2410.14846v3 [astro-ph.GA] 2 Dec 2024

.
.

arxiv

VERSION DECEMBER 3, 2024
Preprint typeset using X TEX style openjournal v. 09/06/15

EARLY BRIGHT GALAXIES FROM HELIUM ENHANCEMENTS IN HIGH-REDSHIFT STAR CLUSTERS

HARLEY KaTz!?, ALEXANDER P. Ji*2, O. GRACE TELFORD>?, & PETER SENCHYNA®

IDepartment of Astronomy & Astrophysics, University of Chicago, 5640 S Ellis Avenue, Chicago, IL 60637, USA
2Kavli Institute for Cosmological Physics, University of Chicago, Chicago, IL 60637, USA
3Department of Astrophysical Sciences, Princeton University, 4 Ivy Lane, Princeton, NJ 08544, USA and
4The Observatories of the Carnegie Institution for Science, 813 Santa Barbara Street, Pasadena, CA 91101, USA

Version December 3, 2024

ABSTRACT

The first few cycles of JWST have identified an overabundance of UV-bright galaxies and a general
excess of UV luminosity density at z 2 10 compared to expectations from most (pre-JWST) theoretical
models. Moreover, some of the brightest high-redshift spectroscopically confirmed galaxies exhibit
peculiar chemical abundance patterns, most notably extremely high N/O ratios. Since N/O has been
empirically shown to scale strongly with He/H, as expected for hot hydrogen burning, these same
bright high-redshift galaxies are likely also helium-enhanced. Under simplistic assumptions for stellar
evolution, the bolometric luminosity of a star scales as L o< (2 — 2Y)~*(2 — Y)~* — hence a higher
He/H leads to brighter stars. In this Letter, we evolve a series of MESA models to the zero-age
main-sequence and highlight that the helium enhancements at the levels measured and inferred for
high-redshift galaxies can boost the 1500 A UV luminosity by up to ~ 50%, while simultaneously
increasing the stellar effective temperature. The combination of helium enhancements with nebular
continuum emission expected for intense bursts of star formation have the potential to help reduce

the tension between JWST observations and certain galaxy formation models.

1. INTRODUCTION

Photometric and spectroscopic measurements from
JWST (Gardner et al. 2006) have demonstrated that
there are both more UV-bright galaxies at high redshift
and more generally an excess UV luminosity density com-
pared to expectations from most pre-JWST theoretical
models of high-redshift galaxy formation (e.g., Finkel-
stein et al. 2023; Harikane et al. 2024; Leung et al. 2023;
Chemerynska et al. 2023, although cf. Willott et al.
2023). Numerous astrophysical solutions have been pro-
posed to explain these observations that can be catego-
rized as either (1) modifications to the observed mass-
to-light ratio or (2) appealing to a higher star formation
efficiency.

Within the first category, possible physical mechanisms
that can impact the mass-to-light-ratio include (a) as-
suming the scatter between halo mass and UV magnitude
increases at high redshift, possibly due to large fluctua-
tions in the star formation rate (e.g., Ren, Trenti & Ma-
son 2019; Mason, Trenti & Treu 2023; Shen et al. 2023;
Sun et al. 2023; Kravtsov & Belokurov 2024), (b) a de-
crease in the dust attenuation of high-redshift massive
galaxies as a result of strong radiation pressure (Ferrara,
Pallottini & Dayal 2023), (¢) modifying the stellar initial
mass function by, for example, making it more top-heavy
(e.g. Yung et al. 2024, although cf. Cueto et al. 2024),
and (d) an increased role of nebular continuum emission
due to, for example, intense star formation events and/or
hotter or more massive stars (Katz et al. 2024). Alter-
natively, some simulations and models demonstrate that
the star formation efficiency may be higher in the early
Universe due to weaker feedback and strong gas inflows
(e.g., McCalffrey et al. 2023; Dekel et al. 2023).

The variety of proposed solutions are not mutually ex-
clusive — the underlying physical origin of both the ex-

cess UV luminosity density and number density of high-
redshift bright galaxies is likely a combination of mul-
tiple factors. However, theoretical predictions for UV
luminosities inevitably rely on stellar population syn-
thesis (SPS) models such as STARBURST99 (Leitherer
et al. 1999), BPASS (Stanway & Eldridge 2018), or BC03
(Bruzual & Charlot 2003). The predicted luminosities
of the SPS models are subject to certain underlying as-
sumptions, for example, chemical abundance ratios. It
is typically assumed that metal abundance ratios are in-
dependent of metallicity and that the helium abundance
is close to the value of Y = 0.241 as measured from the
CMB (Planck Collaboration et al. 2020) with perhaps a
slight excess that increases with metallicity.

