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Abstract

Motivated by the possible existence of other universes, this paper considers
the evolution of massive stars with different values for the fundamental con-
stants. We focus on variations in the triple alpha resonance energy and study
its effects on the resulting abundances 6f12C, O, and larger nuclei. In our
universe, the 07 energy level of carbon supports a resonant nuclear reaction
that dominates carbon synthesis in stellar ¢ores and accounts for the observed
cosmic abundances. Here we definesA Er to be the change in this resonant
energy level, and show how different-values affect the cosmic abundances of
the intermediate alpha elements. Using the state of the art computational
package MESA, we carry out, stellar evolution calculations for massive stars
in the range M, = 15=40M}; and for a wide range of resonance energies. We
also include both4solar amd low metallicity initial conditions. For negative
AFER, carbon yields are increased relative to standard stellar models, and such
universes remain viable as long as the production of carbon nuclei remains
energetically,faverable, and stars remain stable, down to AFr ~ —300 keV.
For positive A F'r, carbon yields decrease, but significant abundances can be
produced for' resonance energy increments up to AEg ~ 4500 keV. Oxygen
yieldsitend to be anti-correlated with those of carbon, and the allowed range
in AFER is somewhat smaller. We also present yields for neon, magnesium,
andssilicon. With updated stellar evolution models and a more comprehen-
sive survey of parameter space, these results indicate that the range of viable
universes is larger than suggested by earlier studies.
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1. Introduction

Over the past few decades, a detailed paradigm for the evolution of our
universe has been developed, and this framework provides a successful expla-
nation for many observed cosmic features (e.g., see [1] for a recent reviéw).
Some versions of this theory also argue that our universe could be one portion
of a much larger region of space-time, sometimes known as the “multiverse,”
i.e., our local region could represent one member of a vast collection‘ef other
universes [2, 3, 4, 5, 6, 7]. Moreover, these alternate universes«ould have dif-
ferent realizations of the laws of physics. Specifically, the constants of nature,
including the strengths of the fundamental forces and the masses pf the funda-
mental particles, could vary from region to region [8, 9710, 11=Many authors
have studied the effects of these possible variations.in the laws of physics and
find that only certain ranges for the parametersiallow for universes to form
cosmic structure and support working stars [12, 18, 14, 15, 16, 17, 18]. Re-
lated work studies the possible time variatienssof.the laws of physics in our
universe [19, 20]. Since carbon is generally considered a prerequisite for bi-
ology — at least for life in familiar forms —*the synthesis of carbon provides
an important constraint for habitable universes.

Carbon production in stellar interiorsitakes place through a rather compli-
cated nuclear process known as the.triple alpha reaction [21, 22, 23]. Because
of the intricate landscape of'fiuclear’binding energies and reaction rates, this
process takes place through a resonant reaction, which is enabled by a par-
ticular excited state of the carbon nucleus. The resulting reaction rate for
carbon production/depénds sensitively on the value of the resonant energy
level (for greater detail, see Section 2 and references therein). As a result,
if the laws of physics take different forms in other regions of space-time, the
resonance energy level could be different, and the amount of carbon pro-
duced would"vary accordingly. The objective of this paper is to determine
how variations/in the triple alpha resonance energy affect the abundances of
the alpha elements produced in massive stars, with a focus on 2C and 60O.
The overall goal is to specify the range in resonance energy, characterized
the change AER (see equation [8]), that allows the universe to be viable.

Possible variations to the energy level of the carbon resonance, and their
effects on stellar evolution, have been explored previously [24, 25, 26, 27].
This paper generalizes earlier work by taking advantage of continuing de-
velopments in computational capabilities. This contribution uses the stellar
evolution package MESA (Modules for Experiments in Stellar Astrophysics), a



state of the art coding package that has been recently developed for a host of ap-
plications and is publicly available [28, 29]. The standard MESA package does not
include changes to the triple alpha resonance level, so these modifications must be
implemented at the code-level. In addition to using an updated stellar evolution
code, this work also explores a much larger regime of parameter space. Wheéreas
previous papers were limited to relatively few values for the stellar mass A, and
the resonance energy increment AFEpg, this work considers much widerranges for
M, and AER, along different choices for the stellar metallicity Z (our results are
broadly consistent with earlier work [24, 25, 26] for given parameter values). In
addition to considering carbon and oxygen, we also compile yieldsifor larger al-
pha elements (neon, magnesium, and silicon). Altogether, this paper'reports the
results from ~ 2400 stellar evolution simulations.

In assessing changes to the triple alpha process, the standard approach, which
we also follow, is to vary the energy level of the '>C nucleuss but keep all other
parameters the same. At the fundamental level, however, variations in the excited
state of nuclei are determined by changes in the“strengths of the fundamental
forces, especially the strong and electromagnetic interactions [30, 31, 32, 33, 34].
In principle, changes in these interaction strengthsywould affect all nuclear charac-
teristics, including binding energies and reaction rates, not just the energy level of
the '2C resonance of interest here. In practice, however, small changes to the reso-
nance energy lead to large changesiin carbon production. Because of this extreme
sensitivity, we can implement variations to the carbon resonance energy while
keeping other nuclear parameters,fixed. More specifically, the required changes to
the resonance energy are 0f,order 300 keV, whereas the binding energies of the
nuclei are much larger and, falllin’ the range 28 — 92 MeV.

This paper is organizéd as follows. We start with a brief review of the triple
alpha reaction in Seetion 2;"which also shows how changes to the process are im-
plemented. Thesstellarievolution calculations are presented in Section 3, including
a description”of numerical considerations, basic evolution for massive stars, the
effects of changing the triple alpha resonance energy, and the resulting carbon and
oxygenyields oyer a wide range of parameter space. The abundance of carbon
required for ajviable universe is addressed in Section 4, along with the possibility
that. 8Be can be stable and obviate the need for the triple alpha process. The
relationship between the triple alpha resonance energy and the fundamental pa-
rameters of particle physics is briefly discussed. The paper concludes, in Section
5, with a summary of our results and a discussion of their implications.



