest that a significant expansion of this calibrator sample can be

made by simply turning our attention away from the SDSS footprint. This ∼14,000

square degree region and the northern hemisphere in general has been the site of

the vast majority of progress made in locating XMPs over the last several decades.

Only a handful of XMPs are known at declinations < −20◦, primarily consisting of

relatively bright dwarfs identified in nearby (. 5 Mpc) galaxy groups and particu-

larly luminous emission line objects found in the Tololo and University of Michigan

objective prism surveys (Salzer et al., 1989; Terlevich et al., 1991; Lee et al., 2003;

Morales-Luis et al., 2011). The deepest large-scale redshift surveys in the south

(2dFGRS and 6dFGS; Colless et al., 2001; Jones et al., 2009) had substantially
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brighter magnitude limits than the SDSS spectroscopic survey (V ∼ 17), and to-

gether uncovered only a handful of additional XMPs (Papaderos et al., 2006, 2008;

Guseva et al., 2009).

The southern hemisphere thus represents essentially unexplored terrain for XMP

searches. As a postdoctoral fellow, I have initiated a Magellan/MagE campaign to

extend a systematic photometric search for XMPs to the Dark Energy Survey DR1

fields, spanning ∼ 5000 deg2 grizY to photometric depths ∼ 2 magnitudes fainter

than the SDSS (DES; Abbott et al., 2018). Early experimentation with candidate

selection indicates that a modified version of our SDSS photometric cuts (Chap-

ter 4) coupled with the high-confidence star–galaxy separation in the DR1 dataset

will yield hundreds of high-quality XMP candidates with no prior spectroscopy. The

galaxies uncovered by this search will substantially expand the sample of calibrators

accessible to deep spectroscopy for the study of the ionizing spectrum, and poten-

tially uncover a significant number of particularly low-metallicity systems at the

faint end of the apparent magnitude distribution.

7.3.2 Linking the Ionizing Spectrum to Stellar Metallicity

A fundamental assumption sidestepped in the previous section is that we will be

able to link the ionizing spectral constraints we have obtained to a stellar metallicity.

The abundance of iron in the massive stars powering nebular emission is the relevant

quantity in any analysis of their ionizing spectrum or other fundamental properties,

but our optical spectroscopy primarily delivers us only gas-phase abundances of

α elements like oxygen. Some photospheric iron signatures are accessible in the

optical wavelength range (e.g. Kudritzki et al., 2016; Zahid et al., 2017), but they

are primarily singly-ionized iron lines that are very weak in hot, young stars and

completely washed-out in integrated spectra of very young stellar populations like

those of interest here.

Instead, the most direct probe of the metallicity of the massive stellar popula-

tions are suites of photospheric lines produced by highly-ionized iron and iron-peak

elements accessible in the ultraviolet wavelength range (e.g. Rix et al., 2004). Unfor-
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tunately, these lines are sufficiently weak as to be generally undetected at sub-SMC

metallicities in the few-orbit spectroscopic exposures that constitute the vast major-

ity of local UV spectroscopic work on metal-poor star-forming dwarf galaxies with

HST . While extending such an analysis to a large sample of XMPs would be pro-

hibitively expensive, a joint study of stellar iron and gas-phase α abundances in a

subset of such systems would allow us to determine whether high-sSFR XMPs are

α-enhanced and if so to what degree and with what scatter.

Our team has conducted a multi-cycle HST /COS campaign to answer precisely

this question. In GO:15646 and 15881 (PI: Stark), we have obtained ultra-deep

5–10 orbit G160M exposures for very high-sSFR sub-SMC systems selected from

Senchyna et al. (2017, 2019); Berg et al. (2016, 2019b) to show a wide variety of

nebular C iv strengths. These spectra will allow us to directly infer α/Fe abun-

dances, and determine whether significant α enhancement is required to explain the

observed scatter in C iv emission.

In Figure 7.1, I plot the combined ten-orbit spectrum for HS1442+4250, the

second-strongest nebular C iv emitter known locally. In Section 3.3.4 of this disser-

tation, we found that the strength of the C iv P-Cygni wind feature in a single-orbit

spectrum of this system was consistent with a stellar metallicity matched to that

expected from the gas-phase oxygen abundance assuming solar abundance ratios

(near 10% solar metallicity). At ten-orbit depths, however, we directly detect at

high signal-to-noise multiple absorption lines of Fev produced in the photospheres

of the hot O-stars dominating this system. Surprisingly, however, a preliminary

comparison of the strength of these absorption features to predictions from BPASS

v2.2 (which provides UV spectra at comparable resolution to the HST /COS data,

with OB star models from a custom WM-Basic grid; Smith et al., 2002; Eldridge

et al., 2017) indicate that these features are more consistent with a significantly

lower metallicity, near 3% solar; and even lower if a very young age where the most

massive stars dominate is assumed. Interestingly, while several Fev lines are well-

matched by this model (particularly those near 1440 and 1460 Å), some other Fev

features appear far stronger in the models than in the data (e.g. at 1469 Å) and vice-
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versa (e.g. at 1456 Å), potentially due in part to blending with other species. Robust

metallicity constraints from these spectra will await in-progress full continuum fits

including lower-ionization photospheric lines and experimentation with other pop-

ulation synthesis libraries; but already this spectrum hints at both potential α/Fe

enhancement and intriguing departures from theoretical UV stellar models.

7.3.3 Direct Constraints on Massive Star Physics Below SMC Metallic-

ity

The steps described above are necessary to obtain empirical constraints on the

real ionizing spectrum powered by very metal-poor stars. However, even given

an experimentally-determined EUV spectrum, calibration of the underlying physics

responsible for this spectrum cannot be done uniquely. Anchoring the models ro-

bustly will necessarily require direct constraints on the input physics, and this can

only be confidently obtained from spectra of individual massive stars.

As described in Chapter 1, one of the key uncertainties in the modeling of both

stellar evolution and atmospheres is the scaling of mass loss rates. Lower-metallicity

massive stars are expected to power substantially weaker winds via metal line driv-

ing, which is borne-out by observations in the Milky Way and Magellanic Clouds

(e.g. Vink et al., 2001). This has consequences both for predicting the transparency

of these winds to hard ionizing radiation especially beyond the He+-ionizing limit,

and for expectations for stellar evolution. Less wind-driven mass and angular mo-

mentum loss on the main sequence means that binary mass transfer is much more

likely to play a significant role in stripping and spinning-up stars, for instance. A

substantial amount of progress has been made in calibrating the predicted weakening

in these winds down to the metallicity of the SMC; and even at these metallicities

there are hints of deviations from the canonical predictions. In particular, relatively

late O stars show evidence for an unexpected steepening in UV-derived mass loss

rates with diminishing luminosity of unclear origin (e.g. Martins et al., 2005; Mar-

colino et al., 2009; Ramachandran et al., 2019), potentially due to wind ionization

structure changes due to X-ray heating that are not fully accounted for. Much
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Figure 7.1: Detection of photospheric Fev absorption lines in an ultra-deep 10 orbit
G160M exposure of HS1442+4250. We highlight the expected wavelengths of the
strongest Fev transitions from Dean and Bruhweiler (1985) with vertical dashed
lines, and overlay model spectra for a CSFH population with metallicity Z = 0.006
(Z/Z� = 3%) at ages of 1 and 10 Myr from BPASS v2.2 (Eldridge et al., 2017).
In contrast to our inference from the strength of the stellar C iv P-Cygni feature
in a shallower UV spectrum (Section 3.3.4), this preliminary model comparison to
these photospheric lines suggest that the dominant OB stars are significantly more
metal-poor than expected from the gas-phase assuming solar abundances.
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weaker winds for such stars imply potentially dramatic differences in their expected

evolution.

As of yet, however, massive stellar model calibration has stopped at the metallic-

ity of the SMC. While OB stars in Local Group galaxies with lower gas-phase oxy-

gen abundances like IC 1613 and WLM have been targeted with UV spectroscopy

previously to measure their iron abundances and wind properties, none have been

confirmed to reside at sub-SMC iron abundances (Bouret et al., 2015, though see

preliminary results from Sextans A in Garcia et al. 2019a). Though limited in num-

ber and relatively faint, more metal-poor OB star populations in the Local Group

likely exist; and the relatively un-extincted population in the isolated dwarf irregular

Leo A is among the most accessible (e.g. Cole et al., 2007; Kirby et al., 2017).

