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Abstract

Confirmed detection of the first generation of stars, Population III, have been a long-
held dream in the field of high redshift astronomy. As the launch of the James Webb Space
Telescope (JWST) is drawing nearer it becomes increasingly important to have models of Pop
III stars. This project covers computing ionizing properties, spectral features and the effects
of rotation based on stellar evolutionary tracks and a grid of stellar atmospheres. Computing
ionizing radiation and its relation to rotation reproduced older results. New results for stellar
evolutionary tracks were calculated using TLUSTY stellar atmosphere models. The use of the
slope (βC94) of the ultraviolet continuum as a probe of stellar mass is investigated and found to
to not be very reliable for heavy Pop III stars. Instead the ultraviolet continuum slope works
better as a diagnostic of stellar surface temperature. Simulated F115W - F444W JWST colors
also show promise as a proxy for temperature up to very high temperatures. By observing a
gravitationally lensed star and combining an apparent magnitude measurement with estimates
of the gravitational magnification and the surface temperature, it may in principle be possible
to single out Pop III candidates from other lensed stars at high redshift.

Populärvetenskaplig sammanfattning

De första stjärnorna kollapsade fr̊an gasmoln kort efter ”the Big Bang” (den stora
smällen) och kallas för Population III. En bekräftad detektion av dessa stjärnor skulle
utgöra ett stort kliv frammåt i v̊ar först̊aelse av det unga universum de föddes i. Eftersom
att universum var väldigt annorlunda vid tiden d̊a dessa stjärnor först antände kärn-
fusion s̊a förväntas de bete sig annorlunda, jämfört med nutida stjärnor. T.ex. s̊a har
de modellerats till att ha mycket större massor och vara ljusstarkare. Dessa skillnader
hittar sin förklaring i att utan stjärnfusion att berika universums gasmoln med tyngre
ämnen s̊a bestod Population III av endast de ämnen (väte, helium och sp̊ar av litium)
som skapades vid the Big Bang. Eftersom dessa stjärnor bildades för s̊a länge sedan s̊a
måste man leta efter dem p̊a extrema avst̊and. Detta betyder att en s̊adan detektion
kräver ett visst mått tur i form av en gravitationell förstärkning av ljusstyrkan. Syftet
med den här uppsatsen är att utföra beräkningar p̊a vissa egenskaper hos Population
III stjärnor, s̊a som produktion av joniserande str̊alning och spektralutseende, för att
kunna sätta senare observationer (potentiellt fr̊an det kommande James Webb Rymdte-
leskopet) i kontext. Med det som mål s̊a simulerades filtermagnituder, vilket betyder
ljusstyrka i ett visst v̊aglängdsintervall, för flera moderna och kommande rymdteleskop.
De här egenskaperna beräknades med hjälp av stjärnatmosfärskoden TLUSTY samt n̊agra
stödprogram i MatLab. Om en potentiell Population III detektion skulle ske s̊a kan
dessa simulationer möjliggöra jämförelser mot beräknad data. En av de huvudsakliga
resultaten fr̊an beräkningarna är att med en signifikant gravitationell förstärkning till-
sammans med en uppskattning av förstoringen och stjärnans yttermperatur s̊a är det
möjligt att identifiera en Population III stjärna.
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1 Introduction

The stars that cast the first light in the universe
are called Population III stars (often referred to
as Pop III). These stars were formed from the pri-
mordial chemical abundance created by the big
bang nucleosynthesis and finding them would be
a crowning achievement in high-redshift astron-
omy. Historically it has been an important ques-
tion to answer where, how or when the Pop III
stars actually formed. Pop III stars are expected
to be quite heavy, with some models predicting
an average mass of 100 M@, that form in dark
matter minihaloes of masses around 105´106M@

and at a massive redshift of z „ 20 ´ 30 (Ry-
dberg, Zackrisson, Lundqvist, and Scott 2013;
Bromm, Yoshida, Hernquist, and McKee 2009;
Tumlinson, Shull, and Venkatesan 2003; Bromm,
Kudritzki, and Loeb 2001; Bromm 2013). Such
a top-heavy IMF (Initial mass function) is pre-
dicted in part due to the density and tempera-
ture in the early universe which affects the Jeans
mass, which can be as large as MJ „ 103M@.
The exact portion of the Jeans mass that later
collapses into the star it not known as it involves
complicated physics between the dust-free enve-
lope and accretion (Kubát 2012). Some mod-
els also predict Pop III to be small and hot as
compared to enriched stars, which increases ion-
ization (Tumlinson and Shull 1999). As these
stars were formed before the metal enrichment
of the universe they contain no heavier elements
- except for trace amounts of lithium - and may
therefore not behave in the same way as more
modern stars. Initially it at was not known
whether Pop III would exhibit a stellar wind,
as the wind could not be caused by scattering
by metal lines (Kubát 2012). Krticka and Ku-
bat (2006) found that a line-driven wind should
be unlikely and that winds in general are ex-
pected to be weak. Further it should be noted
that according to the calculations by Krtička
and Kubat (2009) Pop III stars can experience
a CNO-driven line winds as these materials are
brought to the surface by chemical mixing. This
line-driven wind, however, is also expected to be
smaller than similar wind from solar metallicity

stars, assuming the star in question is not close
to the Eddington luminosity limit. Additionally
the authors also found that the static approxi-
mation (zero mass-loss) should work well for the
first stars in both plane-parallel and spherically
symmetric geometry (Kubát 2012). Another im-
portant aspect of understanding Pop III stars is
in explaining observational phenomena, such as
cosmological reionization, which Pop III stars are
expected to contribute to at a subdominant level.
Possibly the most important distinction of Pop
III stars is their increased ionizing flux in the He`

(also commonly written as HeII) region, which is
quite starkly different when compared to metal-
enriched stars. Pop III may emit as much as 50
% more ionizing radiation per unit mass as com-
pared to Pop II or Pop I (Schaerer 2002; Tum-
linson and Shull 1999).

Now that the launch of James Webb Space
Telescope (henceforth JWST) is drawing close
(currently planned to launch in November 2021)
it becomes increasingly important to have usable
models for Pop III stars and their spectra to en-
able distant observation of a Pop III-candidate
to be properly interpreted. Modelling stellar at-
mospheres has improved significantly since the
usage of computer calculations became possible
in the late seventies and modern stellar atmo-
spheres improve often (Kubát 2012). The codes
that calculated these atmospheres were initially
quite simple but as time moved on they increased
in complexity and sophistication. One of these
sophistications were the introduction of line blan-
keting, which is the dampening of ultraviolet
continuum via metal line absorption. The stel-
lar atmosphere code TLUSTY calculates static,
spherically symmetric or plane parallel, line blan-
keted stellar atmospheres with no mass loss in
non-local thermodynamical equilibrium (NLTE)
(Hubeny 1988; Hubeny and Lanz 1995). Other
codes also perform similar tasks but for the pur-
pose of this project the code TLUSTY is chosen.

1.1 Details of TLUSTY

TLUSTY is designed to create plane-parallel,
horizontally homogeneous stellar model atmo-
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spheres in hydrostatic and radiative equilibrium
(Hubeny and Lanz 2017). The basic equations
solved by TLUSTY are the radiative transfer
equation

d2pfνJνq

dτ 2
ν

“ Jν ´ Sν (1)

where fν is the Eddington factor, Jν is the
mean intensity and Sν is the source function,
which is defined as

Sν :“
ην
χν

(2)

where ην is the total absorption coeffi-
cient and χν is the total emission coefficient.
Next equation is the hydrostatic equilibrium,
which is written as

dP

dm
“ g (3)

where P is total pressure (gas and radiation),
g is surface gravity and m is the Lagrangian mass

dm “ ´ρdz (4)

Next is the energy balance equation

ż 8

0

pχνJν ´ η
tot
ν qdν “

ż 8

0

pκνJν ´ ηνqdν (5)

where κν is the thermal extinction coefficient
and ην is the emission. For numerical reasons
TLUSTY writes this equation as a linear combina-
tion of the left and right hand sides and requires
them to sum to zero (Hubeny and Lanz 2017).
Finally the convection equation describes that
the atmospheres is convectively unstable if

∇rad ą ∇ad (6)

where ∇rad “ ppd lnT q{pd lnP qqrad is the log-
arithmic temperature gradient in radiative equi-
librium and ∇ad is the adiabatic gradient. There
are also other structural equation that are solved,
such as the kinetic equilibrium equation as well
as charge and particle conservation. However
these formulations of the basic stellar equations
are not the ones used by TLUSTY. Instead they

are often rewritten in more convenient forms to
reduce computation time but the general pro-
cedure of the code works as described. The
geometrical coordinate is the column mass m,
which requires the above equations to be rewrit-
ten into more appropriate forms (Hubeny and
Lanz 2017).