2. The Triple Alpha Reaction

After a star burns through the hydrogen fuel in its central core, which is then
composed primarily of helium, the star adjusts its internal structure. The central
regions condense so that core becomes hotter and denser. Under these conditions,
helium becomes the stellar fuel and leads to the production of heavier elements.
Given the tight binding energy of helium nuclei — alpha particles — thématural
progression is for the helium nuclei to fuse together to synthesize theyso-called
alpha elements: carbon, oxygen, and neon. In fact, after hydrogentand helium,
these three species are the most abundant elements in our universe,[35y:36], with
magnesium, silicon, and sulfur close behind.

This nuclear chain is complicated by the fact that ®Be (and all other nuclei
with atomic mass number A = 8) are unstable in our universe. In the absence of
stable ®Be, which provides a stepping stone on the patli‘to heayier alpha elements,
the fusion of helium takes place through the triple alpha reaction [21, 22, 23],
where three helium nuclei combine to make carbon, The.aet result of this process
can be written in the form

3 (*He) — ¥€utv) (1)

but intermediate steps are required. Inyorder to facilitate the reaction (1), the
stellar core maintains a transient“population of unstable 8Be nuclei [37]. In this
setting, the alpha particles fuse to produce ®Be, which decays back into its con-
stituent alpha particles with“a half-life of approximately 7 /5 ~ 10716 sec,

“He + "He < ®Be, (2)

The forward reactions occut fast enough that the stellar core maintains nuclear
statistical equilibrium (NSE), which determines the abundances of the relevant
nuclear specie$y, The resulting transient population of ®Be is large enough for some
of these unstable nuclei to interact during their short lifetimes through the reaction

‘He + ®Be — 2C. (3)

Given the-densities and temperatures of helium-dominated stellar cores, the non-
resonant reaction does not take place fast enough to explain the observed carbon
andwoxygen abundances found in our universe. However, the '?C nucleus has an
excited state at an accessible energy so that this reaction can operate in a resonant
manner, which increases the reaction rate and allows stars to produce the observed
cosmic abundances of carbon. Both the existence and the particular energy level
of this excited state were predicted by Hoyle [38], and subsequent laboratory ex-
periments [39] measured the resonance with the anticipated properties (see also
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the reviews of [40, 41]). The relevant excited state has an energy of 7.6444 MeV,
and corresponds to a 07 nuclear state of the '2C nucleus. Significantly, this energy
is somewhat larger than the energy of the alpha particle and the ®Be nucleus con-
sidered as separate particles (see equation [3]). The efficacy of carbon production
is highly sensitive to the energy of this resonance.

As outlined above, the production of carbon relies, in part, on the intermediate
reaction from equation (2), even though the product ®Be is unstable. The reaction
rate for this process [21, 22, 30] depends on the energy difference

(AE)I, = Eg — 2E4 . (4)

The ground state energies of *He and 8Be are denoted as E4 and Ey, respectively.
Similarly, the ground state of carbon is denoted here as E19.and the excited state
(the 0" resonance) is E},. In the reaction (3), the enérgy difference between the
excited carbon nucleus and the interacting nuclei is‘then given by

(AE), = ETy — Ege= Egs (5)
The energy scale Er of the resonant reaction.can then be defined as follows:
Er = (AE){, + (AE)h = Ef2 —3E,. (6)

This energy level has been experimentally measured to be (Egr)o ~ 379.5 keV.
Given the above definitions, the, resonmant reaction rate Rs3, for the triple alpha
process at temperature 7' ¢éan be written in the form

orh? \°T Eg
R .~ 33/2 3 el atid 7

where n, is the number density of alpha particles and I', ~ 0.0037 eV is the
radiative width of the Hoyle state [42]. Note that the energy scale Er appears in
the exponential term. As a result, the net reaction rate for carbon production is
exponentially, sensitive to the value of Er. Notice also that the argument of the
exponential fanction varies as 7~!. For non-resonant reactions, Coulomb barrier
pénetration convolved with a thermal distribution of particle velocities leads to the
usual 771/3 dependence of the reaction rate [21, 22, 23]; for resonant reactions,
the"eonvolution picks out a single energy (here Ep = Ej, — 3E4) and hence the
factor exp[—Er/kT].

In this treatment, we allow the energy of the resonance to take different values
than that of our universe. Specifically, we define the energy increment

AER = ER — (ER)O, (8)



where the subscript ‘0’ denotes the value in our universe. The energy difference
AFEFR represents the most important variable in the problem.

Equation (7) shows that higher energies for the '?C resonance lead to suppres-
sion of the triple alpha reaction. Specifically, for a given temperature, increasing
the resonance level (AEgR > 0) results in a lower reaction rate for carbon predue-
tion (helium burning). However, the star must generate enough energy to produce
the pressure necessary to support itself against gravity. For AEgr > 0,theistellar
core must increase its temperature to compensate. Since the reaction rateyis expo-
nentially sensitive to the central temperature, only modest increases are necessary.
However, these higher temperatures allow carbon nuclei in the*core to fuse into
oxygen through the reaction

He 4 2C — °0. (9)

In this reaction, the 10O nucleus has an energy leveléof 7.1187 MeV, which is below
the combined energy of the reactants >C and *He/{which,have energy 7.1616 MeV).
The reaction (9) thus takes place in a non-resenantsmanner. In addition, a sizable
Coulomb barrier between the reacting nuclei must be overcome, and this barrier
depends sensitively on temperature. These features allow some fraction of the
carbon to survive.

The basic problem that the triple alpha reaction poses for carbon production
can be stated as follows: If the resonance energy level is raised (AEr > 0), then
the temperature required for carbon preduction increases. But this hotter temper-
ature also increases the rat€ of carbon depletion via equation (9). As a result, for
sufficiently large increases in AF g — and hence higher operating temperatures —
the carbon produced byistellar nucleosynthesis can be immediately be transformed
into oxygen and hedvier elements. In this regime, relatively little carbon would be
left behind for makinglife forms and other interesting structures.