However, spectroscopic observations from JWST have
revealed that the chemical abundance patterns in numer-
ous high-redshift galaxies are distinctly non-solar. Most-
notably, a class of galaxies has been identified that ex-
hibit strong rest-frame UV nitrogen emission lines (e.g.,
Cameron et al. 2023; Bunker et al. 2023; Isobe et al. 2023;
Senchyna et al. 2024; Castellano et al. 2024; Topping
et al. 2024b,a; Schaerer et al. 2024). Interestingly, three
of these galaxies are at z > 9, with GNz11 and GHZ2 be-
ing two of the brightest spectroscopically confirmed ob-
jects in the sky at these redshifts. Numerous studies have
highlighted the similarity between the gas-phase nitrogen
abundances in these high-redshift nitrogen-emitters and
stellar abundance patterns found in local globular clus-
ters (e.g., Senchyna et al. 2024; Charbonnel et al. 2023;
Marques-Chaves et al. 2024). Assuming this connection
is causal and based on stars in the Milky Way, Belokurov
& Kravtsov (2023) estimated that 50—70% of star forma-
tion in our galaxy likely occurs in massive, bound clusters
with properties similar to globular clusters, prior to disk
formation.

One of the unique signatures of globular clusters is
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their peculiar chemical abundance patterns (e.g., Bastian
& Lardo 2018). The fraction of nitrogen-enriched stars
scales with the cluster initial mass (Milone et al. 2017;
Gratton et al. 2019; Belokurov & Kravtsov 2023; Usman
et al. 2024) as does the enhancement in helium above the
value expected from Big Bang nucleosynthesis (Milone
et al. 2018; Gratton et al. 2019). For certain Milky Way
globular clusters (e.g., Omega Centauri, NGC 2808) the
helium mass fraction can reach as high as Y ~ 0.4 (Nor-
ris 2004; Piotto et al. 2005; Dupree & Avrett 2013; Joo
& Lee 2013; Pasquini et al. 2011). Other Milky Way
globular clusters also show helium enhancements (e.g.
Caloi & D’Antona 2007; Busso et al. 2007; Dalessandro
et al. 2013), albeit less extreme than Omega Centauri and
NGC 2808. Similar helium enhancements have also been
observed in the Galactic bulge (Renzini 1994; Nataf et al.
2011). Such helium enhancements up to Y ~ 0.4 have
now been observed at high redshift (z ~ 6) in the gas
phase alongside the aforementioned nitrogen enhance-
ments (Yanagisawa et al. 2024), further tightening the
link between these high-redshift nitrogen emitters and
local globular clusters.

In this Letter, we simply highlight the fact that an in-
creased helium mass fraction naturally increases both the
luminosity and temperature of stars. If a large fraction of
high-redshift star formation occurs in dense, bound clus-
ters as suggested by both Milky Way data (Belokurov &
Kravtsov 2023) and high-redshift gravitationally lensed
objects (e.g., Vanzella et al. 2022; Adamo et al. 2024;
Fujimoto et al. 2024; Mowla et al. 2024), then significant
helium enrichment and consequent luminosity enhance-
ment may be a natural byproduct. Here, we quantify the
excess luminosity one may expect for a helium-enriched
population of stars and discuss how this may help relieve
some of the tension regarding the excess UV luminosity
at high redshift.

2. THE IMPACT OF HELIUM ENHANCEMENTS ON 1500 A
UV LUMINOSITIES

It is well established that both the total bolometric lu-
minosity of a star and its effective temperature are sen-
sitive to both mean molecular weight (u) and opacity
(k). For a star in radiative equilibrium with an ideal gas
equation of state, the bolometric luminosity (L) scales as

(see, e.g., Lamers & Levesque 2017):

4M3
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K

For stars with M > 2 M where electron scattering rep-
resents the dominant opacity, x < 1+ X, where X is the
mass fraction of hydrogen. Ignoring metals and assuming
a fully ionized medium, k —2—Y and p — (2— 2Y)~!
such that at constant mass,
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In Figure 1 (green line) we show the bolometric lumi-
nosity of a fixed-mass star, subject to the above-listed as-
sumptions, scaled to the luminosity assuming Big Bang
Nucleosynthesis (BBN) abundances (Y = 0.24, Planck
Collaboration et al. 2020). For the maximum helium
abundance seen in Omega Centauri (Dupree & Avrett
2013) and observed in the z ~ 6 galaxy RXCJ2248-ID