1.2 Previous work on Pop III
stars

Greif, Johnson, Klessen, and Bromm (2008) sim-
ulated the conditions and properties of the for-
mation of the first galaxies (z ě 10) at the end of
the cosmological dark ages. The authors found
that intermediate mass Pop III stars may be the
main avenue of stellar formation during the as-
sembly of the first galaxies. It is worth noting,
however, that far more Pop III stars would have
formed in minihaloes before the formation of the
galaxy and these early formed stars may have
already enriched the halo. Thus it may be quite
uncommon to form a pure Pop III galaxy that has
not been pre-enriched by Pop III SN in nearby
minihaloes.

Metal-free stars also do not initially possess
the ingredients necessary to ignite the CNO-cycle
and must first produce these materials them-
selves. This causes the stellar evolution of Pop
III stars to give significantly different yields (es-
pecially the elements 7 ď Z ď 13) than those
from stars with even small amounts of metals
(Heger and Woosley 2010).

The IMF of the actual Pop III stellar popula-
tion has also been under study by many authors.
Pop III IMF has often leaned towards heavy stars
(„ 100M@) (Bromm, Coppi, and Larson 1999).
This was in part due to the difficulty in collaps-
ing metal free particle clouds without access to
cooling through metal lines. Bromm, Coppi, and
Larson (1999) for instance argue for this large
IMF through simulated gas cloud collapse.

In contrast Stacy, Greif, and Bromm (2010)
use particle hydrodynamic simulations to investi-
gate the formation of Pop III stars and find that
lighter (40 and 10 M@) binaries tend to form.
This binary pair style of Pop III formation could
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necessitate alterations to the standard model of
single Pop III formations in minihaloes.

Recently Chiaki, Susa, and Hirano (2018)
investigated the feedback mechanism in metal-
enrichment of Pop III stars in minihaloes. The
authors concluded that metal-rich ejecta from su-
pernovae can only enrich neighbouring haloes if
the ejecta has larger energy than the binding en-
ergy of the minihalo. If this is not the case the
minihalo instead enriches itself. It is possible to
then explain the formation of extremely metal-
poor stars through self-enrichment from core-
collapse supernovae. In this analysis the mass
of the star and minihalo are both important pa-
rameters as the enrichment depends greatly on
these.

Further Chon and Hosokawa (2019) investi-
gates formation of Pop III binaries through disk
fragmentation via 3D hydrodynamic simulations.
The authors find that both the case of binary
star system and later merger into central star
are possible outcomes. By tracking test parti-
cles that form fragments in the disk they showed
a great degree of variation can be seen in the
time-evolution depending on in-parameters such
as mass and position of the particle.

1.3 Prospects of detecting Pop III
stars

One possible avenue of detecting signatures for
Pop III stars lie within the realm of gravitational
waves. As suggested by Kinugawa et al. (2014)
it could be possible to use gravitational observa-
tories such as KAGRA, LIGO or Virgo to search
for the typical chirp signal at vast redshifts. This
method hinges on some assumptions however, as
the merger rate, SFR and IMF are important pa-
rameters for this type of method.

Rydberg, Zackrisson, Lundqvist, and Scott
(2013) found that unlensed Pop III stars are too
faint to be observed by JWST and even gravi-
tationally lensed stars may be difficult to detect
as they are not likely to be numerous enough to
make a detection probable. However, Windhorst
et al. (2018) showed that through the, so called,
cluster caustic transits the magnifications can be

as large as µ „ 104´105. To make an observation
Windhorst et al. (2018) estimates that monitor-
ing 3 - 30 lensing clusters for a decade could be
sufficient for a detection.

There also exists the possibility of late-
forming Pop III stars which may be found in cer-
tain pristine pockets of the universe all the way
down to z ă 6 (Liu and Bromm 2020; Torna-
tore, Ferrara, and Schneider 2007; Xu, Norman,
O’Shea, and Wise 2016). In the models of Liu
and Bromm (2020) as much as 90 % of the cos-
mic volume may be inhabited by gas that is unal-
tered by enrichment. This is because the metal-
enriched gas only occupied a few percent of the
universe when it was bout 10-20 % of its current
size and it is difficult to enrich large volumes as
the universe expands.

1.4 Stellar evolution tracks

Stellar evolutionary tracks illustrates how a given
star evolves in a parameter space of interest,
most commonly the HR-diagram or effective
temperature/surface gravity, as is the case in
this project. The stellar evolution tracks for Pop
III stars of interests in this project have been
constructed by Windhorst et al. (2018), Yoon,
Dierks, and Langer (2012) and Murphy et al.
(2021). The Geneva stellar evolutionary code
GENEC, which was used by Murphy et al. (2021),
has a long history of use in the astronomy com-
munity and has been updated to also include
the effects of rotation, which reproduced observa-
tional data of massive stars (Eggenberger et al.
2008). The code works by solving several stel-
lar structure equations such as the hydrostatic
equilibrium, the continuity equation, the energy
conservation and the energy transport equation,
similar to the TLUSTY code, except it also allows
for spherical asymmetry due to rotation. Instead
it assumes strong horizontal turbulence such that
angular velocity is constant along the isobars,
which is called shellular rotation. However, more
than just these structure equations the GENEC
also computes the chemical abundances by fol-
lowing several reactions. The stellar tracks from
Schaerer (2002) also use the Geneva code GENEC.
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The method used by Yoon, Dierks, and
Langer (2012) is outlined in Yoon and Norbert
Langer (2005) and Yoon, Langer, and C. Norman
(2006) and essentially works by solving similar
structure equations with the Heney-type implicit
method and keeping track of chemical abun-
dances due to reactions. Additionally it also in-
cludes magnetic field effects via the Spruit-Taylor
dynamo. These tracks cover a wide mass range
from 10 to 1000 M@ and offer a somewhat dif-
ferent evolution as the case of chemically homo-
geneous evolution is included, which is especially
relevant for the heavier stars. Windhorst et al.
(2018) on the other hand uses the open sourced
MESA library in the calculations of stellar evolu-
tionary tracks in order to investigate observabil-
ity through cluster caustic transits. MESA simul-
taneously solves coupled structure and composi-
tion equations as well as computing stellar evo-
lutionary tracks (Paxton, Bildsten, et al. 2010;
Paxton, Cantiello, et al. 2013; Paxton, Marchant,
et al. 2015).

In the HR-diagram the evolution typically be-
gins at the Zero-Age Main Sequence (ZAMS)
where the star ignites hydrogen fusion and this
point is located at larger temperature and lumi-
nosity for larger initial mass, both in the case of
rotating and non-rotating models (Murphy et al.
2021). After this point the star generally trav-
els towards larger luminosities while the temper-
ature may have a slightly less predictable be-
haviour, depending on several stellar parameters.
Often this means that the star cools over time
as its envelope expands. Medium-heavy models
(9 - 20 M@) spend a significant portion of their
main sequence (MS) fusing hydrogen with the
proton-proton chain. They are not hot enough
to ignite the triple alpha process which produces
the C and O necessary to turn on the CNO-cycle
(Murphy et al. 2021). During this phase the star
continually contracts until the CNO-cycle roars
to life. This period is shorter for heavier models
as they reach critical core temperatures earlier.

For each point in such an evolutionary track
one could then find a spectrum and thereby the
amount of produced ionizing photons. Using the
previously calculated grid of stellar atmospheres

this process of finding spectra is a lot faster. It
is then useful to use a script that finds the clos-
est existing atmosphere for each point along the
track and saves the number of ionizing photons
into a text file that can be accessed later.