The extreme sensitivity of the triple alpha reaction rate to both temperature
and the resonance energy represents an important aspect of the problem. This
sensitivitynis/often characterized by the indices defined by

T dR3. Er
Sr=—— S 10
"= Rsy dT T (10)
where the second equality uses equation (7) to evaluate the index, and
AFER dR3, AFE
Ep=_—f e TR (11)

Rs, dAER kT

For our universe, Er ~ 380 keV, whereas typical operating conditions for carbon
production correspond to temperatures kT ~ 9 — 17 keV. As a result, the index



21 =~ 20 — 40, so that the triple alpha reaction rate varies rapidly with changes in
temperature. Stellar cores thus have temperatures of order kT ~ 10 keV during
helium burning. Stability of the star requires that the index Zp > 0, so we obtain
a lower bound on the possible values of the resonance energy, equivalently, on the
scale Eg:

Er > 3(kT) 2 30keV . (12)

In other words, the resonance energy cannot be made arbitrarily small, but,this
correction (~ 30 keV) is small compared to the observed value of Eg«(c~ 380 keV).
For completeness, note that carbon can also be produced by a non=resenant reac-
tion [37]. This alternative channel is dominant for sufficiently” low temperatures,
T < 8x107 K for canonical values of the parameters used in MESA. For the stellar
models of this paper, however, the operating temperatures for helitm burning are
larger than this benchmark value.

3. Stellar Evolution Simulations

This section presents results from stellar evolution simulations carried out
using MESA. Numerical considerations are ‘discussed in Section 3.1, along with
specification of the initial conditions and the extent of the parameter space. For
comparison, Section 3.2 reviews basic trends for the evolution of massive stars in
our universe. The effects of changing the energy of the triple alpha resonance are
addressed next. Evolutionary tracks in-the H-R diagram and the central density-
temperature plane are desctibed in Section 3.3, along with the time evolution of
the nuclear inventory. The yields for carbon, oxygen, and other alpha elements
are then given in Section 3.4.

3.1. Numerical Considerations and Initial Conditions

This study uses the computational package MESA to follow the time evolution
of stars [28]." Injorder to include varying values for the triple alpha resonance
energy, wethad to modify the standard software. The MESA code controls nuclear
reaction ratesywithin a particular module, which creates a table of integrated
cross-sections for each simulation. Note that these cross sections are the thermally-
averaged'quantities (ov). Within this module, the cross section for the triple-alpha
reaction (aaq) includes the exponential factor given in equation (7), so that

ER]

T (13)

(aaa) o (aa)(a®Be) o exp [—

where (aa) and (a®Be) denote the cross sections for the sub-processes given in
equations (2) and (3), respectively, and Fr denotes the energy of the triple alpha



resonance [42]. We allow the resonance energy to vary by an increment AFER, as
defined in equation (8).

In addition to variations in the resonance energy for the triple alpha reaction,
as determined by the variable AER, we also explore a range of stellar masses M
and metallicities Z. The parameter space for this study thus has three variables
and can be defined by S = {AEg, M., Z}.

Here we are interested in massive stars that eventually explode as supernovae.
In such stars, the stellar nucleosynthesis continues until the star producesia degen-
erate iron core. Since iron is the most tightly bound nucleus, nodurther nuclear
processing is energetically favorable, and the star subsequently®explodes. In the
present application, we are interested in the final abundances of carbon, oxygen,
and other heavy elements. We evolve the stellar models-intilythe/cores start to
produce iron. At this point in evolution, the abundancessof‘carbon and oxygen
become fixed and we can determine their elemental abundances. For computa-
tional convenience, the simulations are stopped once.the core begins to produce
iron (specifically, when the iron mass exceeds 0.1 Mg )."After this milestone, the
time-step in the code becomes increasingly small, and further evolution becomes
computationally expensive.

The stellar mass range is taken to be W = 15 — 40My. The lower end of
the mass range (15M) is chosen for|eemputational convenience: Since we are
interested in massive stars that experience’supernovae, the stellar mass must be
larger than the minimum value ~ 8 = 10M required to produce an iron core (see
[43] for a detailed discussion)«“We choose the slightly larger lower bound of 15Mg
because the lower mass cutoff can vary with changes in the input physics (e.g., the
value of AFR) and because stellar models near the minimum supernova mass can
have difficulty converging. We also impose an upper mass cutoff (M, = 40Mg).
In our universe, thé stellar initial mass function is steep, dN/dM, oc M 23 [44], so
that stars with.masses'beyond the cutoff at 40M are rare. Moreover, such high
mass stars areisubject to pulsations and other instabilities, and they experience
significant/mass loss before exploding as supernovae. Such complications require
specificationof a'large set of (uncertain) parameters. Notice also that the stellar
mass/distribution could be different in other universes, so that the proper mass
range is not known. In any case, we focus on the confined range M, = 15 —
40M), sampled at integer values of M.,/Mg, to represent typical stars of high
mass. /Although this approach does not fully determine the cosmic abundances, it
provides a good description of how nuclear yields vary with AER.

For the stellar metallicity, we use two values: First, we adopt the Solar value
Z = 0.02 because it allows for comparison with nearby stars in our universe. Since
the primordial abundances of heavy elements are expected to be small, we also
consider a much lower metallicity. Here we adopt the value Z = 10~* charac-



teristic of the lowest metallicity stars observed in our universe. With such low
metallicity, stellar evolution proceeds similar to the case of zero metallicity, but
the numerical code has better convergence properties. With different metallicities,
stars have different starting carbon abundances, which in turn affects the relative
importance of the CNO cycle versus the p-p reaction chain. As a result, starscwith
different metallicities can enter into their helium burning phase with different con-
figurations. In practice, however, the differences are modest, and our resultssshow
the same general trends for both metallicities (see below and the discussions in
[25, 26]).

This paper implicitly assumes that Big Bang Nucleosynthesis (BBN) is rela-
tively unchanged by variations in the triple alpha reaction. As a result, the universe
emerges from its early epochs with a composition dominatéd by, hydrogen and he-
lium, and relatively little mass locked up in heavier isotopes.“The early universe
does not produce appreciable amounts of carbon even if\the.triple alpha reaction
rate is much larger. The universe goes through its’het early phase quickly — and
with high entropy [45, 46, 47]. By the time the universé builds up a substantial
mass fraction of helium, so that the triple alpha process has enough raw material
to operate, both the temperature and density are below the values required to pro-
duce substantial amounts of carbon (and below ¥alues found in stellar interiors).
This same argument applies to the production of lithium, which is more easily
synthesized than carbon, and hasga,mass fraction of only about Li/H ~ 10719,
For comparison, typical abundances™for CNO elements are ~ 10716, which is five
orders of magnitude too small*te,affect Population III stars [47].