In HST Cycle 27, we obtained 8-orbit HST /COS UV spectra of two late-O dwarfs

at the tip of the WFC3 main sequence in this galaxy (GO:15921, PI: Senchyna).

Detailed atmosphere modeling to derive abundances and mass loss rate constraints

from these spectra are underway. However, a qualitative comparison with a COS

spectrum of an SMC dwarf of similar spectral type (AzV 148; Bouret et al., 2013) in-

dicates that the photospheric iron features in these Leo A stars are indeed consistent

with a sub-20% metallicity. In addition, we detect a C iv P-Cygni wind signature

in both at significantly weaker strength than in AzV 148, consistent with a corre-

spondingly lower mass loss rate, as expected. But intriguingly, the blue extent of the

absorption in these P-Cygni profiles are by-eye very comparable to that measured in

AzV 148. Though actual v∞ measurement will await more detailed modeling, this

is potentially evidence for a similar wind terminal velocity in these lower-metallicity

stars, in contrast with expectations from classical radiatively-driven wind theory.

Regardless, these spectra suggest that the massive stars in Leo A are indeed

at sub-SMC metallicity. In conjunction with additional lower-resolution UV spec-

troscopy being assembled in Sextans A and NGC 3109 by the Ultraviolet Legacy

Library of Young Stars as Essential Standards (ULLYSES) DDT program over the

next cycles, we are poised to obtain the first empirical picture of a statistical sam-

ple of massive stars at reionization-era metallicities. This will finally enable tests
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Figure 7.2: Six and seven orbit HST /COS G160M spectra of two late-O dwarfs in
the dIrr Leo A. For comparison, we also the plot the spectrum of an SMC star of
similar spectral type. Qualitative comparison of the photospheric lines suggests that
these Leo A stars are indeed sub-SMC in metallicity, and the C iv P-Cygni feature
detected in both then represents our first direct glimpse of stellar winds below 20%
solar metallicity.
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of stellar physics ranging from wind driving to the distribution of rotation rates

and effective temperature scale to be extended to metallicities approaching those

we expect to encounter in the most distant galaxies JWST will uncover.
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APPENDIX A

Appendix to Chapter 2

A.1 Distances and Identifiers

SB 2: (SDSS J094401.87-003832.1, MCG+00-25-010, CGCG 007-025, SDSS Plate-

MJD-Fiber 266-51630-100) An extended BCD with at least four bright components

in a linear configuration in SDSS imaging. The SDSS and COS spectral apertures

were centred on the brightest central object. We compute a distance of 18.7 Mpc.

At this distance, the HST /COS aperture radius corresponds to ∼ 113 pc.

SB 36: (SDSS J102429.25+052450.9, Plate-MJD-Fiber 575-52319-521) An iso-

lated BCD with a cometary shape. We find a distance of 141 Mpc, well into the

Hubble flow; at which the HST /COS aperture radius corresponds to ∼ 850 pc.

SB 80: (SDSS J094256.74+092816.2, Plate-MJD-Fiber 1305-52757-269) A

bright H ii region embedded in the warped disk of UGC 5189. We find a distance of

46.5 Mpc from the infall-corrected redshift, in good agreement with the similarly-

derived result of 46.4 Mpc (Baillard et al., 2011). The HST /COS aperture radius

subtends 280 pc at this distance.

SB 82: (SDSS J115528.34+573951.9, Mrk 193 , Plate-MJD-Fiber 1313-52790-

423) An isolated BCD. We compute a distance of 75.6 Mpc, corresponding to a

HST /COS aperture physical radius of ∼ 460 pc.

SB 110: (SDSS J094252.78+354726.0, Plate-MJD-Fiber 1594-52992-563) An

isolated BCD with only a hint of extended emission beyond the bright H ii region.

We find a flow-corrected distance of 63.0 Mpc, at which distance the HST /COS

aperture radius corresponds to ∼ 380 pc.

SB 111: (SDSS J123048.60+120242.8, LEDA 41360, Plate-MJD-Fiber 1615-

53166-120) An isolated BCD. This cometary galaxy is dominated by a bright H ii

region where the SDSS spectral aperture was placed, with a much dimmer diffuse
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component extending to the west. It was assigned membership to the Virgo cluster

by Giovanelli et al. (2007), following the group assignment procedure described by

Springob et al. (2007) and the peculiar velocity model of Tonry et al. (2000). Thus,

we assume the distance of the Virgo cluster, 16.5 Mpc. At this separation, the

HST /COS 1.25′′ radius aperture probes a physical scale of-order ∼ 100 pc.

SB 179: (SDSS J112914.16+203452.0, LEDA 35380, Plate-MJD-Fiber 2500-

54178-84) A blue H ii region / cluster at the southwest end of the disturbed disk

galaxy IC 700. The distance of IC 700 has been estimated from the Tully-Fisher

relation (typical errors of-order 20%) to be ∼ 21.5 Mpc (Bitsakis et al., 2011). Our

local flow estimate provides a distance of 24.6 Mpc, in reasonable agreement with

the Tully-Fisher result. We adopt the 24.6 Mpc measurement, at which distance

the HST /COS aperture radius subtends ∼ 150 pc.

SB 182: (SDSS J114827.33+254611.7, LEDA 36857, Plate-MJD-Fiber 2510-

53877-560) A BCD with a neighbouring object of similar brightness to the northwest

(likely a star based on SDSS photometry). The redshift of this object suggests it is

well into the Hubble flow at a distance of 191 Mpc, where the HST /COS aperture

probes a region of radius ∼ 1.2 kpc.

SB 191: (SDSS J121518.58+203826.6, Mrk 1315, LEDA 39187, KUG

1212+209B, Plate-MJD-Fiber 2610-54476-421) A prominent H ii region embedded

in the southeast arm of the barred-spiral NGC 4204. A precise distance measure-

ment is not available to this source; the Updated Nearby Galaxy Catalog provides

an estimate of 8.0 Mpc based on surface fluctuations (Karachentsev et al., 2013).

The Extragalactic Distance Database (Tully et al., 2009) a preferred distance esti-

mate of 10 Mpc based on a numerical action kinematic model. Our local flow model

suggests there is some degeneracy between this position and one consistent with the

Virgo cluster — HyperLeda (Makarov et al., 2014) estimates a distance of 14.3 Mpc

from the flow-corrected velocity. We adopt a distance estimate of 10 Mpc for this

work. At 10 Mpc, the HST /COS aperture radius corresponds to ∼ 60 pc.

SB 198: (SDSS J122225.79+043404.7, SDSSCGB 20312.2, Plate-MJD-Fiber

2880-54509-277) A bright H ii region embedded in the face-on spiral galaxy NGC
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4301. Its velocity and position suggest that NGC 4301 is in the Virgo cluster (see

also Gil de Paz et al., 2007). Thus, we adopt a distance of 16.5 Mpc. At this

distance, the HST /COS aperture radius corresponds to ∼ 100 pc.

A.2 Archival UV Targets

In order to explore the factors which control the UV line emission (and in particular

that of C iii]), we compare our high-sSFR sample to a larger set of local systems

with UV and optical measurements in Section 2.5. We collect archival UV data

from MAST for star-forming galaxies catalogues by Leitherer et al. (2011, FOS and

GHRS; hereafter L11), Giavalisco et al. (1996, IUE; G96), and Berg et al. (2016,

COS; B16). We fit C iii] using our line-fitting software (see Section 2.2.6) and adopt

the gas-phase metallicity measurements from these authors. We also gather optical

measurements from the literature and from SDSS for these objects where available,

attempting to match the UV aperture pointings. The objects and the sources of

their optical line measurements are summarized in Table A.1.

In addition to the objects explicitly included in the FOS/GHRS atlas assem-

bled by Leitherer et al. (2011), we also examine the other systems with FOS data

presented by Garnett et al. (1995) which were excluded. These are C1543+091, 30

Doradus, and SMC-N88A. The latter two are individual star-forming regions located

in the LMC and SMC, respectively. Both present extremely high-equivalent width

C iii] emission in FOS spectra (29 and 43 Å) Since the FOS 1′′ circular aperture

used subtends less than a parsec at the distance of the LMC/SMC, we attribute

this to aperture effects — these spectra do not include the full continuum of the

ionizing sources and are thus not representative of integrated galaxy spectra, so we

ignore them.