1.5 Models with rotation

Since any given object in the universe is likely
to be rotating in some fashion it would be use-
ful to have a firm grip on the effects of rotation
on stellar behaviour. However, constructing ro-
tating stellar atmospheres is too involved for the
purposes of this project, but the stellar tracks
of Yoon, Dierks, and Langer (2012) and Murphy
et al. (2021) have included the effects of rota-
tion within them. This means that non-rotating
stellar atmospheres are used along stellar tracks
calculated for rotating stars. Thus, for a more
full description of the state of affairs a grid of
rotating stellar atmospheres would be preferred.
Rotation causes the stellar evolutionary tracks
to have a lower initial luminosity than their non-
rotating counterparts due to the relative size dif-
ference of the stellar cores. This is caused by
the centrifugal forces creating a steeper temper-
ature gradient in the core which in turn leads to
a smaller core size (Murphy et al. 2021). How-
ever, despite the initial low luminosity it is gen-
erally true that the rotating models subsequently
become more luminous than their static counter-
parts as the rotation causes chemical mixing that
infuses more hydrogen into the core. This effect
is even more pronounced for heavier stars as the
rotational mixing is more efficient. Additionally
this mixing can increase the stars MS lifetime as
hydrogen is continually injected into the core.

As Pop III stars cannot remove angular mo-
mentum via radiative mass loss, but still ex-
perience angular momentum transfer from the
core to the surface, the outer atmosphere sub-
sequently accumulate rotational speed (Murphy
et al. 2021). Such spin-up can cause certain mod-
els to reach critical rotation speeds which means
that the outer layers of the atmosphere become
unbound and significant mass-loss should be ex-
pected. This mass-loss can rid the star of enough
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angular momentum to push it down below criti-
cal rotation again (Murphy et al. 2021).

Lee and Sung-Chul Yoon (2016) points out
that the regular Eddington luminosity may also
have to be modified in the context of rotation as
the ΩΓ-limit may put constraints on the IMF.
Due to this limit and the effects of accretion
proto-stars can have some difficulty in exceeding
20-40 M@.

1.6 Final fates of Pop III stars

The end of the evolutionary track for Pop III
stars covers a wide range of possible outcomes
from immediate collapse in a black hole (BH) to
the exotic pulsational pair instability supernova
(Murphy et al. 2021; Yoon, Dierks, and Langer
2012; Umeda, Yoshida, Nagele, and Takahashi
2020). This later end was investigated by Far-
rell et al. (2021) as the recent merger GW190521
was difficult to explain without invoking the par-
ticipation of massive BHs of the first genera-
tion of stars with masses of 70-75 M@. Yoon,
Dierks, and Langer (2012) summarized the final
fates of rotating Pop III stars in a figure in the
phase space of fractional Keplerian (defined as
vinit{vcrit, essentially fraction of critical rotation
velocity where the stars breaks apart) rotation at
ZAMS and ZAMS mass which showed that light
stars tend to super nova (SN) and leave a neutron
star behind while heavier ZAMS masses causes
the star to either directly collapse into a BH or
explode as a pair instability SN. There is also an
effect of rotation that causes a part of the phase
space to include gamma ray bursts as a final end
for quickly rotating Pop III stars of masses 20 -
50 M@. When not taking rotation into account,
most metal-free stars end their lives as blue su-
pergiants and explode as supernovas similar to
Sn 1987A (Heger and Woosley 2010).

1.7 Stellar yields

Population III stars were born in the untouched,
pristine environment left after the Big Bang.
They act as the first sources of metal enrichment
in the Universe as they fuse hydrogen and he-

lium. Therefore understanding and simulating
their yields has been a field of much investiga-
tion. Umeda and Nomoto (2002) compares Pop
III SNII yields with metal fraction values (such as
[O/Fe] and [Zn/Fe]) of extremely metal poor halo
stars and finds that observed values can be ex-
plained for certain IMFs and SN models and with
sufficient deep mixing of Si-burning material.
Tominaga, Umeda, and Nomoto (2007) makes a
similar comparison between Pop III core-collapse
supernovae yields and observed abundance ra-
tios of extremely metal poor stars and reproduces
the observed values using hydrodynamic super-
nova calculations with a mixing-fallback model.
Choplin et al. (2018) compared the effects of ro-
tation on the production of slow neutron capture
(s-process) elements and found that the yield is
boosted in a medium heavy mass range of 20 to
60 M@ at 40 % of critical rotation velocity, which
is further boosted when approaching 70 % vcrit.
Murphy et al. (2021) studied the effects of initial
mass and rotation on Pop III yields and found
that lighter stars produced more metals at higher
rotation. Interestingly the authors found that at
slightly higher masses („ 15´ 20 M@) there was
a drop in 14N production, not found in heavier
or lighter models.

2 Method

2.1 Stellar model

The stellar atmospheres that were used in this
thesis were created using the stellar atmospheres
code TLUSTY (Hubeny 1988). As previously
stated this means that they are computed for
plane-parallel, non-rotating, horizontally homo-
geneous stellar model atmospheres in hydrostatic
and radiative equilibrium with zero mass loss.
Additionally the models are of Pop III stars that
contain no heavy elements (heavier than helium)
meaning Z “ 0 and their abundances are set to
the primordial abundance (M. Peimbert, Luridi-
ana, and A. Peimbert 2007). The stellar effective
temperatures range from 15 to 300 kK and the
surface gravity (logpgq) are pushed as low as com-
putationally possible. The step size in temper-
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ature is smaller (2500 Kelvin) for low tempera-
ture as the spectrum is more sensitive to changes
in that region but increases (3000-4000 Kelvin)
towards the hotter end. This setup for stellar
models introduces several problems when inte-
grating evolution tracks. First of all the models
are chemically static, meaning that even though
the star accumulates heavier elements over its
lifetime and enriches itself this will not be re-
flected in the stellar model. For Pop III this may
be particularly problematic as Yoon, Dierks, and
Langer (2012) showed that these stars may ex-
hibit continuous dredge ups in, what is called
chemically homogeneous evolution (CHE), and
should therefore not be chemically pristine in
their outer atmosphere. Secondly the models are
all non-rotating which also is likely not realis-
tic as rotation is a very ubiquitous trait among
all astrophysical objects and is expected to al-
ter the brightness and mass loss of Pop III stars.
This last part brings us to the third problem in
the model, the lack of mass loss. Many Pop III
stars find themselves quite close to the Edding-
ton luminosity limit, where the stars radiative
output overpowers its gravitation and breaks its
hydrostatic equilibrium and the star essentially
explodes. Thus the assumption of zero mass loss
is somewhat questionable. However, as stellar
wind is primarily driven by radiative scattering
against metal lines one could argue that as long
as the upper atmosphere is chemically pristine
stellar wind by this mechanism should not occur
(Marigo, Girardi, Chiosi, and Wood 2001). The
efficiency of such radiatively driven mass loss can
be described using the line acceleration, written
in units of Thomson acceleration as

M rtprqs “ kt´αnδ (7)

where tprq is the is the Thomson optical
depth, k is the normalisation integral, n is the
ratio of local number density of electrons to ge-
ometrical dilution and α and δ are set to accu-
rately describe the optical depth and density de-
pendence (Marigo, Chiosi, and Kudritzki 2003).
Finally the assumption of spherical homogeneity
will likely become less realistic as stellar rota-
tion causes shear effects in the star, causing it

to widen along its rotational equator and shrinks
the distance between the poles.

The set of stellar atmospheres that is cre-
ated by TLUSTY is then used as a grid to inte-
grate over when computing different properties
from the stellar evolution tracks of Windhorst et
al. (2018), Yoon, Dierks, and Langer (2012) and
Murphy et al. (2021).

2.2 Extension of the Teff, logpgq
grid

In a previous report a grid in the parameter
space of Teff (effective temperature of the star
[Kelvin]) and logpgq (surface gravity / accelera-
tion [cm s´2]) was constructed using the stellar
atmospheres calculated by TLUSTY (Hultquist
2021). This choice of parameter space is con-
venient as it does not require one to set the mass
of the star and many stellar evolutionary tracks
are describes in this parameter space (see for ex-
ample (Yoon, Dierks, and Langer 2012). The
grid calculated previously can be seen in figure 1
below. The colors of the dots indicate how well
the atmosphere has converged, from red (bad)
to blue (good) with the questionable yellow in
between. ”Bad” in this case refers to the spec-
trum including NaN entries. The blue and yel-
low points are not as obvious and are identified
using the convergence log that is part of the out-
put of TLUSTY. The yellow models were flagged
as suspicious according to conditionals based on
the convergence log and had to be assessed man-
ually in order to be kept for the grid. However,
when comparing this grid to the stellar evolution
tracks of Yoon, Dierks, and Langer (2012) it was
apparent that some extensions to this grid would
be useful as several tracks pop out of the grid at
during their evolution.