3.2. Stellar Evolution/for Massive Stars

The general pictire for the time development of massive stars is well known.
Here we provide only,a brief overview (see [22] for a textbook treatment and [48]
for a detailed review). The majority of time is spent on the main sequence, where
stars have the preper configuration to burn hydrogen into helium. After hydrogen
fuel in thesstellar, core is exhausted, the star adjusts its structure and starts to burn
helium-nto‘carbon through the triple alpha process. As outlined above, oxygen
is also produced through the reaction (9). Changes to the resonance energy affect
the*rate of/carbon production, and the temperature at which it occurs, which in
turn affects the rate of transforming carbon into oxygen. After the end of helium
burning, the star condenses further and heats up, so that carbon is burned into
neon, primarily through the reaction 120(12C,a)20Ne. The alpha particles released
through this process are (mostly) absorbed by 90O nuclei to make more neon. The
relative amounts of carbon and oxygen produced during the main helium burning
phases determine the radial extent of the star over which these subsequent reactions
take place, and how long they last.
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Figure 1: Heavy element abundances a function of time‘for a niassive star with M, = 15
Mg, metallicity Z = 10~*, and the triple alpha resonance ptoperties of our universe. The
yields are given as mass fractions X;. The time variableiis a logarithmic measure of the
time remaining before the end of the simulation at t.,g.when an iron core develops. As time
elapses, progressively heavier nuclei are synthesized and'their abundances grow, including
carbon (blue), oxygen (orange), neon (green), wagnesium (red), silicon (purple), sulfur
(brown), iron (pink), and all other metals\(gray)i, The abundances of the alpha elements
increase, reach a maximum, and subsequently decline back down to an essentially constant
value.

The general evolutionary, trend is for the stellar core to become both hotter
and denser with time, as§ one nuglear fuel supply is used up, and the products from
the previous reactions.become the fuel for the next phase. In the later stages, the
core is hot enoughfor the background photons to photo-dissociate 2°Ne into 60
and more alphasparticles: Additional alpha elements are then produced, especially
24Mg and 32S. ‘Another significant process is that °0 nuclei combine to form 32S,
28Gi, and gimilar nuclei. The eventual formation of a degenerate iron core marks
the end’ef this chain of nuclear creation. As this process plays out, the carbon and
oxygen mass fractions increase during the epoch of helium burning, and generally
decrease afterwards (with some additional production, especially oxygen). In the
later stages of the evolution, the central region, which becomes the iron core, is
largely devoid of carbon and oxygen. Moreover, the abundances of these nuclei
reach a plateau.

This behavior is illustrated by Figures 1 and 2, which show the mass fractions
of the most important nuclei as a function of time for stellar models with mass M,
= 15 My and resonance increment AEr = 0 and +100 keV, respectively. Because
the time for each subsequent nuclear burning stage is shorter than the previous
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one, we present the results in terms of the time variable

&= —logy [1 — tt} , (14)
end

where the time t.,q marks the formation of the iron core and end of the numer=

ical simulation. The variable ¢ thus provides a logarithmic measure ofhe time

remaining before the star explodes. Note that the variable & — oo ifa, the limit

t — tenq. For the curves shown in Figures 1 and 2, the value of & at the final

(nth) time-step is plotted as &, = &,—1 + 1.

As time increases, the mass fractions X; of progressively heavier elements start
to grow. The fraction of mass contained in carbon (blue), oxygen (érange), neon
(green), magnesium (red), and silicon (purple) all incréase, réach a maximum
value, and then decrease down to an essentially constant value. Near the end of
its life, the star produces a substantial amount of gulfury(brown), which is then
transformed into iron (pink). Significantly, by the end stages of evolution when
iron starts to accumulate in the core (£ 2 10)s.thesmass fractions for all of the
alpha elements are nearly flat/constant. As a result, the carbon and oxygen yields
reported in this paper correspond to the abindances of the star at the time when
the iron core develops.

The stellar evolution code (MESA) deesnot follow the supernova explosion.
However, the stellar core itself containslittle carbon/oxygen at this point, so that
these elements are not lost to the neutron star remnant that forms out of the
iron core. We also assume that the supernova explosion successfully detonates, so
that no carbon and oxygen imythe outer stellar layers are lost due to fallback onto
the remnant. On thedther hand, some additional nuclear processing does take
place in the supernova ejecta, but these modifications to the carbon and oxygen
inventories are beyond the scope of this present treatment. Earlier work argues
that the carbon abundances are not altered appreciably by the supernova shock
wave [26], whereas the abundance of oxygen can be depleted by ~ 10%. The
carbon yields'are determined to higher accuracy.

3.8. (Stellan Evolution with Varying Carbon Resonance Energy

Variations in the energy of the triple alpha resonance have important impli-
cations for the final yields of carbon and oxygen produced by massive stars, but
relatively modest effects on the overall trajectory of stellar evolution. Before de-
termining the carbon and oxygen yields as function of AER (see Section 3.4), we
consider how changes in the resonance energy affect the evolution of massive stars.
All of the stars in the mass range of interest tend to exhibit qualitatively similar
behavior, so this discussion includes only a few representative examples.

12
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Figure 3: H-R diagram for the evolution of a star with mass M,\= 15 M and metallicity
Z = 10~*. Tracks for shown for negative increments 6f the'triple alpha resonance energy
AER = -200 keV (blue), —150 keV (green), —100.keV, (orange), —50 keV (violet), and 0
(red). The symbols on the tracks mark the points where the alpha elements start to be
produced, including carbon (triangles), oxygenw(squares), neon (plus signs), magnesium
(stars), and silicon (circles).