Tol 1214-277 presents clear C iii] emission but the continuum is undetected,

leading to a very large uncertainty in the equivalent width and an unphysically

large best fit (> 30 Å). We ignore it in the above analysis.

One galaxy in the Leitherer et al. (2011) sample shows potentially nebular C iv
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emission. We measure an equivalent width ∼ 25 Å in the G190H spectrum of IC

3639 (Leitherer et al., 2011), but this galaxy harbors a Compton-thick AGN (e.g.

Boorman et al., 2016) which we assume is responsible for this line.

Ultraviolet spectra covering C iii] in nearby star-forming systems has also been

taken with the Space Telescope Imaging Spectrograph (STIS) onboard HST (GO:

12472, PI: Leitherer). Measurements of C iii] and metallicity for this sample were

reported by Rigby et al. (2015); the highest C iii] equivalent width measured therein

was 8.3 Å. As these measurements have not yet been published in detail, we do not

include them in our analysis; but note that they confirm the general trend displayed

in Figure 2.7.

Finally, note that the science apertures of these instruments vary in size dra-

matically. The spatial scales probed range from the 0′′.2-wide slit of STIS to the

10′′ × 20′′ aperture of IUE (with FOS, GHRS, and COS in the 1′′ − 3′′ regime).

As seen in the case of FOS spectra of clusters in the LMC and SMC (above), very

small apertures at low-redshift can significantly affect measured equivalent widths.

While we exclude these extreme outliers from our study, a full analysis of the effect

of aperture and distance differences is beyond the scope of this paper.
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Table A.1: Archival nearby star-forming UV targets drawn from Berg et al. (2016,
B16), Giavalisco et al. (1996, G96), and Leitherer et al. (2011, L11). Metallicities
are as-derived by the respective authors. The optical line ratio measurements are
drawn from the sources referenced in the last column and dust-corrected as necessary
using the Balmer decrement. All SDSS, C iii], and [O iii] λ5007 equivalent width
measurements were made with the line-fitting technique described in Sec. 2.2.6.

Name 12 + log O/H C iii] [O iii] 5007 O32 [O iii] 5007 / Hβ optical
(UV Atlas) (atlas) W0 Å W0 Å (SDSS) source
SDSSJ025426 (B16) 8.06 1.3± 0.4 242± 13 — 4.47 SDSS
SDSSJ082555 (B16) 7.42 13.6± 2.4 851± 125 — 3.66 SDSS
SDSSJ085103 (B16) 7.66 < 7.1 333± 19 — 3.21 SDSS
SDSSJ095137 (B16) 8.20 < 53.7 53± 2 1.5 3.50 SDSS
SDSSJ104457 (B16) 7.44 13.4± 1.0 1002± 235 — 4.52 SDSS
SDSSJ115441 (B16) 7.75 2.0± 0.7 367± 36 — 3.97 SDSS
SDSSJ120122 (B16) 7.50 12.1± 0.8 606± 129 — 3.55 SDSS
SDSSJ122436 (B16) 7.78 7.6± 1.1 532± 65 8.1 5.61 SDSS
SDSSJ122622 (B16) 7.77 6.6± 1.6 798± 86 — 5.69 SDSS
SDSSJ124159 (B16) 7.74 8.4± 1.1 581± 157 — 4.84 SDSS
SDSSJ124827 (B16) 7.80 7.6± 1.1 560± 48 10.7 5.97 SDSS
SDSSJ141454 (B16) 7.28 < 0.6 88± 8 — 1.45 SDSS
Haro 15 (G96) 8.57 < 0.5 — 0.6 2.25 Atek et al. (2014)
IC 0214 (G96) 8.68 < 1.5 — 0.7 1.27 Atek et al. (2014)
Mrk 26 (G96) 8.60 < 3.7 — 0.6 1.54 Moustakas and Kennicutt (2006)
Mrk 347 (G96) 8.53 < 0.5 — 0.3 1.05 Atek et al. (2014)
Mrk 496 (G96) 8.77 < 1.7 — 0.4 0.57 Atek et al. (2014)
Mrk 499 (G96) 8.47 < 1.4 — 0.7 2.39 Atek et al. (2014)
Mrk 66 (G96) 8.39 < 0.5 — 1.3 3.00 Atek et al. (2014)
Pox 120 (G96) 7.83 13.0± 1.3 — — — —
Pox 124 (G96) 8.28 < 4.0 — — — —
Tol 1924-416 (G96) 8.32 < 4.9 — 3.0 4.69 Atek et al. (2014)
Tol 41 (G96) 7.98 < 3.4 — — — —
C1543+091 (L11) 7.80 9.2± 0.6 792± 89 9.7 5.60 SDSS
IZw18 (L11) 7.20 4.9± 0.9 102± 4 — 1.20 SDSS
IZw18-NW HIIR (L11) 7.20 3.1± 0.6 102± 5 7.6 2.09 Kehrig et al. (2016)
IZw18-SE HIIR (L11) 7.30 4.5± 0.6 251± 18 3.4 1.70 Kehrig et al. (2016)
Mrk 71 (L11) 7.90 19.5± 1.0 — 7.7 5.81 Moustakas and Kennicutt (2006)
NGC 1569 (L11) 8.20 < 0.9 — 2.9 4.68 Moustakas and Kennicutt (2006)
NGC 2403-vs38 (L11) 8.50 1.7± 0.4 — 1.9 1.51 Esteban et al. (2009)
NGC 2403-vs44 (L11) 8.50 2.1± 0.4 — 1.9 1.93 Esteban et al. (2009)
NGC 2403-vs9 (L11) 8.10 1.8± 0.4 367± 34 — 3.06 SDSS
NGC 3690 (L11) 8.80 < 0.6 10.8± 0.4 0.5 1.03 Moustakas and Kennicutt (2006)
NGC 4214 (L11) 8.10 < 0.7 — 1.0 2.51 Moustakas and Kennicutt (2006)
NGC 4670 (L11) 8.20 1.1± 0.3 48.5± 0.9 1.2 2.36 Moustakas and Kennicutt (2006)
NGC 4861 (L11) 7.90 10.3± 1.2 — 3.9 5.14 Moustakas and Kennicutt (2006)
NGC 5055 (L11) 9.00 < 0.7 — — — —
NGC 5253-HIIR-1 (L11) 8.20 7.7± 0.8 — — — —
NGC 5253-HIIR-2 (L11) 8.20 10.9± 1.8 — — — —
NGC 5253-UV1 (L11) 8.30 1.9± 0.6 — — — —
NGC 5253-UV2 (L11) 8.30 < 1.8 — — — —
NGC 5253-UV3 (L11) 8.30 2.1± 0.8 — — — —
NGC 5457-NGC 5455 (L11) 8.20 < 1.8 934± 171 2.8 3.88 Croxall et al. (2016)
NGC 5457-NGC 5471 (L11) 8.00 9.6± 3.1 — 7.3 6.74 Croxall et al. (2016)
NGC 5457-Searle5 (L11) 8.60 < 1.2 11.5± 0.5 — 0.23 SDSS
NGC 7552 (L11) 9.20 1.2± 0.4 — 0.0 0.07 Storchi-Bergmann et al. (1995)
SBS 0335-052 (L11) 7.30 5.0± 0.3 — — — —
SBS 1415+437 (L11) 7.40 5.1± 0.9 — 5.9 3.67 Thuan et al. (1999)
Tol 1345-420 (L11) 8.00 7.8± 1.4 — 3.4 5.23 Dessauges-Zavadsky et al. (2000)
UM 469 (L11) 8.00 1.4± 0.3 235± 14 2.7 4.08 Kniazev et al. (2004)
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APPENDIX B

Appendix to Chapter 3

In Table B.1, we have assembled UV line measurements for all XMPs we located in

published samples with constraints on C iii]. Prior to HST /COS, only four XMPs

were observed with UV spectrographs covering C iii]: I Zw 18 (with three sepa-

rate pointings targeting different subregions), SBS 0335-052, SBS 1415+437, and

Tol 1214-277. These observations were detailed in the spectral atlas assembled by

Leitherer et al. (2011). Unfortunately, these HST /FOS and GHRS spectra did not

cover C iv. As in S17, we ignore the C iii] emitter Tol 1214-277, as the continuum

is undetected and results in a highly uncertain estimated C iii] equivalent width.