Specifically it would be convenient to have
access to atmospheres at higher temperatures in
the upper ranges of surface gravity. Therefore
the grid extension in figure 2 was constructed and
calculated. In many cases the stellar spectra con-
tained NaN in its flux columns and thus had to be
discarded which resulted in more red dots in the
parameter space than desired. The yellow points
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Figure 1: The grid of calculated stellar atmo-
spheres in Teff, logpgq. Blue dots mean good
convergence, yellow means questionable and red
means non-converged. In the final results that
were to be used many of the yellow dots were
used. The red slope along the grid is the Ed-
dington luminosity limit where the stellar model
breaks down. Please note that both axis are in-
verted.

had suspicious convergence logs which warranted
a closer inspection but in the end many of them
could be used. The way of telling which con-
vergence logs should be considered suspicious is
based on the general tips from the authors of the
code (in my case I flagged anything as yellow
if the convergence log ever reached values above
0.14). Both grids together can be seen in figure
3. With both these sub-grids together the total
coverage in the parameter space is fairly good
and almost covers the full extent of, for instance
Yoon, Dierks, and Langer (2012).

2.3 Ionizing radiation

The light emitted from a star that has sufficient
energy to dislocate electrons is called ionizing ra-
diation. This type of radiation comes in different
types, named with respect which electron config-
uration one is interested in. This work is most
focused on the photons that can ionize H, He and
He` and the emitted numbers of such photons is

Figure 2: The proposed extension to the original
grid. Many of the grid points converged quite
well and the extension could be considered a suc-
cess. However, more red points (non-converged)
appeared than hoped for.

Figure 3: The union of the grids of figure 1, 2.
Judging by how close the red Eddington limit lies
to the working atmospheres one can see that it
would likely be difficult to further push the model
much further than this. In total it resulted in 602
working atmospheres.

written as QpHq, QpHe0
q and QpHe`q or alter-

natively QHI, QHeI and QHeII with roman numer-
als indicating the ionization level (I means un-
ionized). The relevant energies for these three
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atomic stages are 13.6, 24.6 and 54.4 eV respec-
tively. Additionally it may also be useful to
have tabulated the Lyman-Werner band radia-
tion (QpLWq or QLW) which lies in the interval
from 11.2 to 13.6 eV. It should be noted that the
computation of Lyman-Werner band radiation is
done by integrating over this interval, rather than
to infinity. Calculating the number of ionizing
photons per second is done as equation 8

Qi “ 4πR2

ż 8

νi

Fν
hν
dν rphotons s´1

s (8)

R “ 100

d

LBol

4πσT 4
eff

rcms (9)

where R is the stellar radius, Fν is the flux
[erg cm´2 s´1 Hz´1] and νi is the frequency of
the relevant ionization potential (Schaerer 2002).
Therefore this computation requires a simulated
spectrum to integrate over. This can be achieved
through the use of a stellar atmosphere code,
e.g. TLUSTY. The context which is relevant to
this work is stellar evolutionary tracks. For this
purpose the stellar atmosphere grid mentioned
in section 2.2 is used to integrate the spectra
over the entire lifetime of the stellar evolution-
ary track. When this calculation has been made
for each time step in the tracks one can add all
the contributions together to find lifetime aver-
age photon production of the respective ioniza-
tion potentials. This quantity can then be useful
in, for example, modelling the impact Pop III
stars have on their surroundings (see tables 1,
2, 3 and 4). The actual stellar track integration
is done using the code MUSPELHEIM that was
written by Erik Zackrisson. This code is used
to find ionizing properties and βC94 values of the
various tracks which are summarized in tables
below. The QXX-values (QHeI , for instance) are
computed as the lifetime average ionizing pho-
tons per second where the roman numeric after
the element describes the degree of ionization, I
being un-ionized. As the tracks often have an
extremely large amount of points the computa-
tions are done at a select subset of points along

the tracks to save computation time. The cal-
culation is then done by first finding the closest
stellar atmosphere from the grid and integrat-
ing the spectrum to find the amount of ionizing
photons. This process is then iterated by taking
a varying time step forward in stellar age and
saving all the results into a text file. When find-
ing the total lifetime averages one only has to
basically sum up the contributions from different
ages, weighted for the time step and then divided
by the total lifetime of the track. The only case
that works slightly different is for the case of ta-
ble 5 where a script generates a black body model
corresponding to each point of the Yoon, Dierks,
and Langer (2012) stellar evolution track but the
following procedure to find its ionizing radiation
is the same as for the other cases.

2.4 β power-law index

With a stellar atmosphere grid and stellar evolu-
tionary tracks at hand one can also compute the,
so called, ultraviolet continuum power-law index
(in this report: β-slope or βC94) (Calzetti, Kin-
ney, and Storchi-Bergmann 1994). This index is
the fitting parameter to a power law of the form

F pλq 9 λβ (10)

where F pλq is the rest frame flux [ergs s´1

cm´2 Å´1] and λ is the wavelength [Å]. The
power law parameter β is computed by construct-
ing a linear fit in log/log space of flux and wave-
length. To avoid large spectral features, such as
strong lines, this procedure was done in 10 win-
dows in the interval 1200 to 2600 Å. Thus the β
index can be thought of as the spectral slope in
the windows. A larger value for the β-slope signi-
fies a redder object while smaller values are bluer.
The β-slope parameter was introduced to help in
the formulation of dust extinction from galaxies
but it has been since thought to be useful as a
diagnostic tool in other endeavours as well, for
instance it has shown some promise when prob-
ing temperature of stars, which is investigated in
this project. This discussion can be found in the
results section.
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2.5 Simulated JWST filter data

Figure 4: Simulated filter magnitudes for the fil-
ters: F070W, F090W, F115W, F150W, F200W,
F277W, F356W, F410W and F444W of the
NIRCam instrument on the JWST. The plot-
ted points are constructed by placing the filter-
magnitude at the central wavelength of the fil-
ter. The vertical line represents the upper bound
of the Balmer break (rest wavelength of 3646
Ångström) shifted for redshift z “ 6. The light-
est tracks (lowest in the plot) can be seen to lose
intensity in the filters under the break. The color
of the track corresponds to the ZAMS mass of
the track, with bluer meaning heavier and vice
versa. Based on the stellar tracks of Murphy et
al. (2021).

The JWST is equipped with several instru-
ments for making astrophysical observations, for
instance the NIRCam (Near InfraRed Camera)
and the MIRI (Mid-InfraRed Instrument). The
NIRCam is an imaging instrument developed by
a team at University of Arizona that is equipped
with several different wavelength filters, many
of which are of interest for in this work. For
example the F115W NIRCam filter, which is
used when creating several of the plots, covers
a wavelength interval from 1.013 to 1.282 (µm).
The data is simulated using the code abmag
which computes the filter data for a given track
in ab-magnitudes. This is done using the pre-

calculated SEDs from a given subset of the evolu-
tionary tracks, usually about 20-30 points along
each track. All the relevant data for the filter
on the different instruments are saved in files
and computed for the simulated spectra and stel-
lar evolutionary tracks of several authors using
abmag. The output include stellar magnitudes
and bolometric luminosity in all the filters for a
set of different redshifts.

2.6 Weighted grid interpolation

While using the grid, one question that arose is
how to assign points from the stellar evolution-
ary track to points in grid. This is not entirely
trivial as the grid is not infinite in any direction
and therefore it is not guaranteed that a given
track point is surrounded by grid points in the
same way as any other track point. The first
method attempted was to simply take the clos-
est point to the track point for each point along
the track. This method works fine but one con-
sequence of always choosing the closest point is
that several track points, which are different but
close to each other, may be mapped to the same
grid point. This causes some issues as the actual
stellar atmosphere then only changes in discreet
steps, when the closest grid point changes. Re-
alistically the stellar atmosphere should change
as the track point moves along the parameter
space. The way this problem was solved was by
interpolating in the grid instead by choosing the
4 (if available) closest points and then creating
a linear combination of these four atmospheres,
depending on their respective ”closeness” to the
track point. The example of four available points
is illustrated in the figure 5 where the track point
(star) is surrounded by four grid points (squares).
After these four points are found the distance in
temperature is calculated from the track point
to both the grid points. These distances are then
used to compute the weights for the interpolation
as

Rteff1 “
∆T1

∆T1 `∆T2

(11)

where ∆T1 is the difference from the track

10



point to the closest grid point and ∆T2 to the
second closest. Thus this quantity Rteff1 will be
between 0 and 1 depending on the track points
position relative to the grid. In this case Rteff1

will be 0 for the case that the distance ∆T1 is
zero, meaning that the track point falls exactly
on the temperature of the closest grid point. In
the other limit of being the entire interval away
from the closest point, and thereby falling exactly
on the second closest point, the quantity is 1.
Thus, for the usage of Rteff1 to make sense it has
to be the weight for the second closest point and
a similarly defined Rteff2 is to be used for the
closest point.