The Hertzsprung-Russell (H-R) diagram is shown in Figures 3 and 4 for massive
stars with M, = 15 M and metallicity»Z = 10~*. The two figures show evolution-
ary tracks for stars with varying triple alpha resonance energies, corresponding to
the range AFER = —200 keV t0,+250 keV. For all of the stars, evolutionary tracks
start on the zero-age- main-sequence, on the left side of the diagram. The stars
then move upwarddn the diagram as their hydrogen fuel becomes depleted. The
symbols on the tracksymark the points where alpha elements of interest start to
be produced,dncluding carbon (triangles), oxygen (squares), neon (plus signs),
magnesium/ (stars), and silicon (circles). The symbols denote the points where
the mass‘contained in these elements doubles from its initial value. Note that the
trackg’start to,diverge with the onset of helium burning (carbon production). The
models with the lowest values of AFEg branch off first, and the tracks continue to
pranch imorder of increasing A Fg, corresponding to higher temperatures required
for the/triple alpha reaction to operate. At late times, the tracks tend to converge,
although the stellar models with AER ~ 0 have lower luminosity at the endpoint
(given by the formation of a degenerate core). Nonetheless, all of stars have similar
internal configurations at the end of their tracks as determined by their central
temperatures and densities (see Figure 5 below).

At intermediate times, the tracks in the H-R diagram show more complicated
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Figure 4: H-R diagram for the evolution of a star with mass M,\= 15 M and metallicity
Z = 107%. Tracks for shown for positive increments 6f.the‘triple alpha resonance energy
AER = 0 (red), 50 keV (blue), 100 keV (green), 150-keVs(orange), 200 keV (violet), and
250 keV (cyan). The symbols on the tracks mark the points where the alpha elements
start to be produced, including carbon (triangles), oxygen (squares), neon (plus signs),
magnesium (stars), and silicon (circles).

behavior. In Figure 3, the tracks for stellar models with AFr = —200, —150, and
—100 keV execute additional loeps compared to the others, i.e., the tracks go back
and forth in the H-R diagramn. Additional loops are also seen in Figure 4 for stellar
models with large AEgr/~ 150.—/250 keV. Such loops are common signatures of
the later stages of nuclear burning in massive stars, and are extremely sensitive
to the input physiés (seey[22] for an in-depth discussion). Under the standard
ordering, the production of nuclei proceeds in order of increasingly atomic number:
carbon, oxygen, neon, magnesium, and then silicon. The symbols in Figures 3 and
4 generally/follow, this pattern, but exceptions arise for extreme values of AFEp.
For examiples/for, AER = —200 keV (the most negative value shown in Figure 3),
oxygen produetion (marked by the blue square) is delayed. For AER large and
negative, the temperature for the triple alpha reaction is low, and little oxygen is
produced:” The carbon produced is then processed into neon (plus symbol), with
oxygen' produced much later during shell burning in the later stages of evolution.
As another example, for AEr = 4250 keV (Figure 4), the temperature for the
triple alpha process is so high that oxygen production (cyan square) occurs before
carbon (cyan triangle).

Another way to illustrate stellar evolution is to plot the central temperature
of the star versus the central density as the star evolves. The general trend is for
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stellar cores to become both hotter and denser as they burn through one nuclear
fuel source and move on to the next heavier one. Figure 5 illustrates this type of
behavior for massive stars with M, = 30M and low metallicity Z = 10~%. Tracks
are shown for a range of triple alpha resonance energies corresponding to AERp/=
—200 (blue), —100 (green), 0 (red), 100 (gold), 200 (purple), and 300 keV (cyan).
The evolution of the central stellar conditions in this diagram displays thie same
basic evolutionary behavior for all values of the resonance energy. For heitracks
shown here, the stars start on the zero-age main-sequence. Stellar cores reside
in the lower left portion of the diagram over most of their lifetimeés as they burn
hydrogen into helium, with central temperature T, ~ 3 x 107 K. The stars then
move toward the upper right as they produce ever larger nuclei. In our universe,
stellar cores typically have temperature T, ~ 2 x 10® K*andydensity p. ~ 103
g cm ™3 during their helium burning phases [49], when ‘the"friple alpha process
is active. This epoch is marked by the triangles in, the\figure, which shows how
the central temperature for carbon production becomes progressively hotter as
AFEpR increases. The density increases as well, sosthat™the stars stay on nearly
the same trajectory in the diagram. As a résult, the curves shown in Figure 5,
with varying values of AER, show relatively little'spread as the stars sequentially
produce helium, carbon, oxygen, and then neon. The stars evolve until they reach
the upper right portion of the diagram; as they eventually develop degenerate iron
cores. Superimposed on this general.evolutionary trend, the tracks in the diagram
show minor excursions from simple monotonic behavior, primarily during the later
stages of nuclear burning.

The behavior depicted“in Figure 5 can be understood in terms of the stellar
structure equations [21,23]. Inwerder for the star be be in hydrostatic equilibrium,
the central pressure is given by

~ (T 1/3 2/3 4/3
PCN(%) GM2P A3, (15)

While the star remains operational, its pressure support is dominated by the ideal
gas law, Sopthat the central pressure is also given by

1
PC ~ WPCI{:TC’ (16)

where (m) is the mean mass of the ions. These two considerations imply a
temperature-density relation of the form

1/3 2 1
KL= (55)  m)GME2plr (17)
This result provides an approximate description of the curves shown in Figure

/3

5. The numerical results are slightly less steep than T, ~ pi , primarily due to
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3) afid central temperature (K) of a massive star over its
lifetime. The stellar mass M, My, and the initial metallicity Z = 10~*. The curves
shows the results obta stellar evolution simulations using different resonance
energies for the triple‘a action corresponding to AEFr = —200 — 4300 keV. Stars

p<left part of the diagram with the right configuration to burn hydrogen
pper right part of the diagram when they develop degenerate iron
mark the points where helium burning through the triple alpha

process
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the inclusion of radiation pressure at high temperatures. The nuclear composition
determines the mean ionic mass (m), which also changes the slope of the relation
and produces the departures from monotonic behavior, as shown in the diagram.