We identified an additional fifteen systems at 12 + log O/H < 7.7 observed with

HST /COS G140L presented in Berg et al. (2016, 2019b) with constraints on both

C iii] and C iv. Gas-phase oxygen abundances are presented from Leitherer et al.

(2011) and Berg et al. (2016, 2019b).

We measured C iii] and C iv equivalent widths in these spectra using our spec-

tral line-fitting tools described above. However, note that at the lower resolution

of G140L spectra (R ∼ 2000), interstellar absorption and underlying stellar wind

contributions cannot be fully cleaned from the spectra and may contaminate the

nebular emission measurements. We also cross-matched these spectra with SDSS as

in S17, and include measurements of Hβ equivalent widths where an SDSS spectrum

was available.
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APPENDIX C

Appendix to Chapter 5

C.1 Galaxy-by-Galaxy Analysis

Correctly interpreting both high-ionization nebular emission lines and X-ray imaging

constraints requires careful analysis on an individual galaxy basis. Here, we outline

and discuss the observational results obtained for each galaxy in our sample and our

synthesis of the X-ray and optical data. Where available, we compare to previously-

published X-ray luminosities derived from the same datasets by Brorby et al. (2014,

2016).

SHOC 042 (spectoscopically characterized in the SDSS H ii galaxies with Oxy-

gen abundances Catalog, SHOC; Kniazev et al., 2004) is a compact star-forming

galaxy at z = 0.167 classified as an LBA on the basis of high FUV luminosity

and surface brightness comparable to LBGs at high redshift (Heckman et al., 2005;

Hoopes et al., 2007; Overzier et al., 2008). It is the most distant galaxy in our

sample at 805 Mpc, hosts relatively high metallicity gas at 12+log O/H = 8.21, and

harbors the largest star formation rate in our sample: SFR(Hα) = 5.9 M�/yr (Sec-

tion 5.3.2). Nebular He ii is detected in this system with MMT/BC (Figure 5.6),

with He ii/Hβ = 0.0046 ± 0.0021. In the Chandra ACIS-S image of this source

(ObsID: 16019, PI: Kaaret), we detect a source 0.2′′ (0.7 comoving kpc) away from

the center of the optical spectroscopic target (within our adopted 99% confidence

spatial offset tolerance of 1.4′′: Section 5.3.4), with a derived luminosity in the 0.5–8

keV band of 6.6± 1.6× 1041 erg/s (Table 5.4). This flux measurement is in agree-

ment (within 1.5σ) with that of Brorby et al. (2016) using the same dataset 1. This

corresponds to an X-ray production efficiency of 1.1± 0.3× 1041 erg/s per M�/year

1Since Brorby et al. 2016 extract flux in a large predefined ellipse rather than using srcflux,

small offsets such as this are expected.
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of star formation.

J0940+2935 (KUG 0937+298 in Brorby et al., 2014) is a tadpole-shaped dwarf

galaxy at z = 0.0024 (8 Mpc), the most nearby galaxy in our sample (S19). This

system is two orders of magnitude closer and presents an SFR more than four

orders of magnitude lower than SHOC 042 (10−3.6 M�/year), and harbors gas with

an oxygen abundance clearly in the XMP regime (12 + log O/H = 7.63± 0.14). The

Keck/ESI spectrum of this source reveals no nebular He ii (He ii/Hβ < 1.2× 10−2),

and the 5 ks Chandra exposure (ObsID: 11301, PI: Prestwich) reveals no significant

detections within an arcminute of the galaxy (2.3 comoving kpc), in agreement with

Brorby et al. (2014). Our 95% confidence upper limit places this galaxy at an X-ray

production efficiency of < 1.3× 1041 erg/s per M�/year.

SB 80 is a bright star-forming region embedded in UGC 5189 at 46 Mpc distance,

and hosts moderately metal-poor gas at 12 + log O/H = 8.24 ± 0.06 (S17). Our

deep Keck/ESI spectrum reveals both a broad stellar and a clearly-differentiated

nebular component to He ii, with the narrow component measured at He ii/Hβ =

0.0031 ± 0.0003. This system was observed in seven different Chandra pointings

targeting the luminous supernova 2010jl (positioned 1.7′ away from the star-forming

region under study; Stoll et al., 2011) from 2010–2018. The longest and most recent

of these observations (ObsID: 19164; 46.8 ks, taken 2018-01-03) reveals a source at

0.2′′ measured separation from the optical target, with LX,0.5−8 keV = 4.9±2.2×1038

erg/s (2.0+0.9
−0.8 × 10−15 erg/s/cm2). The exposure times and target positions on-

chip for the other six observations vary significantly, with some indication of lower

flux at the ∼ 2σ level in one observation but no statistically-significant differences

in the other cases 2. For this work, we proceed with the highest-confidence flux

2Three other observations covering SB 80 with exposure times ∼ 40 ks exist: 13781 (40.51 ks;

PI: Chandra, 2011-10-17), 13782 (39.54 ks; PI: Chandra, 2012-06-10), and 15869 (39.54 ks; PI:

Chandra, 2014-06-01). A coincident source is detected in 13781, with lower flux by a factor of ten at

2σ significance (3.2+4.5
−2.9×10−16 erg/s/cm2); 13782 also shows a detection, with flux consistent with

19164 (1.8+0.8
−0.7 × 10−15 erg/s/cm2); and in 15869, no source is detected within 20′′, but the 1− σ

flux distribution measured in 19164 is not excluded by the 90% confidence upper limit. Likewise,

no spatially-consistent source is detected in the remaining three observations with exposure times
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measurement obtained in ObsID: 19164, which is also the highest measured flux

for this source. At a star formation rate of 0.13 M�/year, the measured X-ray

luminosity (Table 5.4) corresponds to 3.9± 1.8× 1039 erg/s in the 0.5–8 keV band

per M�/year of star formation.

SB 2 is a dwarf galaxy at a distance of 19 Mpc dominated by four star-forming

clumps. SDSS and Keck/ESI spectroscopy of the brightest of these clumps re-

veals prominent nebular emission in the He ii λ4686 Å line, with He ii/Hβ =

0.0130 ± 0.0006 (S17) and a star formation rate from the Balmer lines of 10−1.61

M�/year. This system was observed with a 15 ks Chandra observation (ObsID:

19463, PI: Mezcua, not yet published), revealing an X-ray source coincident with

the optical clump observed with ESI (rsep = 0.3′′) with a computed luminosity of

LX,0.5−8 keV = 4.0 ± 1.7 × 1038 erg/s. The optical clump to the southeast of the

spectroscopically-targeted region also has an associated X-ray detection, with an

even higher luminosity LX,0.5−8 keV = 5.3 ± 0.5 × 1039 erg/s; but since this second

source is 3.2′′ away, we conclude it cannot contribute to the observed nebular flux

and ignore it in this analysis. This X-ray luminosity corresponds to a production

efficiency of 1.6± 0.7× 1040 erg/s per unit M�/year.

J1119+5130 ([RC2] A1116+51 in Brorby et al., 2014) is a compact XMP

(12 + log O/H = 7.51 ± 0.07) at 22 Mpc forming stars at SFR(Hα) = 10−2.3

M�/year (S19). This galaxy shows strong nebular He ii in a Keck/ESI spectrum

at He ii/Hβ = 0.026± 0.003 (S19). We detect an X-ray source in the 11.7 ks Chan-

dra exposure covering this galaxy (ObsID: 11287, PI: Prestwich), with a luminosity

of LX,0.5−8 keV = 3.9 ± 0.4 × 1039 erg/s in good agreement with that reported in

Brorby et al. (2014, after correcting for the small difference in adopted distances; 22

versus 20.8 Mpc). However, we find this source to be offset by 2.2′′ from the center

of the star-forming region we target, which is larger than the expected astromet-

ric uncertainties of the ACIS-S data (Section 5.3.4). This places the X-ray source

outside of the 1′′ slit and extraction box used with Keck/ESI, and corresponds to

ranging from 10–20 ks, (11122 PI: Chandra, 11237 PI: Pooley, 13199 PI: Chandra), but the 90%

confidence limits are all ≥ 2.3× 10−15 erg/s/cm2.
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0.2 kpc at the distance of this galaxy. However, it overlaps the other side of this

compact galaxy in the optical (Figure 5.7). Thus, while it is unlikely that this X-ray

source contributes to the nebular He ii observed in the Keck/ESI spectrum, it does

appear to be clearly associated with the galaxy. We consider this galaxy detected

with Chandra, but note this caveat in Table 5.4 and in Figure 5.9. This detection

yields an X-ray production efficiency of 8.0 ± 1.2 × 1041 erg/s for a star formation

rate of 1 M�/year, the highest of our sample. If we instead adopt the 95% confi-

dence upper limit on the X-ray flux obtained by applying srcflux to the Chandra

image at the precise coordinates of the ESI target, the X-ray production efficiency

is constrained to < 2.2×1040 erg/s per M�/year, over an order of magnitude lower.