Y
0.10 0.15 0.20 0.25
3.07 — Homology %
MESA 0.05Z5  3:
o 2.0 — MESA 012, &
S — MESA 0.2Z, &
1 2.0F - MESA 05z, L
- ;
~ .
= 15) L ]
1.0 p— —
0.2 0.3 0.4 0.5

F1G. 1.— (Green) Bolometric luminosity of a fixed-mass star as a
function of helium mass fraction (Y), scaled to the value assuming
a BBN helium abundance (Y = 0.24). This model assumes that
the star is in radiative equilibrium, that the gas is fully-ionized and
metal free, and that the opacity is dominated by electron scatter-
ing. (Pink, Blue, Brown, Yellow) 1500 A luminosity integrated over
a Salpeter IMF as computed with MESA at Z = 0.05Z¢, 0.1Z0,
0.2Z, and 0.5Z¢, respectively, scaled to the value assuming a
BBN helium abundance. In both cases, the luminosity is strongly
sensitive to Y. For reference, the dotted red line indicates Y = 0.4,
which represents the maximum helium abundances seen in Milky
Way globular clusters Omega Centauri and NGC 2808.

(Topping et al. 2024b; Yanagisawa et al. 2024), the bolo-
metric luminosity increases by a factor of ~ 80%.

Stars are of course more complex than this simple
model based on homology encapsulates. To gain a more
accurate estimate for the luminosity increase specifically
at 1500 A, we have run a series of MESA models (Pax-
ton et al. 2011, 2013, 2015, 2018, 2019, Version r15140)
to obtain the effective temperature and bolometric lu-
minosity of the zero-age main-sequence (ZAMS) for dif-
ferent initial metallicities and values of Y. Our models
supplement those in the literature (e.g. Karakas, Marino
& Nataf 2014; Karakas 2014; Chantereau, Charbonnel
& Decressin 2015; Chantereau, Charbonnel & Meynet
2016) that are typically run at a specific metallicity
to focus on an individual globular cluster or environ-
ment. Models from 1 — 100 My were run using the
pp-and_cno_extras network and stopped when the hy-
drogen burning luminosity was within 0.1% of the total
luminosity. Assuming the spectrum of each star follows
a blackbody with T' = T.g, we integrate the total lu-
minosity at 1500 A over a Salpeter (1955) IMF with a
maximum mass of 100 Mg. The pink, blue, and brown,
and yellow lines in Figure 1 shows the 1500 A luminos-
ity as a function of Y, normalized by the luminosity at
Y = 0.24 for four different metallicities. Indeed the UV
luminosity also increases with Y, although less steeply
than our simple assumptions predict. Nevertheless, at
Y = 0.4, the UV luminosity is still boosted by 30%. The
relation between helium mass fraction, Y, and the lumi-
nosity excess at the ZAMS for our assumptions of IMF
and 0.1Zg is well fit by the relation:

L/Ly—p.24 =1.94Y? + 0.63Y + 0.74. (3)
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Fic. 2.— Effective temperature as a function of zero-age main-
sequence stellar mass for various helium mass fractions at a metal-
licity of 0.1Zz. Higher values of Y lead to hotter stars. This
behavior is consistent across all metallicities in our grid.

Unfortunately, helium abundance measurements are
not possible for the highest-redshift nitrogen emitters due
to the He™ recombination lines (particularly He1\7065)
dropping out of the JWST NIRSpec prism at z 2 6.5.
To estimate Y for GNz11 (Bunker et al. 2023), GHZ2
(Castellano et al. 2024), and GN-z9p4 (Schaerer et al.
2024), we fit an empirical relation between log(N/O)
and y = He/H to the data presented in Yanagi-
sawa et al. (2024) (their Figure 5) such that y =

0.085¢108(N/O)+1.6*7/2.5 This gives y > 0.21 (Y > 0.47)
for GNz11 using the fiducial value of N/O from Cameron
et al. (2023), 0.19 < y < 0.23 (0.43 < Y < 0.48) for
GHZ2 using the various N/O estimated from Castellano
et al. (2024), and y = 0.13 (Y = 0.34) for GN-z9p4 using
the N/O measured from Schaerer et al. (2024). Assum-
ing a Salpeter IMF and a metallicity of 0.1Z5, this would
correspond to luminosity boosts of > 43%, up to 48%,
and 18%, for GNz11, GHZ2, GN-z9p4, respectively (fol-
lowing Equation 3).