3.4. Yields for Carbon, Oxygen, and Larger Nuclei

We have carried numerical simulations for stellar models corresponding to the
parameter space outlined in Section 3.1. The resulting carbon and oxygeniyields
are shown as a function of the change AFEgR in the triple alpha energyulevel in
Figure 6 (for low metallicity Z = 10™%) and Figure 7 (for solat metallicity Z
= Z5). In these figures, the mass in carbon (blue symbols) andioxygen (red
symbols) are plotted for each stellar evolution model (specified by stellar mass M,
and resonance energy increment AER). The stellar models are run‘until the stars
begin to produce iron cores, at which time no further processing of carbon and
oxygen occurs. The expectation value of the yields (in wunits of M per star) is
shown as the thick black curves, which were obtained by integrating over the range
of stellar masses, weighted by the stellar initial mass function. The curves were
also smoothed by averaging over adjacent bins.“I'he horizontal lines in the figures
show the expectation values for carbon (lower. goldjline) and oxygen (upper purple
line) appropriate for the starting metallicity.

Figures 6 and 7 show a number of‘interesting trends: When the resonance
energy is lowered, so that AER <05 the carbon yields are higher than those of
our universe. Our numerical simulations are only carried out over the full mass
range for the values of AEr/shown, but the carbon yields are larger than those in
our universe for all AEg, <'0. Moreover, although this finding is consistent with
previous results [25, 26], the faet” that lower resonance levels lead to more carbon
production is not widely appreciated. On the other hand, the oxygen abundances
decrease for lower values of AFgr. For both metallicities under consideration,
the expectation™values for carbon and oxygen yields are equal for AEr ~ —35
keV. Notice.also.that the resonance level cannot be made arbitrarily low: If the
resonanceds lowered by more than ~ 380 keV, the reaction is no longer energetically
favorable. (sée equation [6]). In practice, the resonance energy must be moderately
higher in order for the star to remain stable (see equation [12]), so that the lower
limit becomies AER 2 — 300 keV.

The carbon yields decrease with increasing values of AFER, as expected. For
higher'resonance energies, the temperature required for the triple alpha reaction
to,operate increases, and much of the carbon produced can be immediately burned
into oxygen. For low metallicity stars (Figure 6), the carbon yields steadily de-
crease with increasing AFER and cross the starting values at AEgr ~ +500 keV.
The oxygen yields increase with moderate increases in the resonance energy. For
AFER 2 130 — 150 keV, however, the oxygen yields steadily decrease with further
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Figure 6: Carbon and oxygensproduction yields in massive stars as a function of the
0% resonance energy of thecarbon-12 nucleus (for initial metallicity Z = 10~%). The
resonance energy is specifiéd on the/horizontal axis by the difference AER from the value
in our universe (in keV)."ReSulty are shown for stellar evolution simulations with stellar
masses in the rangedM, ="15"— 40My. The red circles show the resulting yields for
carbon (in Mg), whereas the blue circles show the corresponding yields for oxygen. The
heavy black curves show the expectation value (in Mg, per star) obtained with a weighted
average over the stellar initial mass function in the specified range. The horizontal lines
show the expeetation values for the starting abundances of carbon (lower) and oxygen
(upper ). eorresponding to Z = 10~*. The yields for carbon and oxygen fall below their
starting values for AER ~ +480 keV and AERr ~ +250 keV, respectively.
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Figure 7: Carbon and oxygen ¥ields in massive stars as a function of the 0T resonance
energy of the carbon-12 nucléus, (for solar metallicity). The resonance energy is specified
by the difference AER from, thetvalue in our universe (in keV). Results are shown for
stellar evolution simulations” with™ stellar masses in the range M, = 15 — 40My. The
red circles show thedesulting,yields for carbon (in Mg), whereas the blue circles show
the corresponding yields,for oxygen. The heavy black curves show the expectation value
(in Mg per star) obtained with a weighted average over the stellar initial mass function
in the specified range. The horizontal lines show the expectation values for the starting
abundance$ of earbon (lower) and oxygen (upper) corresponding to Z = Zg. The yields
fall below. the starting values for AER ~ +180 keV for oxygen and AEg =~ +120 keV for
carbon.
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Figure 8: Yields from massive stars for an ensemble of alpha elements as a function of the
triple alpha resonance energy (specified by the energyincrement’/AFEr). These simulations
have starting metallicity Z = 10~%. Each curve shows.the weighted-mean mass per star for
a given alpha element. Yields are shown here for carbon (red), oxygen (blue), neon (green),
magnesium (orange), and silicon (dashed purple)s, Changes to the resonance energy AFER
are given in keV, and the expectation values for, the yields are given in Mg,.

increases in the resonance energy. The'oxygen abundances fall below that of car-
bon for AER ~ 200 keV, and_become less than the starting value for AEgR ~ 300
keV. To summarize, stars ifi other universes can support carbon production over
the range in resonance energyiingrement given by

<300 keV/'< AER < 500 keV . (carbon) (18)
A moderately smaller range in AFEg allows for oxygen production,
<300 keV < AER < 300 keV . (oxygen) (19)

The total rangés in AER are thus ~ 800 keV for carbon and ~ 600 keV for oxygen.

For solar metallicity stars Z = Z; (Figure 7), the ranges in resonance energy
for which stars produce more carbon and oxygen than their starting values are
somewhat smaller than for low metallicity. Carbon production exceeds the initial
supply for all negative AFgr and for positive resonance energy increments up to
AFERr =~ +160 keV. Oxygen production exceeds the starting value for resonance
increments in the range —150 keV < AER & +200 keV.
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Figure 9: Yields from massive stars for an ensemble of alpha elements as a function of the
triple alpha resonance energy (specified by the energyincrement’/AFr). These simulations
have starting metallicity Z = Z,. Each curve showssthe weighted-mean mass per star for a
given alpha element. Yields are shown here for carbon (red), oxygen (blue), neon (green),
magnesium (orange), and silicon (dashed purple)s, Changes to the resonance energy AFR
are given in keV, and the expectation values for, the yields are given in Mg,.