SBSG1129+576 is a tadpole-like XMP at 25 Mpc dominated by a star-forming

clump targeted with SDSS and Keck/ESI spectroscopy (S19). These spectra reveal

a very low oxygen abundance 12 + log O/H = 7.47 ± 0.06 and an SFR of 10−2.5

M�/year, but a nondetection of nebular He ii, He ii/Hβ < 0.004 (low signal-to-

noise positive flux is visible at He ii in the Keck/ESI spectrum, but with FWHM

significantly larger than the strong nebular lines, so we conclude it is stellar in

origin: S19). An X-ray source is also detected in this galaxy with Chandra (ObsID:

11283, PI: Prestwich), at a luminosity of LX,0.5−8 keV = 11 ± 2 × 1038 erg/s and

at 0.8′′ separation from the center of the clump observed with ESI (within our

adopted offset tolerance). This source was also identified by Brorby et al. (2014) at

a luminosity in good agreement with our measurement. This measurement yields

an X-ray production efficiency of 3.0± 0.7× 1041 erg/s per M�/year.

SB191 (S17) is a compact star-forming H ii-region embedded in the large spiral

galaxy NGC 4204 at 10 Mpc distance, and hosts gas at a moderate oxygen abun-

dance of 12 + log O/H = 8.30± 0.07 with star formation rate 10−2.2 M�/year. This

system is undetected in nebular He ii, with a purely broad stellar component identi-

fied with Keck/ESI. The host galaxy NGC 4204 was observed with Chandra/ACIS-S

in a single 2 ks pointing (ObsID: 7092, PI: Swartz) targeting a ULX candidate in

another part of the galaxy (Swartz et al., 2011). The star-forming region we have

targeted is more than an arcminute away from the ULX candidate studied in this
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previous analysis, but still near enough to the center of the S3 chip for confident

source detection. This short exposure reveals no X-ray target detections within 45′′

(> 2 comoving kpc) of SB191, placing a 95% upper limit on the X-ray luminosity of

LX,0.5−8 keV < 1.3× 1038 erg/s (corresponding to < 2.1× 1040 erg/s per M�/year).

SB111 ([RC2] A1228+12 in Brorby et al. 2014) is a blue compact dwarf at

16 Mpc, with low-metallicity gas at 12 + log O/H = 7.81 ± 0.08 just above the

XMP cutoff and a star formation rate from the Balmer lines of 10−2.4 M�/year

(S17). This system has one of the strongest nebular He ii lines detected among local

star-forming galaxies, with He ii/Hβ = 0.039 ± 0.001 measured with Keck/ESI.

In addition, a deep MMT/BC spectrum was obtained for this target by Izotov

et al. (2012). This spectrum revealed both He ii (with He ii/Hβ = 0.038 ± 0.002

in very good agreement with our later Keck/ESI measurement) and a 2σ detection

of Nev λ3426, with Nev/Hβ = 0.79 ± 0.36 (Table 5.3). SB 111 was also targeted

with Chandra (ObsID: 11290, PI: Prestwich), and an associated X-ray detection

with LX,0.5−8 keV = 3.4× 1038 erg/s was reported by subsequent analyses (Prestwich

et al., 2013; Brorby et al., 2014; Douna et al., 2015). However, as noted in S17

and confirmed by the reanalysis presented in this work, this X-ray source is offset

from the optical galaxy by 11.1′′ (or 0.9 kpc comoving kpc; Figure 5.7). While it is

possible this is an ejected HMXB associated with star formation in this galaxy, this

X-ray source cannot in any case contribute to excitation of the observed nebular

He ii. For the purposes of this work, then, SB111 is undetected in X-rays, with

LX,0.5−8 keV < 0.6× 1038 erg/s (< 1.4× 1040 erg/s per M�/year).

HS1442+4250 is a somewhat more extended XMP (12+log O/H = 7.65±0.04)

which hosts a compact star-forming region with SFR(Hα) = 10−3.0 M�/year that we

observed with MMT and Keck spectroscopy in S19. The Keck spectroscopy reveals

He ii at a similar intensity to that found in SB111, with He ii/Hβ = 0.0358±0.0006,

among the highest observed. This galaxy was also in the sample studied with

Chandra in Brorby et al. (2014), where an X-ray source was reported with luminosity

LX,0.5−8 keV = 2.2×1038 erg/s (ObsID: 11296, PI: Prestwich). Our Chandra reanalysis

revealed that as in the case of SB111, this X-ray source was significantly offset from
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the optical galaxy, at a distance of 8.3′′ (corresponding to 0.4 comoving kpc) where

contribution to the optical nebular line flux is impossible. In this case, we noted

that the observed X-ray source was coincident with a faint point source in the

SDSS image (at 14h44m12.01s, +42d37m30.05s; g = 25.1, i = 21.03). On the

night of April 15 2018, we observed this target with MMT/BC for 10 minutes. The

extracted spectrum revealed strong broad asymmetric emission at 4130 and 5270

Å, which we interpret as Lyα and C iv λ1548, 1550 at redshift z = 2.4. At this

redshift, the observed flux corresponds to a rest-frame ∼ 2–27 keV band luminosity

of 1.3× 1045 erg/s, just above the knee of the observed AGN luminosity function at

z ∼ 2 (Aird et al., 2015). Thus in this case, the X-ray emission previously identified

as associated with this galaxy appears to originate entirely from a distant quasar in

chance projection rather than an ejected HMXB. We place an upper limit on X-ray

flux from the optical target of LX,0.5−8 keV < 0.6 × 1038 erg/s (corresponding to a

production efficiency of < 6.6× 1040 erg/s per M�/year).

J2251+1327 is a relatively distant (279 Mpc) LBA described in Brorby

et al. (2016) with direct-Te gas-phase metallicity 12 + log O/H = 8.29 ± 0.06

and SFR(Hα) = 1.7 M�/year. Our MMT/BC spectrum yields a detection of

nebular He ii, with modestly large He ii/Hβ = 0.0070 ± 0.0034; but no Nev

(Nev/Hβ < 0.62). We find a clear X-ray detection in the Chandra ACIS-S im-

age of this galaxy (ObsID: 13013, PI: Basu-Zych) separated by 0.4′′ from the center

of the optical target (0.5 comoving kpc, but within our spatial offset tolerance of

1.4′′), with luminosity LX,0.5−8 keV = 1.77±0.30×1041 erg/s consistent with the mea-

surement of Brorby et al. (2016). This results in an estimate of the X-ray production

efficiency of 1.1± 0.2× 1041 erg/s per M�/year.

SHOC 595 is another LBA at similarly large distance (589 Mpc) hosting the

highest-metallicity gas in our sample along with SB191 (12 + log O/H = 8.30 ±
0.14). The He ii profile measured with MMT/BC for this galaxy is broader than the

other nebular lines (Section 3.2.4), and we fail to detect a clear narrow contribution

at 2σ (He ii/Hβ < 0.68) or Nev (Nev/Hβ < 0.62). We detect a luminous X-

ray source in the 13.6 ks Chandra observation (ObsID: 17418, PI: Kaaret), with
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luminosity 3.2 ± 1.1 × 1041 erg/s, 1σ lower than the measurement presented by

Brorby et al. (2016). The source is offset by 1.3′′ from the optical center of the

galaxy, which corresponds to a large physical distance of 3.6 comoving kpc but

is within our adopted rsep cutoff representing the 99% confidence interval of the

Chandra positional accuracy (Section 5.3.4). This galaxy was observed in 2 separate

instances, but the system was not detected in the other 9.1 ks integration (ObsID:

16020), with a 90% confidence limiting flux just below that measured in 17418.