Figure 5: Example point at Teff = 54600 [K] and
log(g) = 5.7 [cgs] in between four bounding grid
point. The grid points are illustrated as squares
and the track point as a star.

Now, let P1 be point 1 in figure 5 and re-
ceptively for the other points. These points can
now be put together as P1 and P2 have the clos-
est temperature and P3 and P4 have the second
closest. Calling these combinations SED1 and
SED2 they can be found as

SED1(P1, P2) “ Rlogg2P1`Rlogg1P2 (12)

SED2(P3, P4) “ Rlogg2P3`Rlogg1P4 (13)

where Rlogg2 is defined similarly to Rteff2 .
However SED1 and SED2 together add up to two

full spectra and therefore another step must be
taken as

SEDtot “ Rteff2SED1`Rteff1SED2 (14)

In terms of figure 5 this is equivalent to
adding the two points in the 55 kK column us-
ing the weights for the two different log(g) and
then doing the same in the 51 kK column. These
two columns are then weighted to the actual tem-
perature of the track point. Unfortunately this
simple example is only the case when there ac-
tually exists four grid points around the track
point. In more extreme cases closer to the edge
of the grid there may only be three or less avail-
able grid points within reasonable distance, even
if the case of only one point is quite rare. For
such cases many different if-statements were used
in order to not over- or underestimate the to-
tal spectrum for the point of interest. These if-
statements keep track of the equation 14 to make
sure that the parts do not add up to more than
one total spectrum. In some cases when sur-
rounding points are sparse this could cause issues
and in order for the spectra to make sense they
must be scaled right. The code also only looks for
points within a specified neighborhood, in order
to not draw from points too far away, but in cases
where no available points are close this limit must
also be pushed to include any points at all. This
happens most frequently in the tracks of Yoon,
Dierks, and Langer (2012) as they press close to
the Eddington luminosity limit with very small
log(g). In such limiting cases the weighted inter-
polation approaches the ”closest point”-method.

Naturally, the case of few surrounding points
happens when the stellar evolutionary tracks
move outside the pre-calculated stellar grid.
When this happens the models can become less
reliable as the total distance in the parameter
space is greater than usual. One way to salvage
such points is to rescale the problematic model
such that it retains the bolometric luminosity of
the stellar track. The general takeaway of this
maneuver is that the rescaled models tend to
work better at reproducing old results (such as
the tables of ionizing radiation of Schaerer 2002)
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and is therefore universally used in this project.

3 Results

The computed Q-values of ionizing radiation can
be found in the tables 1, 2, 3, 4 and 5. Addition-
ally the β-slope is also computed for the SEDs at
ZAMS which can be used to probe mass in cer-
tain cases, however in the cases of heavier Pop
III stars this does not appear to be a strong con-
straint on stellar mass as can be seen in figures
6, 15, 16, 17, 18, 19 where the variation of βC94

does not vary greatly with large mass but rather
is somewhat diagnostic of the stellar tempera-
ture. Below is an example of one such plot.

Figure 6: βC94-slop as a function of current stel-
lar mass for the Yoon, Dierks, and Langer (2012)
stellar tracks. Here one can see that virtually the
entire β-slope range is covered at masses larger
than around 100 M@, which means that it cannot
effectively be used to determine the mass of an
observed Pop III candidate. Variations in rota-
tion may well cause part of this indistinguishabil-
ity in the plot as it can alter the spectral features
without affecting mass. The colors signify the
initial rotation of the stellar evolutionary track,
green meaning zero rotation and redder means
faster initial rotation.

This method of finding temperature using the
β-slope may have some uses even though the

initial investigation was as a diagnostic tool for
mass. The β-slope values that can be found in
the tables are taken at the ZAMS point in the
stellar evolutionary tracks. While this choice of
stellar time is not very general the ambiguous na-
ture of the effects of mass on the β-slope makes it
clear that it will not functions as a reliable diag-
nostic on stellar mass. The temperatures given in
the tables are also chosen from the ZAMS to give
a feeling of what kind of star is considered in the
computation. It should be noted, of course, that
the temperature values may vary greatly from
the tabulated ZAMS value during the entirety of
the stellar evolutionary track. Further, as can be
seen in figure 6 the different rotations cause some
ambiguity in the plot as is significantly alters the
βC94-slope.

Figure 7: Comparing total amount of ionizing
photons produced in a rotating and non-rotating
model for a range of masses. Interestingly the
differences between rotating and non-rotating are
quite stark for the stellar models at 20 M@ which
could be in part due to the spectrum being very
sensitive to parameters that are changed by rota-
tion or due to the stellar atmospheres not being
perfectly converged at this mass. The solid lines
illustrate the hydrogen ionizing radiation while
the dashed shows helium and the dash-dot line
He`.

As rotation can have a stark effect of the ion-
izing radiation production of the star the differ-
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ence between rotating and non-rotating tracks is
illustrated in figure 7. The plot also includes
calculations for the difference when only using
a black body stellar spectrum. This was done in
order to compare the results to an earlier calcu-
lation by Yoon, Dierks, and Langer (2012).

One important parameter when setting up
the black body spectrum is to decide an upper
and lower wavelength cut-off as this choice af-
fects the total number of ionizing photons. For
convenient comparison to the TLUSTY spectra
these cut-offs for the black body models were
set to be similar to that of the TLUSTY mod-
els. The choice of mass and stellar evolutionary
tracks are also from the article by Yoon, Dierks,
and Langer (2012) since the comparison of black
body rotational effects is made against his calcu-
lations. Generally the results from Yoon, Dierks,
and Langer (2012) are reproduced quite well, de-
pending somewhat on the cut-off choice for wave-
length, which lends credence to the other results
as well as they were computed the same way. The
most salient point here is that for medium-heavy
models („ 20M@) the effects of rotation are by
far the most noticeable, especially in the case of
HeII ionizing radiation where the rotating model
is almost four orders of magnitude greater.

Figure 8 is also useful to see how the aver-
age amount of ionizing photons varies between
the TLUSTY stellar models and the black body
case. This is relevant as earlier calculations have
often used black body spectra for computational
ease but as this project is based on Pop III stel-
lar atmosphere grids it is now possible to make
the comparison and quantify how the results may
differ when using a more realistic model for the
stars in question. An important takeaway here
is that the models compare fairly well, except
for the HeII ionizing radiation in the lower mass
range, where the TLUSTY models produces far
less photons. This is investigated more closely
in figure 20 where the black body and TLUSTY
spectra are compared at the ZAMS. The spec-
tra are set to the same temperature, bolometric
luminosity and mass, which means that in the
integrated sense they are quite similar but their
spectral energy is distributed differently, which

Figure 8: Log/log plot of the differences in
TLUSTY stellar models and a black body spec-
trum generated with the same mass, temperature
and bolometric luminosity. The main differences
are found at the lower end of the mass spectrum
but this plot is relatively sensitive to the choice of
smallest wavelength that is included in the black
body. This becomes relevant as the TLUSTY at-
mospheres has a set lowest point, that is chosen
by the spectral code itself and is not changeable
without recomputing the entire model.

directly affects the ionizing radiation. It is also
important to note that black body models do not
include spectral lines, which also affects the ion-
izing radiation, albeit not by much.