The nuclear abundances for a wider'range of elements synthesized in massive
stars are shown in Figures 8 and 9 for)initial metallicities Z = 107* and Z = Zg,
respectively. For each starf the numerical results determine the mass locked up
in each element at the end of the simulation. These masses are then averaged
over stellar mass, for fthe range M, = 15 — 40M,, weighted by the stellar initial
mass function. Theffunctions are then smoothed over adjacent bins. The resulting
expectation value (in "M, per star) for each element is shown as a function of the
change AER in the triple alpha resonance energy for carbon (red), oxygen (blue),
neon (green); magnesium (orange), and silicon (purple). These simulations are run
until the’stars bégin to develop iron cores. At this juncture, the abundances of the
first four of these elements have reached their asymptotic values, but some of the
silicon could still be processed into iron at later times. As a result, the yields for
silicon are'more uncertain than those of the other elements, so that these estimates
are depicted by dashed curves. The lower horizontal lines in Figures 8 and 9 show
the expectation values for carbon (lower red) and oxygen (upper blue) at the start
of the simulations. As outlined above, they determine the ranges in A Fr for which
stars can produce carbon and oxygen (see equations [18] and [19]).

The results depicted in Figures 8 and 9 show the same basic trends: As noted
above, the carbon yields steadily decrease as the triple alpha energy increment
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AFEpR increases. In contrast, the oxygen yields increase with AFEgR until the res-
onance energy is higher than that of our universe, then saturate as they reach
a broad peak, and decrease with further increases in the resonance energy. The
neon yields are primarily decreasing functions of the resonance energy, but shew
more structure than the results for carbon. In particular, both neon curveséhave
a local maximum for a small negative value of AER, and another local maximum
near AFgr = 100 keV. To leading order, the magnesium yields are anti<correlated
with those of oxygen, with a minimum near the resonance level of our ‘universe,
and larger values for both positive and negative values of the resomance increment
AFER. Silicon yields generally grow with increasing AFpg, especiallyfor large and
positive values, but show a moderate deficit near AEr ~ 0./ All of these trends
are present in the results for both metallicities, although the detailed shape of the
abundance curves vary (notice also that the axes are different’in Figures 8 and 9).

To a rough approximation, the abundances of these_ alpha elements exhibit
zero-sum behavior, with their sum nearly constantiacross the range in AFEgR of
interest. Each of the five species is the most abundant“element (by mass) for a
small range of AER. As the resonance energy increases, the isotope that has the
peak abundance varies from carbon to neomny oxygen; magnesium, and then silicon.
With the exception of neon — and the neon peak is also the least prominent
— this ordering follows that of increasing atomic number. Under typical stellar
conditions, however, the temperature required for neon burning is slightly lower
than that of oxygen burning, so the usual ‘onion-skin’ structure of high mass stars
also follows this ordering [21522]. The basic trend shown in Figures 8 and 9 is
thus expected: As AFEg increases, the triple alpha process requires a higher central
temperature, which favers.the production of heavier nuclei.

4. Implications and Interpretation

Results from the previous section show that the resonance energy for the triple
alpha reaction can-vary over a range of ~ 800 keV and still allow carbon to
be produced. With this viable range specified, this section discusses how much
carbon is necessary for habitability, alternate paths for carbon production via
stable beryllium-8, and implications for the fundamental constants of physics.

Jul. Observed Carbon Abundances

With the value observed for the triple alpha resonance energy in our universe
(corresponding to AER = 0), stellar nucleosynthesis can account for the observed
carbon abundances. As shown in the previous section, massive stars produce
carbon-to-oxygen ratios [C/O] of order unity. This finding is consistent with the
value found for the Galaxy as a whole, [C/O] ~ 0.67, and that for the Solar

22



System [C/O] ~ 0.51 [35, 50]. The observed range of carbon-to-oxygen ratios
varies from region to region, with [C/O] ~ 0.25 — 0.75. Although observed [C/O]
values are consistent with predictions from stellar evolution calculations for massive
stars, the carbon inventory of the Galaxy also gets substantial contributions frem
intermediate mass stars.

In contrast to the [C/O] ratios quoted above, the observed value for Earth is
substantially lower, with estimates falling in the range [C/O] ~ 0.002—0.01 [51, 52].
As a result, the carbon abundance of Earth is about two orders of magnitude
lower than that of the Solar System, the Galaxy, and the univetfse as a whole.
The minimum carbon abundance for habitability remains unknewn at the present
time. Nonetheless, given that Earth is the only astrophysical/environment known
to support life, and that its carbon supply is highly depleted; this carbon threshold
could be as much as ~ 100 times lower than the observed cosmic abundance. From
the results shown in Figure 6, stars in other universes could’produce carbon at
Earth-like levels for triple alpha resonance energiés eorresponding to increments
as large as AFERr ~ +300 keV.

On the other hand, the estimated [C/O] ratio for Venus is comparable to that
of Earth and hence also sub-solar [53]. Oue interpretation of this finding is that
rocky planets are ineffective at capturing and holding onto carbon, so that the
formation of terrestrial planets generically results in [C/O] ratios that are similarly
low. However, the formation location is also important: C-type (carbonaceous)
asteroids, which represent the majority of these rocky bodies, contain a large
abundance of carbon [54], with®ehemical compositions comparable to that of the
Sun (after accounting for the depletion of hydrogen, helium, and other volatiles).
Such asteroids are thought to beléft-over building blocks from the planet formation
process, and could in.prirciple build planets with higher carbon inventories than
Earth. With the wide range’of carbon abundances inferred for bodies in our Solar
System, and the=diversity of worlds now being discovered around other stars, the
expected carbon abundance for planets in systems with a given stellar composition
remains to’bedetermined [55]. For completeness, we also note that low [C/O] ratios
could im.principle be produced through the enhancement of oxygen on terrestrial
planets.

4.2. The Possibility of Stable Beryllium-8

The above discussion indicates that the energy level of the carbon resonance
can vary over a range of ~ 800 keV while allowing massive stars to synthesize
carbon at acceptable levels. Much larger variations could render the universe
sterile, by making carbon energetically disfavored for large negative AEpR (see
equation [6]), and by shutting down carbon production for large positive AEg.
For comparison, the 8Be nucleus fails to have a bound state by only 92 keV. In
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order words, the changes to nuclear binding energies required to render carbon
production untenable is much larger than the changes necessary for the universe
to have stable A = 8 nuclei.

With the existence of a stable isotope with mass number A = 8, universes no
longer need the triple alpha process to produce carbon [56, 57]. Helium burning can
proceed through the arguably more natural reaction of equation (2), which would
primarily proceed in the forward direction with stable ®Be as the end preduct.
The beryllium could then be processed into carbon through equation (3)ywithout
the need for an enhanced reaction rate. The subsequent carbon production could
take place in later evolutionary states of the same star, or mueh later in future
stellar generations.