We adopt the former flux measurement, yielding an X-ray production efficiency of

1.1±0.4×1041 erg/s per M�/year, and discuss the impact of this possible variability

in Section 5.4.
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APPENDIX D

Appendix to Chapter 6

D.1 Target Star-Forming Regions in Context

Here we summarize the target objects in the context of their host galaxies and

relevant previous studies in which they have been identified.

SB 9 (SDSS JJ130432.27-033322.0, Plate-MJD-Fiber 339-51692-83) is a star-

forming region embedded in the northern outskirts of the barred-spiral galaxy UGCA

322. This system was also identified as WR 33 in the catalog of SDSS spectra with

prominent optical Wolf-Rayet features presented by Brinchmann et al. (2008a).

SB 49 (SDSS J011533.82-005131.1, Plate-MJD-Fiber 695-52202-137, WR 354)

is located in an eastern arm of the spiral galaxy NGC 450.

SB 61 (SDSS J144805.38-011057.6, Plate-MJD-Fiber 308-51662-811, WR

25/182) is an isolated compact galaxy at z = 0.0274, placing it at the greatest

estimated distance for our sample (117 Mpc).

SB 119 (SDSS J143248.36+095257.1, Plate-MJD-Fiber 1709-53533-215, WR

380) is a star-forming region in the southeastern outskirts of the barred spiral NGC

5669.

SB 125 (SDSS J113235.34+141129.8, Plate-MJD-Fiber 1754-53385-151, WR

384) is a lone compact star-forming region at the northeastern end of the tadpole-

like spiral galaxy IC 2919.

SB 126 (SDSS J115002.73+150123.4, Plate-MJD-Fiber 1761-53376-636, WR

385) is an isolated compact star-forming galaxy also identified as Mrk 750.

SB 153 (SDSS J131447.36+345259.7, Plate-MJD-Fiber 2023-53851-263, WR

473) is the brightest star-forming region in the irregular galaxy Mrk 450.

1We use this SDSS spectrum over the other flux-matched spectrum 920-52411-575 as it is

identified as the sciencePrimary deliverable by SDSS.
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D.2 Case-by-Case Analysis of Fits to the Nebular Lines and Stellar

Wind Features

Our stellar population synthesis models generally struggle to simultaneously repro-

duce both the optical nebular line emission and UV stellar wind features detected

in our systems. To investigate this in more detail, it is instructive to consider each

galaxy on a case-by-case basis:

SB 9 presents fairly average properties for our sample in the UV, including a

C iv profile with absorption depth of -4.4 Å and He ii emission at 2.2 Å both near the

median for our targets. The gas-phase oxygen abundance inferred from the beagle

fits is 12 + log O/H = 8.39 ± 0.04, 0.09 dex higher than inferred from the direct-

Te method above (Table 2.5)2. The model He ii profile is in good agreement with

that observed before any UV information is incorporated, though the C iv profile is

somewhat underestimated in absorption depth and in emission. Adding the stellar

wind equivalent widths brings the absorption component of the C iv profile into

better agreement with the data, though the emission is still underestimated. In both

fits, the optical WR features are well-modeled by the data, with good agreement

to both the He ii λ4686 and the weak N ii and C iv emission. However, in order to

match the C iv profile, the beagle models prefer a higher metallicity. The preferred

gas-phase O/H is shifted 0.06 dex higher, while the stellar metallicity is shifted even

higher, increasing by a factor of 1.4 from log10(Z/Z�) = −0.37 to −0.22. This larger

boost to the stellar metallicity relative to the change in the gas-phase is accounted

for by an increase in the amount of metals locked-up in dust, with ξd nearly doubling

from 0.29 to 0.46, in excess of the solar value ξd,� = 0.36 (and near the upper edge of

the model range and our prior at 0.5; Gutkin et al., 2016). This increase in depletion

onto dust allows for an even higher total metallicity Z at fixed O/H. While most

of the nebular lines are relatively unaffected by this change, this increase in the

2However, note that because SB 9 lacks a measurement of [O ii] λ3727, the beagle fits do not

include any O ii constraints and we thus might expect their gas-phase O/H to be quite different

from the direct-Te measurement which includes [O ii] λ7325.
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preferred model metallicity brings the [O iii] λ4363 line out of good agreement with

the data, lowering its preferred value in the models to 0.8 times that observed.

The stellar wind properties of SB 49 prove to be even more challenging to re-

produce in the models. This system presents the deepest C iv P-Cygni absorption

in our sample at −6.51 Å and broad He ii emission at 3.20 Å, in-excess of canon-

ical stellar population synthesis predictions (Section 6.4). The beagle fits to the

nebular lines only are in reasonably good agreement with the observed stellar He ii

profile, while the strength of the C iv P-Cygni absorption and emission is signif-

icantly under-predicted. The retrieved gas-phase oxygen abundance for this fit is

12 + log O/H = 8.53± 0.03, 0.33 dex higher than found with the direct-Te method

(Tables 2.5 and 6.6) though with good agreement found for [O iii] λ4363. However,

incorporating the UV stellar wind equivalent widths in the fits leads to significant

discord with these nebular line measurements. In order to match the depth of the

observed C iv P-Cygni profile, the models require a significantly higher metallicity;

as for SB 9, this is accomplished by a simultaneous increase in both the total metal-

licity Z and the dust-to-metal mass ratio ξd, this time bringing both quantities to

the edge of their respective priors (at solar metallicity and ξd ' 0.5). In addition,

the model transitions to a preference for an essentially single-age stellar population,

with both the start and end times for the current star formation epoch converging

to 2 Myr ago. This brings the stellar C iv profile into much better agreement with

the data, though the models now slightly overestimate the depth of the absorption

trough at intermediate velocities and the strength of emission near systemic (in the

latter case, the model predicted emission appears to be in-part nebular, and this

disagreement may be partially accounted for by interstellar absorption). This pro-

cess leaves He ii reasonably close to the observed strength (though slightly lowered

from the prior estimate due to the general weakening of this feature in the models

above Z/Z� ' 0.5; Section 6.4). However, as for SB 9, this concordance models fail

to match the strength of the temperature-sensitive [O iii] λ4363 line, underpredict-

ing the observed flux by nearly a factor of two. In addition, while the agreement

with the optical WR features is very good with the nebular line information alone,
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the introduction of the UV stellar equivalent width information brings the models

into substantial disagreement with the observed profiles. In particular, both the

broad He ii λ4686 and N iii λ4640 features are substantially overestimated by the

models along with broad emission underlying He i λ5876; while the observed broad

C iv emission at 5808 Å is now undetected in the models. This suggests that the

models prefer a solution to the UV stellar wind features relying on very prominent

WN stars, which are too high in metallicity or present in too large of numbers to

be consistent with the optical data.

The UV spectrum of SB 61 presents more modest stellar wind features, with

both the C iv absorption and He ii emission near 2 Å. The nebular-only fit con-

strains the gas-phase metallicity to be 12 + log O/H = 8.25 ± 0.05, only 0.14 dex

in-excess of the direct-Te determination. These optical-only results are already in

good agreement with the depth of the C iv P-Cygni absorption, though they slightly

underestimate the strength of the stellar emission component and predict a nebu-

lar emission component that we do not observe (though again, this comparison is

complicated by ISM absorption). In contrast, the stellar He ii profile predicted by

the models is more prominent than observed. Incorporating the stellar equivalent

widths in the fits changes very little, with only a modest increase in the preferred

metallicity from log10 Z/Z� = −0.57 to −0.46 and very little change to the predicted

C iv profile. Both model predictions show a narrow nebular emission component in

the He ii profile, of which there is also some indication at low S/N in the observed

spectrum. This is the only system in which the model fits predict a clear nebular

He ii component. This is consistent with the fact that this system has the lowest

preferred beagle model metallicity in our sample (Z/Z� ' 0.3), in the context

of both observed and theoretical evidence towards enhancement in the > 54.4 eV

photons necessary to power gas recombination emission in this line at lower stellar

metallicities (e.g. Senchyna et al., 2019, and references therein). Interestingly, the

models incorporating the UV He ii equivalent width prefer a stronger broad stellar

component and weaker nebular component than observed, as is also evident in the

optical He ii λ4686 profile. This suggests that the models cannot reproduce the
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strength of the narrow nebular component of this line even at the moderately low

metallicity of this system; though evaluating this confidently would require a direct

fit to the He ii profile rather than just the total equivalent width.