Calculations for average number of ionizing
photons per second can be made for each of the
stellar tracks of Yoon, Dierks, and Langer (2012),
Windhorst et al. (2018), Murphy et al. (2021)
and Schaerer (2002). The results can be found
in figures 9, 21, 22 and 23. To avoid confu-
sion the plots have been separated into rotat-
ing and non-rotating cases as rotation affects the
ionizing radiation and therefore can make for a
cluttered presentation. All values except those
of Schaerer (2002) were calculated using only
the stellar tracks, the actual ionizing radiation
was calculated using the pre-calculated grid of
TLUSTY atmospheres and a Matlab script. The
values from Schaerer (2002) were taken straight
out of the article. This, however, serves as a
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Figure 9: Comparing hydrogen ionizing radia-
tion against stellar mass for several different au-
thors. The computed values for Yoon, Dierks,
and Langer (2012), Murphy et al. (2021) and
Windhorst et al. (2018) were all made using
the grid-model outlined in this project while the
values from Schaerer (2002) were taken directly
from the article. All the different data sets agree
quite well. Please note that sometimes several
different tracks are included at a given mass, with
different rotation.

control of sorts as the computed values can be
compared to the previous calculation of Schaerer
(2002). In the plots it is visible that the Q-values
of Schaerer (2002) conform quite well with the
ones calculated in this project. The data in all
data sets conform quite well but it should be
noted that Schaerer (2002) was excluded from
the computation of Lyman-Werner band radia-
tion as his calculation included nebular emissions
and thus behaved somewhat differently. Another
aspect worth noting is how large a difference the
rotation on the stellar tracks of Yoon, Dierks,
and Langer (2012) has on HeII ionizing radia-
tion. Other than this, however, all the data
group rather closely together, with rotation mak-
ing some difference.

While it may be difficult to put hard con-
straints on mass it may be possible to find tem-
perature using JWST filter observations. In fig-
ure 10 the F115W - F444W color is plotted

Figure 10: F115W - F444W JWST filter color
plotted against temperature. As the color shifts
blueward for an increase in temperature it can
be considered a strictly increasing function of
temperature, at least for temperature lower than
„ 80000K when it starts to plateau. Thus the
color may be useful as a proxy for temperature.
The line colors signify ZAMS mass of the plot-
ted track, blue being heaviest. The black squares
indicate the position for ZAMS. Based on the
tracks of Yoon, Dierks, and Langer (2012).

against temperature for all the tracks of Yoon,
Dierks, and Langer (2012). For a strict increase
in temperature there is almost always a shift to-
wards bluer color. There exists some parts of
certain tracks where a reddening happens dur-
ing increasing temperature but this is not the
typical behaviour. Rather the F115W - F444W
color can be seen as a strictly increasing function
of temperature on a large part of the wavelength
range. The blueward drift slows down for hotter
and heavier stars but does not halt completely
but the differences may be too small compared
to the measurement errors. This is important as
it means that observed JWST colors may be used
as an interim temperature, at least for temper-
ature below „ 80000 K. This is not just seen in
the tracks of Yoon, Dierks, and Langer (2012).
When plotting against the tracks of Windhorst
et al. (2018) and Murphy et al. (2021) the same
basic picture is seen.
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Figure 11: Similar plot to figure 10. The line
colors signify ZAMS mass of the plotted track,
blue being heaviest. The black squares indicate
the position for ZAMS. Based on the tracks of
Windhorst et al. (2018).

Figure 12: Similar plot to figure 10. The line
colors signify ZAMS mass of the plotted track,
blue being heaviest. The black squares indicate
the position for ZAMS. Based on the tracks of
Murphy et al. (2021).
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3.1 Tables

ZAMS mass Teff QHI QHeI QHeII QLW βC94-slope
100 1.14E+50 5.93E+49 3.05E+48 2.05E+49 2.06e+49 -3.680
50 3.68E+49 1.83E+49 9.35E+46 7.41E+48 7.43e+48 -3.673
30 1.25E+49 6.04E+48 5.25E+44 2.99E+48 3.04e+48 -3.642
20 4.48E+48 2.05E+48 4.61E+43 1.37E+48 1.38e+48 -3.572
15 2.16E+48 9.02E+47 7.78E+42 8.81E+47 9.19e+47 -3.469
10 5.63E+47 1.97E+47 9.57E+41 3.62E+47 3.57e+47 -3.435
5 7.01E+45 3.39E+43 1.49E+38 8.24E+46 8.23e+46 -3.243
3 1.46E+43 1.44E+39 1.03E+32 1.17E+46 1.13e+46 -2.586
2 1.91E+41 3.43E+36 6.09E+27 1.53E+45 1.42e+45 -2.095

Table 1: Tables of ZAMS mass [M@], temperature [K], lifetime average ionizing radiation and band
radiation [photons s´1] and βC94-slope for the Pop III stellar evolution tracks of Windhorst et al.
(2018).
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ZAMS mass Rotation Teff QHI QHeI QHeII QLW βC94-slope
1000 0 1.03E+51 5.74E+50 8.40E+49 4.65E+50 4.68e+50 -3.461
1000 0.2 1.93E+51 1.10E+51 1.32E+50 3.00E+50 3.03e+50 -3.461
1000 0.4 1.90E+51 1.02E+51 1.14E+50 3.12E+50 3.14e+50 -3.540
500 0 6.50E+50 3.58E+50 4.73E+49 1.84E+50 1.85e+50 -3.540
500 0.4 7.25E+50 4.01E+50 4.98E+49 1.66E+50 1.67e+50 -3.540
500 0.5 7.74E+50 4.46E+50 6.08E+49 1.28E+50 1.28e+50 -3.362
300 0 3.85E+50 2.11E+50 2.53E+49 9.82E+49 9.87e+49 -3.540
300 0.2 5.22E+50 2.92E+50 3.07E+49 8.08E+49 8.12e+49 -3.540
300 0.4 4.86E+50 2.95E+50 4.30E+49 6.82E+49 6.82e+49 -3.362
200 0 2.48E+50 1.35E+50 1.39E+49 5.80E+49 5.84e+49 -3.362
200 0.2 3.23E+50 1.83E+50 1.91E+49 4.90E+49 4.96e+49 -3.362
200 0.4 3.28E+50 2.05E+50 3.40E+49 3.40E+49 3.35e+49 -3.362
200 0.6 3.10E+50 1.99E+50 3.39E+49 2.91E+49 2.89e+49 -3.380
150 0 1.76E+50 9.41E+49 8.16E+48 3.98E+49 4.00e+49 -3.468
150 0.2 1.96E+50 1.07E+50 1.03E+49 4.12E+49 4.16e+49 -3.468
150 0.3 2.38E+50 1.54E+50 2.68E+49 2.21E+49 2.24e+49 -3.468
150 0.4 2.27E+50 1.47E+50 2.67E+49 2.09E+49 2.03e+49 -3.362
150 0.6 2.11E+50 1.37E+50 2.51E+49 1.94E+49 1.89e+49 -3.380
100 0 1.04E+50 5.48E+49 3.14E+48 2.25E+49 2.26e+49 -3.451
100 0.2 1.21E+50 6.67E+49 5.39E+48 2.29E+49 2.31e+49 -3.451
100 0.3 1.37E+50 8.88E+49 1.55E+49 1.29E+49 1.27e+49 -3.623
100 0.4 1.32E+50 8.46E+49 1.42E+49 1.26E+49 1.25e+49 -3.380
100 0.6 1.22E+50 7.79E+49 1.28E+49 1.18E+49 1.16e+49 -3.366