Another consequence of an increased helium abun-
dance is that the stellar effective temperature rises. Fol-
lowing from our previous assumptions, homology rela-
tions predict T o< pM /R, where R is the radius of the
star. The increase in temperature is indeed related to the
increase in bolometric luminosity. Figure 2 highlights the
impact of helium enhancement on the ZAMS T.g in the
same set of MESA models, which approach AT, of 10 kK
for 2 25 Mg stars for the highest enhancements consid-
ered. To first order, hotter, more luminous stars have in-
creased production of ionizing photons and their spectra
are harder. It is important to consider that for real stars
the exact details of this behavior depend on complex stel-
lar atmosphere physics, which is beyond the scope of this
letter. However, a higher ionizing photon production ef-
ficiency would lead, in an ionization-bounded nebula, to
more nebular continuum emission, which also boosts UV
luminosity (e.g., Raiter, Schaerer & Fosbury 2010; Katz
et al. 2024). Moreover, harder photons may help power
the observed C IV and N IV] emission lines, which are not
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Fic¢. 3.— Bolometric luminosity of individual stars at the ZAMS
as a function of mass for different values of Y, normalized to the
values at the same mass for Y = 0.24. Lower-mass stars are more
affected by higher values of Y. We show results for a metallicity of
0.1Z; however, other metallicities exhibit similar behavior. Note
that the wiggles in the plot are likely numerical due to the finely
sampled mass grid.
typically seen at such strengths in star-forming galax-
ies at lower redshifts even at similar metallicities (e.g.,
Senchyna et al. 2019; Berg et al. 2019; Izotov et al. 2024).

Finally, it is important to highlight that the impact
on the total bolometric luminosity is not constant with
mass. This is demonstrated in Figure 3, where we
show the bolometric luminosity of individual stars at the
ZAMS as a function of mass for different values of Y,
normalized to the values at the same mass for Y = 0.24,
assuming a metallicity of 0.1Z5. We observe that lower-
mass stars exhibit larger increases in bolometric lumi-
nosity for all values of Y compared to higher-mass stars.
This effect can be understood from homology relations.
The highest mass stars have non-negligible contributions
from radiation pressure to their equation of state. For
a star entirely dominated by radiation pressure, at fixed
mass, L o< (2 — YY)~ At masses < 2 Mg, free-free and
bound-free absorption contribute to the opacity where
it can be shown that L oc pu”°. Because the impact
of helium enhancements is mass-dependent, the evolu-
tion of properties such as mass-to-light ratio and when
spectral features such as the Balmer break appear as a
function of time may change and complicate estimates of
stellar mass or star formation histories. These again de-
pend on detailed calculations of stellar atmospheres and
main-sequence lifetimes, but the effects may be relevant
for interpreting the light from early galaxies impacted by
globular cluster populations and other densely clustered
star formation at a broad range of ages, in addition to
the very young UV N-emitters that we have focused on
in this work.

3. DISCUSSION & CONCLUSIONS

Here we have highlighted the fact that helium en-
hancements, which empirically scale strongly with N/O
(Yanagisawa et al. 2024), lead to a boost in UV lumi-
nosity of individual stars due to the strong scaling of
luminosity with mean molecular weight. For the nitro-
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gen emitters observed at z > 10, detailed stellar evo-
lution models predict that the 1500 A UV luminosity
can increase as much as ~ 50%. This effect is likely to
take place only in compact star-forming regions under-
going extreme bursts that exhibit similar conditions to
what is expected for globular cluster ‘second population’
formation. Such galaxies represent ~ 50% of the very
UV-bright population at high redshift, while the oth-
ers are potentially mergers (e.g., Harikane et al. 2024).
Thus the combination of an intense burst of star forma-
tion along with the luminosity increase from an enhanced
helium abundance and strong nebular continuum could
help explain why there exists a population of compact,
very UV-bright galaxies at high redshift. Moreover, if
a significant fraction of high-redshift star formation oc-
curs in massive star clusters as predicted from Milky Way
data (Belokurov & Kravtsov 2023), helium enhancements
may be more common at high-redshift than in the local
Universe; and could contribute to the general excess UV
luminosity density as well as impact retrieval of stellar
masses and ages for affected systems.
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