SB 80 (previously studied in S17) reveals a similar picture. With only the

nebular line constraints, we constrain the gas-phase oxygen abundance to be 12 +

log O/H = 8.33±0.03, 0.09 dex higher than the direct-Te measurement presented in

S17. Incorporating the stellar wind strengths in the fit changes little in the derived

parameters, with a boost upwards in total metallicity of only 0.08 dex. Both the UV

and optical stellar wind profiles are in generally good agreement with or without the

equivalent widths included (given the difficulty in continuum determination for the

relatively noisy HST /COS spectrum near He ii), though with some evidence that

the continuum-normalized peak of UV stellar emission in both C iv and He ii may

be underestimated.

The UV spectrum of SB 119 presents a more a more significant challenge to

reproduce, with prominent stellar He ii emission at 4.3 Å. Fitting only the optical

lines, we find a gas-phase 12 + log O/H = 8.37 ± 0.05 which exceeds the direct-

Te measurement by 0.26 dex. However, this fit significantly underestimates the

prominence of both the C iv and He ii wind features observed in the HST /COS

G160M spectrum. Incorporating the stellar wind equivalent widths in the fit brings

the models into very good agreement with the full profiles of both features, without

shifting the estimated gas-phase oxygen abundance at all. Instead, the current epoch

of star formation contracts, with a revised start point of 6.3 Myr rather than 20 and

a slightly early truncation 1.3 Myr ago. The inferred stellar metallicity increases

by 0.13 dex, but purely through an increase in ξd from 0.17 to a super-solar value

of 0.46. The median model-predicted [O iii] λ4363 flux does decrease somewhat

(to 93% the observed flux), but the posterior distribution remains consistent with

the observed value. However, while the UV He ii feature is reasonably well-fit, the

optical He ii λ4686 profile is overestimated by the models incorporating the UV

stellar equivalent width. Given the relatively low signal-to-noise of the continuum

in the UV, this disagreement may be due to an overestimate of the equivalent width
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of He ii λ 1640; or this may reflect disagreement in the model prediction of the stellar

populations present. In short, our model is able to simultaneously reproduce the

set of nebular lines and stellar wind features provided for SB 119, even including

its large stellar He ii λ1640 equivalent width; though with some indication from the

optical that the stellar population agreement is not perfect.

SB 125 reveals a C iv P-Cygni absorption equivalent width of −4.6 Å and

accompanying stellar He ii emission at an intermediate 2.7 Å, both typical for our

sample. The nebular line-only fit supports a gas-phase abundance of 12+log O/H =

8.38 ± 0.03, 0.19 dex higher than the direct-Te result. The observed C iv profile is

slightly underestimated by the models, while He ii is well-matched. Addition of

these stellar equivalent widths to the fit results in increases in both the preferred

total metallicity and the corresponding gas-phase oxygen abundance by ∼ 0.2 dex,

producing another case in which the model [O iii] λ4363 flux distribution systemat-

ically underestimates the observed line flux. In addition, while the agreement with

He ii λ1640 appears unchanged with the addition of the stellar equivalent width

measurements to the fit, the optical stellar N iii λ4640 feature and He ii λ4686 fea-

ture are both over-estimated by the models after continuum normalization. This

suggests again that the models have resolved the disagreement with the UV stellar

features by invoking WN stars at higher metallicity or incidence than supported

by the data. Intriguingly, the optical He ii profile shows a narrow nebular compo-

nent in He ii which is not visible in the UV He ii λ 1640 profile, even though the

contaminating MW Al ii λ1670 absorption line nearby does not reach the expected

line center for nebular emission in He ii λ 1640. However, we find that given the

relatively high reddening measured towards this target from the Balmer decrement

(E(B− V) = 0.25) and assuming an SMC extinction curve, the nondetection of

He ii λ 1640 is consistent with the UV continuum noise and the flux of 4686 given

a conservative flux ratio of 10:1 (Hummer and Storey, 1987).

SB 126 also presents fairly typical stellar wind properties for our sample, with

C iv absorption at −4.0 Å and 1.9 Å He ii emission. The nebular line fits produce

a gas-phase oxygen abundance estimate of 12 + log O/H = 8.28± 0.03, in-excess of
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the direct-Te measurement by 0.26 dex. This fit appears in reasonable agreement

with the observed broad emission in both the UV and optical He ii profiles, but

significantly underestimates the strength of the C iv P-Cygni feature. Adding the

stellar equivalent widths brings the absorption component of the C iv profile into

agreement with the data, but the model still underestimates the strength of the

redshifted stellar emission. As before, better matching the UV stellar wind features

necessitates a move to higher metallicity, this time by 0.36 dex in Z accompanied

by a shift in ξd to 0.49 at the edge of the model range. In this case, [O iii] λ4363 is

underestimated by a factor of 0.85 while in addition, the model flux in [O iii] λ5007

exceeds that observed by a factor of 1.22, leading to an even larger disagreement in

the ratio of these lines.

Beginning with SB 153, the remaining three targets are in the rarefied class of

object with stellar He ii equivalent widths comparable to or exceeding 4 Å, and rep-

resent a more significant challenge to reconcile. The gas-phase metallicity inferred

from the optical-only fit here is 12 + log O/H = 8.36 ± 0.03, 0.16 dex larger than

estimated with the direct-Te method. The posterior distribution of the models in

the UV is broad with nebular lines only, and somewhat underestimates the strength

of the C iv profile. However, adding the stellar wind equivalent widths into the fits

brings the models into very good agreement with both C iv and He ii. Interest-

ingly, with a relatively modest increase in the inferred metallicity (increasing from

log10(Z/Z�) = −0.45 ± 0.05 to −0.37 ± 0.01) and with a compensating increase

in ξd to 0.35± 0.07, all of the fitted nebular lines including λ4363 are brought into

good agreement with the model alongside the stellar wind features. The optical WR

features are generally in good agreement with the models, though the observed He ii

λ4686 profile is somewhat lower in equivalent width than preferred by the best-fit

model.

SB 179 presents the largest integrated He ii equivalent width in our sample at

4.67± 0.23 Å. The nebular line fit yields a gas-phase metallicity of 12 + log O/H =

8.44 ± 0.03, only 0.09 dex larger than the direct-Te determination in S17. This

nebular line-only fit significantly underestimates the absorption and emission com-
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ponent of the C iv profile and does not match the strength of the observed He ii

at all. Adding these equivalent width constraints does bring the models into rea-

sonable agreement with the C iv profile. However, the modeled strength of He ii

remains significantly below that observed, even with a significant reduction of the

star-formation period to a brief burst sustained from 4.0 to 1.6 Myr ago. In con-

trast, while the optical WR features are initially reasonably well-fit, the inclusion of

the UV stellar equivalent widths in the fits increases the modeled strength of stellar

N iii λ4640, He ii λ4686, and C iv λ5808 above their observed equivalent widths. In

addition, the increase in metallicity to nearly-solar (logZ/Z� = −0.09± 0.1) again

causes λ4363 to fall out of alignment with the data (at a factor of 0.72 times the

observed strength).