Table 2: Tables of ZAMS mass [M@], rotation [fractional Keplerian velocity vinit{vcrit], temperature
[K], lifetime average ionizing radiation and band radiation [photons s´1] and βC94-slop for the Pop
III stellar evolution tracks of Yoon, Dierks, and Langer (2012).
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ZAMS mass Rotation Teff QHI QHeI QHeII QLW βC94-slope
60 0 4.78E+49 2.42E+49 3.84E+47 1.09E+49 1.09e+49 -3.428
60 0.2 6.38E+49 3.48E+49 1.19E+48 9.16E+48 9.40e+48 -3.427
60 0.3 6.44E+49 4.05E+49 5.50E+48 6.70E+48 6.78e+48 -3.427
60 0.4 6.17E+49 3.85E+49 5.03E+48 6.64E+48 6.69e+48 -3.427
60 0.6 5.56E+49 3.45E+49 4.35E+48 6.11E+48 6.20e+48 -3.342
30 0 1.26E+49 5.96E+48 5.68E+44 3.45E+48 3.47e+48 -3.364
30 0.2 1.23E+49 5.71E+48 4.53E+44 3.65E+48 3.67e+48 -3.329
30 0.3 1.88E+49 1.12E+49 1.01E+48 2.50E+48 2.56e+48 -3.329
30 0.4 1.80E+49 1.06E+49 9.06E+47 2.50E+48 2.56e+48 -3.329
30 0.6 1.62E+49 9.50E+48 7.84E+47 2.31E+48 2.36e+48 -3.280
20 0 4.60E+48 2.05E+48 4.81E+43 1.59E+48 1.60e+48 -3.296
20 0.2 4.49E+48 1.99E+48 4.24E+43 1.57E+48 1.58e+48 -3.296
20 0.3 5.22E+48 2.38E+48 5.74E+43 1.55E+48 1.58e+48 -3.266
20 0.4 7.50E+48 4.21E+48 2.79E+47 1.30E+48 1.31e+48 -3.266
20 0.6 6.71E+48 3.73E+48 2.38E+47 1.21E+48 1.23e+48 -3.266
15 0 2.02E+48 8.39E+47 9.68E+42 8.68E+47 8.77e+47 -3.235
15 0.2 1.99E+48 8.14E+47 8.52E+42 8.88E+47 8.98e+47 -3.235
15 0.4 1.78E+48 6.92E+47 5.19E+42 8.88E+47 9.03e+47 -3.235
15 0.6 3.26E+48 1.73E+48 8.63E+46 7.32E+47 7.40e+47 -3.219
10 0 5.15E+47 1.71E+47 7.97E+41 3.70E+47 3.71e+47 -3.186
10 0.2 4.74E+47 1.49E+47 6.40E+41 3.72E+47 3.74e+47 -3.186
10 0.4 3.65E+47 9.40E+46 2.86E+41 3.70E+47 3.71e+47 -3.186
10 0.6 3.77E+47 1.03E+47 3.38E+41 3.53E+47 3.58e+47 -3.096
10 0.8 3.19E+47 8.15E+46 2.45E+41 3.28E+47 3.30e+47 -3.096

Table 3: Continued table for Yoon, Dierks, and Langer (2012).
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ZAMS mass Rotation Teff QHI QHeI QHeII QLW βC94-slope
1.7 0 7.43E+40 9.96E+35 1.36E+27 7.37E+44 6.96e+44 -2.095
1.7 0.4 1.24E+41 3.03E+36 6.20E+28 9.04E+44 8.70e+44 -2.095
2 0 2.03E+41 3.68E+36 6.47E+27 1.50E+45 1.37e+45 -2.095
2 0.4 4.70E+41 1.85E+37 5.38E+29 1.91E+45 1.83e+45 -2.095
2.5 0 1.76E+42 8.16E+37 2.88E+30 4.48E+45 4.50e+45 -2.356
2.5 0.4 4.45E+42 4.13E+38 3.13E+31 5.18E+45 5.09e+45 -2.095
3 0 1.41E+43 1.47E+39 1.29E+32 1.08E+46 1.07e+46 -2.586
3 0.4 2.47E+43 3.40E+39 5.38E+32 1.30E+46 1.30e+46 -2.356
4 0 3.80E+44 1.97E+41 6.90E+35 3.57E+46 3.55e+46 -2.991
4 0.4 6.42E+44 4.76E+41 2.47E+36 3.98E+46 3.97e+46 -2.810
5 0 6.14E+45 3.86E+43 1.43E+38 7.61E+46 7.61e+46 -3.142
5 0.4 7.97E+45 1.42E+44 3.23E+38 7.65E+46 7.67e+46 -3.142
7 0 1.11E+47 1.92E+46 4.57E+40 1.71E+47 1.72e+47 -3.302
7 0.4 9.05E+46 1.61E+46 3.90E+40 2.03E+47 2.02e+47 -3.302
9 0 3.58E+47 1.15E+47 5.00E+41 2.71E+47 2.73e+47 -3.424
9 0.2 3.39E+47 1.04E+47 4.38E+41 3.29E+47 3.31e+47 -3.424
9 0.4 3.68E+47 1.13E+47 4.48E+41 2.95E+47 2.99e+47 -3.399
12 0 9.39E+47 3.76E+47 2.73E+42 4.53E+47 4.57e+47 -3.435
12 0.2 9.34E+47 3.68E+47 2.58E+42 5.03E+47 5.06e+47 -3.435
12 0.4 8.42E+47 3.27E+47 2.18E+42 5.49E+47 5.48e+47 -3.435
15 0 1.89E+48 8.33E+47 1.01E+43 6.94E+47 7.02e+47 -3.524
15 0.2 1.92E+48 8.32E+47 9.85E+42 7.82E+47 7.93e+47 -3.524
15 0.4 1.83E+48 7.78E+47 8.45E+42 8.67E+47 8.77e+47 -3.493
20 0 4.31E+48 2.04E+48 5.31E+43 1.23E+48 1.23e+48 -3.572
20 0.2 4.39E+48 2.08E+48 5.27E+43 1.23E+48 1.23e+48 -3.572
20 0.4 4.42E+48 1.97E+48 4.30E+43 1.49E+48 1.50e+48 -3.549
30 0 1.20E+49 6.02E+48 6.88E+44 2.64E+48 2.66e+48 -3.619
30 0.4 1.24E+49 5.94E+48 4.52E+44 3.06E+48 3.07e+48 -3.619
40 0 2.28E+49 1.17E+49 1.44E+46 4.43E+48 4.46e+48 -3.661
40 0.4 2.30E+49 1.13E+49 6.59E+45 4.95E+48 4.97e+48 -3.661
60 0 4.91E+49 2.58E+49 4.56E+47 8.54E+48 8.68e+48 -3.676
60 0.4 4.98E+49 2.45E+49 2.60E+47 1.03E+49 1.03e+49 -3.673
85 0 8.60E+49 4.61E+49 2.19E+48 1.48E+49 1.49e+49 -3.679
85 0.4 8.68E+49 4.35E+49 1.39E+48 1.73E+49 1.72e+49 -3.679
120 0 1.42E+50 7.76E+49 6.04E+48 2.35E+49 2.36e+49 -3.680
120 0.4 1.49E+50 7.64E+49 4.04E+48 2.63E+49 2.66e+49 -3.618

Table 4: Tables of ZAMS mass [M@], rotation [fractional Keplerian velocity vinit{vcrit], temperature
[K], lifetime average ionizing radiation and band radiation [photons s´1] and βC94-slope for the Pop
III stellar evolution tracks of Murphy et al. (2021).
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ZAMS mass Rotation QHI QHeI QHeII QLW

1000 0 2.2702e+51 7.5764e+50 4.6518e+49 2.4761e+50
1000 0.4 3.9424e+51 1.2316e+51 5.6710e+49 4.5800e+50
500 0 1.4005e+51 4.5755e+50 2.6004e+49 1.5581e+50
500 0.4 1.5512e+51 4.9880e+50 2.3791e+49 1.6767e+50
300 0 8.1842e+50 2.6435e+50 1.4274e+49 9.2709e+49
300 0.4 1.1241e+51 3.9058e+50 2.0226e+49 9.0353e+49
200 0 5.1760e+50 1.6431e+50 8.2832e+48 6.0472e+49
200 0.4 7.8831e+50 2.8344e+50 1.6599e+49 5.8224e+49
150 0 3.5867e+50 1.1185e+50 5.2529e+48 4.3076e+49
150 0.4 5.7633e+50 2.2015e+50 1.7691e+49 3.5378e+49
100 0 2.0594e+50 6.2019e+49 2.5463e+48 2.5989e+49
100 0.4 3.2918e+50 1.2467e+50 1.0024e+49 2.0883e+49
60 0 8.9886e+49 2.5206e+49 7.8975e+47 1.2685e+49
60 0.4 1.4680e+50 5.3661e+49 3.9978e+48 1.0423e+49
30 0 2.2650e+49 5.3016e+48 8.8613e+46 4.0846e+48
30 0.4 3.9705e+49 1.3258e+49 8.1978e+47 3.6252e+48
20 0 8.1772e+48 1.6202e+48 1.5253e+46 1.7803e+48
20 0.4 1.5776e+49 4.8515e+48 2.6454e+47 1.7628e+48
15 0 3.5675e+48 6.0071e+47 3.2371e+45 9.1233e+47
15 0.4 3.1256e+48 4.6333e+47 1.5802e+45 8.9613e+47
10 0 9.5021e+47 1.1179e+47 1.7517e+44 3.2980e+47
10 0.4 7.2669e+47 6.8876e+46 5.2991e+43 2.9685e+47

Table 5: Tables of ZAMS mass [M@], rotation [fractional Keplerian velocity vinit{vcrit], lifetime
average ionizing radiation and band radiation [photons s´1] for a black body model based on the
Pop III stellar evolution tracks of Yoon, Dierks, and Langer (2012). The generated black body
spectrum spans 1 to 2000 Ångström which appeared sufficient to reproduce previous results.
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Figure 13: Comparison between the lifetime average ionizing radiation of TLUSTY stellar atmo-
spheres and a blackbody spectrum for the stellar tracks of Yoon, Dierks, and Langer (2012). The
several different point in each mass column signify different initial rotations (0 and 0.4 fractional
Keplerian for blackbody models).