Finally, SB 191 reveals a similar challenge to the stellar models, with a total

He ii equivalent width of 4.02±0.16 Å. With optical nebular lines only, we infer a gas-

phase oxygen abundance 12+log O/H = 8.51±0.02, 0.21 dex higher than estimated

with the direct-Te method. The corresponding UV stellar wind line morphology is

close to that observed for C iv, but significantly below the very prominent He ii

emission. We note that SB 179 displays an intriguing He ii emission shape, with

both an apparent double-peak in the broad emission (also visible in SB 179) and

narrow (likely nebular) emission superimposed – we will return to discuss this in

the following subsection. Fitting the stellar equivalent widths explicitly brings the

models closer, but they remain well below the observed He ii emission peak. In

contrast, the optical WR features appear reasonably well-fit by the models, though

with some indication that He ii λ4686 is over-estimated in the fits including the

UV stellar lines. In this case, in contrast to the other systems, we do not observe

a significant increase in the preferred model metallicity when the stellar emission

is incorporated; the median metallicity increases by only 0.04 dex in this case,

likely because it is already near the peak of stellar He ii emission in the models at

Z/Z� ' 0.5 (Section 6.4).
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M. R. Becker, A. Benoit-Lévy, G. M. Bernstein, E. Bertin, J. Blazek, S. Bocquet,
D. Brooks, D. Brout, E. Buckley-Geer, D. L. Burke, V. Busti, R. Campisano,
L. Cardiel-Sas, A. Carnero Rosell, M. Carrasco Kind, J. Carretero, F. J. Cas-
tander, R. Cawthon, C. Chang, X. Chen, C. Conselice, G. Costa, M. Crocce,
C. E. Cunha, C. B. D’Andrea, L. N. da Costa, R. Das, G. Daues, T. M. Davis,
C. Davis, J. De Vicente, D. L. DePoy, J. DeRose, S. Desai, H. T. Diehl, J. P.
Dietrich, S. Dodelson, P. Doel, A. Drlica-Wagner, T. F. Eifler, A. E. Elliott, A. E.
Evrard, A. Farahi, A. Fausti Neto, E. Fernandez, D. A. Finley, B. Flaugher, R. J.
Foley, P. Fosalba, D. N. Friedel, J. Frieman, J. Garćıa-Bellido, E. Gaztanaga,
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J.-F. Leborgne, P. Prugniel, D. Makarov, L. Makarova, H. J. McCracken, A. Bi-
jaoui, and L. Tasca (2011). The EFIGI catalogue of 4458 nearby galaxies with
detailed morphology. A&A, 532, p. A74. doi:10.1051/0004-6361/201016423.

Baldassare, V. F., A. E. Reines, E. Gallo, and J. E. Greene (2015). A ∼50,000 M�
Solar Mass Black Hole in the Nucleus of RGG 118. ApJLetters, 809, p. L14. ISSN
0004-637X. doi:10.1088/2041-8205/809/1/L14.



307

Baldassare, V. F., A. E. Reines, E. Gallo, and J. E. Greene (2017). X-Ray and
Ultraviolet Properties of AGNs in Nearby Dwarf Galaxies. ApJ, 836(1), p. 20.
doi:10.3847/1538-4357/836/1/20.

Baldwin, J. A., M. M. Phillips, and R. Terlevich (1981). Classification parameters
for the emission-line spectra of extragalactic objects. PASP, 93, pp. 5–19. doi:
10.1086/130766.

Basu-Zych, A. R., B. D. Lehmer, A. E. Hornschemeier, T. S. Gonçalves, T. Fragos,
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UV-to-IR/Submm Spectral and Chemical Evolution of Galaxies with Dust. A&A,
623, p. A143. doi:10.1051/0004-6361/201833556.

Fitzpatrick, E. L. (1999). Correcting for the Effects of Interstellar Extinction. PASP,
111, pp. 63–75. doi:10.1086/316293.

Foreman-Mackey, D., D. W. Hogg, D. Lang, and J. Goodman (2013). emcee: The
MCMC Hammer. PASP, 125, pp. 306–312. doi:10.1086/670067.



319

Fragos, T., B. Lehmer, M. Tremmel, P. Tzanavaris, A. Basu-Zych, K. Belczynski,
A. Hornschemeier, L. Jenkins, V. Kalogera, A. Ptak, and A. Zezas (2013a). X-
RAY BINARY EVOLUTION ACROSS COSMIC TIME. ApJ, 764(1), p. 41.
ISSN 0004-637X, 1538-4357. doi:10.1088/0004-637X/764/1/41.

Fragos, T., B. D. Lehmer, S. Naoz, A. Zezas, and A. Basu-Zych (2013b). Energy
Feedback from X-Ray Binaries in the Early Universe. ApJ, 776(2), p. L31. doi:
10.1088/2041-8205/776/2/L31.

Froese Fischer, C. and G. Tachiev (2004). Breit-Pauli Energy Levels, Lifetimes, and
Transition Probabilities for the Beryllium-like to Neon-like Sequences. Atomic
Data and Nuclear Data Tables, 87, pp. 1–184. ISSN 0092-640X. doi:10.1016/j.
adt.2004.02.001.

Fruscione, A., J. C. McDowell, G. E. Allen, N. S. Brickhouse, D. J. Burke, J. E.
Davis, N. Durham, M. Elvis, E. C. Galle, D. E. Harris, D. P. Huenemoerder, J. C.
Houck, B. Ishibashi, M. Karovska, F. Nicastro, M. S. Noble, M. A. Nowak, F. A.
Primini, A. Siemiginowska, R. K. Smith, and M. Wise (2006). CIAO: Chandra’s
Data Analysis System. Proc. SPIE, 6270, p. 62701V. doi:10.1117/12.671760.

Fukugita, M., T. Ichikawa, J. E. Gunn, M. Doi, K. Shimasaku, and D. P. Schneider
(1996). The Sloan Digital Sky Survey Photometric System. AJ, 111, p. 1748.
doi:10.1086/117915.

Furlanetto, S. R., S. P. Oh, and F. H. Briggs (2006). Cosmology at low frequencies:
The 21 cm transition and the high-redshift Universe. PhR, 433, pp. 181–301.
doi:10.1016/j.physrep.2006.08.002.

Gabler, R., A. Gabler, R. P. Kudritzki, and R. H. Mendez (1992). Uified NLTE
Model Atmospheres Including Spherical Extension and Stellar Winds. III. The
EUV Fluxes of Hot Massive Stars and He II Emission in Extragalactic Giant H
II Regions. A&A, 265, p. 656. ISSN 0004-6361.

Gabler, R., A. Gabler, R. P. Kudritzki, J. Puls, and A. Pauldrach (1989). Unitified
NLTE Model Atmospheres Including Spherical Extension and Stellar Winds :
Method and First Results. A&A, 226, p. 162. ISSN 0004-6361.

Garcia, M., C. J. Evans, J. M. Bestenlehner, J. C. Bouret, N. Castro, M. Cervi=no,
A. W. Fullerton, M. Gieles, A. Herrero, A. de Koter, D. J. Lennon, J. T. van
Loon, F. Martins, S. E. de Mink, F. Najarro, I. Negueruela, H. Sana, S. Simón-
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S. Santos, and S. Hemmati (2015). Evidence for PopIII-like Stellar Populations
in the Most Luminous Lyman-α Emitters at the Epoch of Reionization: Spectro-
scopic Confirmation. ApJ, 808, p. 139. doi:10.1088/0004-637X/808/2/139.

Soria, R., K. Wu, and R. W. Hunstead (2000). Optical Spectroscopy of GRO J1655-
40. ApJ, 539, pp. 445–462. ISSN 0004-637X. doi:10.1086/309194.

Spitzer, L. (1946). Astronomical Advantages of an Extra-Terrestrial Observatory
(Unpublished RAND Report) Reprinted Astr. Quart, 7(131), p. 1990.

Springob, C. M., K. L. Masters, M. P. Haynes, R. Giovanelli, and C. Marinoni
(2007). SFI++. II. A New I-Band Tully-Fisher Catalog, Derivation of Peculiar
Velocities, and Data Set Properties. ApJS, 172, pp. 599–614. doi:10.1086/519527.

Stanway, E. R., A. J. Bunker, and R. G. McMahon (2003). Lyman Break Galaxies
and the Star Formation Rate of the Universe at Z˜ 6. MNRAS, 342, pp. 439–445.
ISSN 0035-8711. doi:10.1046/j.1365-8711.2003.06546.x.

Stanway, E. R. and J. J. Eldridge (2018). Re-Evaluating Old Stellar Populations.
MNRAS, 479(1), p. 75. doi:10.1093/mnras/sty1353.

Stanway, E. R. and J. J. Eldridge (2019). Initial Mass Function Variations Cannot
Explain the Ionizing Spectrum of Low Metallicity Starbursts. A&A, 621, p. A105.
doi:10.1051/0004-6361/201834359.

Stanway, E. R., J. J. Eldridge, and G. D. Becker (2016). Stellar population effects
on the inferred photon density at reionization. MNRAS, 456, pp. 485–499. doi:
10.1093/mnras/stv2661.

Stark, D. P. (2016). Galaxies in the First Billion Years After the Big Bang. ARA&A,
54, pp. 761–803. doi:10.1146/annurev-astro-081915-023417.



347

Stark, D. P., R. S. Ellis, S. Charlot, J. Chevallard, M. Tang, S. Belli, A. Zitrin,
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