Figure 14: Similar as figure 13 but for the HeII ionzing radiation and Lyman Werner band radiation.
Very notable difference for HeII ionizing radiation in the „ 20M@ region. The several different point
in each mass column signify different initial rotations (0 and 0.4 fractional Keplerian for blackbody
models).
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3.2 Additional figures

Figure 15: The β-slope as a function of temperature of the Yoon, Dierks, and Langer (2012) stellar
tracks tells a different story where the spectral slope falls off towards higher temperatures in a
predictable fashion. Thus the β-slope may be a stronger diagnostic for temperature rather than
mass. The colors signify the initial rotation of the track, with redder color meaning larger initial
rotation.
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Figure 16: Similar plot to figure 6 but instead based on the stellar tracks of Murphy et al. (2021).
The result is also similar as previous results as slope trend as a function of mass is not strong enough
to constrain the stellar mass very much. There is some tendency of larger β-slope values amongst
the lower masses but still not for the entire mass interval. The colors signify the initial rotation of
the track, with redder color meaning larger initial rotation.
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Figure 17: Similar to figure 15 the β-slope of Murphy et al. (2021) decreases with increasing
temperature with a comparatively low spread at a given temperature, which is not the case for
mass. The colors signify the initial rotation of the track, with redder color meaning larger initial
rotation.
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Figure 18: Similar plot to figure 6 but instead based on the stellar tracks of Windhorst et al. (2018).
Here it is again the case that the β-slope is not a strong enough diagnostic tool to be used to probe
the mass. The colors signify the initial rotation of the track but here all tracks have zero rotation.
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Figure 19: Similar to figure 15 the β-slope of Windhorst et al. (2018) decreases with increasing
temperature with a comparatively low spread at a given temperature. The colors signify the initial
rotation of the track but here all tracks have zero rotation.
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Figure 20: Comparison between a computed TLUSTY stellar model and a generated black body
spectrum with the same effective temperature and bolomectric luminosity. At wavelength larger
than a thousand Ångström the differences between them vanishes quickly but at lower wavelengths
the differences in integrated spectrum can differ quite a bit. The total difference in ionizing radiation
that this leads to can be seen in figures 13 and 14.
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Figure 21: Similar plot to figure 9 but for helium ionizing radiation.

Figure 22: Similar plot to figure 9 but for He` ionizing radiation. Note the large effect of rotation
of the stellar tracks for Yoon, Dierks, and Langer (2012).
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Figure 23: Comparison of Lyman Werner band radiation for several authors. Schaerer (2002) is not
included here as his calculations included nebular emissions, which significantly alters the result.
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Figure 24: A diagram analogous to the HR diagram created using simulated Population III spectra
as observed by the JWST NIRCam at a redshift of z “ 6 for the stellar evolutionary tracks of Yoon,
Dierks, and Langer (2012). The color of the tracks signify the stellar mass ZAMS for each track,
with bluer tracks being heavier.
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Figure 25: Similar to figure 24 except done for the stellar evolutionary tracks of Windhorst et al.
(2018) at redshift z “ 6. As the tracks are relatively sparse and far apart it is difficult to tell whether
track degeneracy would be a problem for more densely packed evolutionary tracks. Further, as the
tracks do not include rotation there is less chance of having overlapping tracks. The bluer tracks
have higher ZAMS masses while the redder tracks are lighter.
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Figure 26: Similar to figure 24 except done for the stellar evolutionary tracks of Murphy et al.
(2021) at redshift z “ 6. For the heavier models there is little degeneracy in the tracks, meaning
that regardless of the rotation the tracks can still be distinguished. However the lighter tracks can
intersect depending on the initial rotation of the stellar track which means that a given position
in the diagram may not uniquely constrain stellar mass. The heaviest track is the bluest while the
lightest is the reddest, while intermediate masses being in between.
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Figure 27: Similar to figure 4 but based on the tracks of Windhorst et al. (2018).
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Figure 28: Similar to figure 4 but based on the tracks of Yoon, Dierks, and Langer (2012).
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4 Conclusions and discus-

sion

Using a TLUSTY generated metal-free stellar at-
mosphere grid to calculate ionization radiation
of stellar evolutionary tracks appears to have
worked quite well, as the data from several dif-
ferent tracks all clustered closely. This was the
case despite the fact that not all data was com-
puted in this project. The ionizing radiation cal-
culations for Schaerer (2002) was taken from the
article, and thus two different methods arrived
at similar result.

It should also be noted that the diagnostic
potential of βC94 on mass was investigated and
found to be not a very strong constraint, rather
it correlated well to temperature (see figures 15
to 19.

The effects of rotation should also not be un-
derestimated as can be seen in figure 7 where
the total number of ionizing photons vary greatly
with rotation. However, this results is largest for
the stellar evolutionary tracks of Yoon, Dierks,
and Langer (2012). In the tracks of Murphy et
al. (2021) rotation has an effect but not quite as
stark (see for example figure 22). This could be
due to the fact that Yoon, Dierks, and Langer
(2012) push the rotation to much higher values.

The value of using the calculated Pop III stel-
lar grid instead of simple black body models is
also seen in table 5 and figures 8 and 20. The
values of, for instance average number of ioniz-
ing photons, can change quite a bit between the
black body model and the metal-free TLUSTY
stellar model (see figures 13 and 14 for compari-
son). While it is more computationally taxing to
construct a stellar grid and interpolate the results
should be more realistic than to tacitly assume
all stars to have black body spectra.

Optimally these results could be improved
further in the future by using time variant metal-
licity to account for the atmospheric dredge ups.
It would also be useful to redo the calculations
using rotating stellar models, as Pop III stars
can easily rotate quite quickly and this alters
their brightness. If such a rotation model is
constructed the Q-values and stellar spectra pro-

duced would be interesting to compare to current
results. Additionally mass loss could also be in-
cluded to create a more realistic representation of
metal-free primordial stars. These changes may
also significantly alter the actual ionization and
spectral features.

4.1 Summary

1. The procedure of using a pre-calculated
grid in order to integrate lifetime average
properties of stellar models appears to work
well as the found levels of ionizing radia-
tion is consistent with independent meth-
ods used by Schaerer (2002).

2. In this investigation the use of βC94-slope
as mass probe appears to be unreliable at
best and it will likely be necessary to have
other bounding methods as well (see figure
6).

3. As also shown in, for instance, Yoon,
Dierks, and Langer (2012) the stellar initial
rotation has a stark effect on the behaviour
and final end of Population III stars. For
example this is seen in ionizing radiation
as a large increase in production (see figure
7).

4. The transition to a more sophisticated
interpolation method of the stellar grid
yielded more realistic results as the effec-
tive resolution of the grid is increased (see
figure 5).

5. The difference in both spectra and ion-
izing lifetime averages was also compared
between TLUSTY stellar atmospheres and
blackbody spectra. The largest difference
between the spectra can be found in the
lower end of the wavelength range which
causes the HI ionizing radiation to be the
main outlier (see figure 13).

6. When computing the filter magnitudes for
the JWST NIRCam instrument a HR-
analogous diagram can be created (see fig-
ure 26). Here it can be seen that there also
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exists some degeneracy with respect to the
mass of the tracks with different rotation,
meaning that the location in the diagram
may not uniquely assign the observation a
mass.

7. The F115W - F444W JWST color can be
used as a proxy for temperature up to
about 80000 Kelvin. This, in addition to
the βC94-slope, constitutes a second poten-
tial avenue for probing the temperature of
a tentative Pop III observation.
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