In order for a stable 8Be nuclei to exist, the required changesto the fundamental
constants are only about 1 — 2%. The size of these variatiens'éan be estimated by
detailed calculations using Lattice Chiral Effective Field, Theory [30], by simpler
models of the nucleon-nucleon potential [27], and/or by straightforward analytic
arguments [56, 58]. Moreover, the necessary changes.to the strengths of the nuclear
and electromagnetic forces are roughly comparable. Tf'the fundamental forces have
different strengths than in our universe, then both.the binding energy of ®Be and
that of the constituent ‘He nuclei will chahge. 'Significantly, the aforementioned
effective field theory calculations show ‘that\the binding energies of ®Be and its
building blocks do not change atnthe ‘same rate as the fundamental constants
are varied [30, 31]. This mismatch is necessary for ®Be to become stable: If the
derivative of the “He binding“energy’ with respect a fundamental parameter is
equal to half the derivativesof the ®Be binding energy with respect to the same
parameter, then both sides of egtiation (2) would scale together, and the forward
reaction would not be energetically favored.

4.8. Triple Alpha Resonance and the Fundamental Constants

The focus of\this paper is to explore how changes to the triple alpha resonance
energy afféct the eyolution of massive stars and their yields of carbon, oxygen, and
other elements. From a phenomenological viewpoint, the most important variable
is the energy increment AEg defined in equation (8). However, this quantity is
not a fundamental parameter of the Standard Model of Particle Physics (see, e.g.,
[9] for one accounting of the constants), but rather is a complicated function of
the, basic parameters [59]. Small changes to the strength of the nucleon-nucleon
potential lead to large changes to the triple alpha reaction rate [60], primarily
due to the exponential dependence displayed in equation (7). More specifically,
previous work has shown that variations in the resonance energy of order AFg ~
100 keV correspond to variations in the Higgs vacuum expectation value of order
~ 10% [61]. The requirement that stable complex nuclei exist places a weaker
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bound on this expectation value [62]. For the same increment AEgr ~ 100 keV, the
required changes to the nuclear potential and/or the electromagnetic interaction
are estimated to be of order 0.5% and 2-4%, respectively [26, 27].

One can also assess the triple alpha constraint by considering the energy levels
of nuclei: The triple alpha reaction rate is enhanced because the particle energies
(under the relevant stellar conditions) happen to be comparable to an excitéd state
of the carbon nucleus. Resonances correspond to excited states (energy levels) of
the nucleus. In general, the excited states of nuclei are spaced with energyiintervals
of order ~ 1 MeV [63]. For the specific nucleus of interest, however{ five of the first
excited states of carbon have energies ' = 4.44, 7.65, 9.64, 127, and 15.1 MeV
(many additional resonances are also present [64]). The energy separation between
adjacent resonances is ~ 3 MeV. The allowed range for AER (= 800 keV) corre-
sponds to about one fourth of the spacing interval. Givensthatithe life-permitting
range (7.65 £ 0.3 MeV) lies in the range of carbon energy levels, the chances for
particle energies to be sufficiently near a resonance are about 1 part in 4. Being
near a resonance is neither necessary nor sufficient\for ¢arbon production, so the
odds of a successful universe are not this favorable, but the chances of being near
a resonance are relatively high. All strong.and eleetromagnetic nuclear reactions
must obey angular momentum and parity coenservation laws, which in turn lead to
selection rules. One must also take inte account the widths of the resonances, and
their proximity to other excited states, and'these considerations affect the nuclear
reaction rates [65]. As a result, a wide range of possible reactions could play a
role in carbon production in.ether universes, i.e., the available parameter space is
large. A full discussion of these complications is beyond the scope of this current
paper, but should should be addressed in the future.

This work has agssumed that the triple alpha resonance energy varies, but the
binding energies forithe relevant nuclei and the reaction rates for other processes
are unchanged.~Given the allowed range for the resonance energy from equations
(18) and (19);'we can consider the consistency of this assumption. The binding
energies fot carbon-and helium are 92.2 MeV and 28.3 MeV. These energies are
larger thanithe energy increments of interest, |AEg| ~ 300 — 400 keV, by almost
two orders of magnitude. Although a fully self-consistent treatment should be
carried, out/in the future — where all of the binding energies, resonance levels,
and reaction rates are re-calculated as a function of the fundamental parameters
~—= the/current approach provides a good working approximation. Notice also that
the nucleon binding energy and the nuclear energy levels scale as F ~ agmp [14],
s0 that the allowed range in AEg corresponds to relatively modest changes (~ 5%)
in the strong coupling constant as.
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5. Conclusion

This paper presents results from a large ensemble (~ 2400) of stellar evolution
simulations for massive stars in other universes with varying values for the triple
alpha resonance energy. These findings indicate that the sensitivity of our uniyerse
— and others — to the triple alpha reaction for carbon production is moressubtle
and less confining than previously reported.

5.1. Summary of Results

The results of our stellar evolution calculations add to ouraundeérstanding of
the triple alpha fine-tuning problem, and can be summarized/as follows:

e The change in the triple alpha resonance energy AFEp is the defining variable in
the problem. For lower values of the resonance energy, AERr < 0, massive stars
produce more carbon than those in our universe (not less)s, The allowed parameter
space for viable universes extends down to AFEgr & —300 keV. For larger values of
the resonance energy, AEgr > 0, the carbon yields deerease steadily, but substantial
carbon production continues up to AER ~ +500 keV. The total allowed range is
~ 800 keV.

e Oxygen abundances decrease with decreasing AFr, and increase as the resonance
energy increases up to AEr ~ 150 keV.1Oxygen abundances then decline with
further increases in AER. The range of "AER for which massive stars can produce
significant oxygen is comparable to, but somewhat smaller than, that for carbon.
As a result, the requirement that universes produce sufficient oxygen may be more
restrictive than the congtraintifrom carbon.

e Although the ability offstars to produce carbon and oxygen depends sensitively
on the triple alpha resonance energy, the yields do not show a strong dependence
on stellar mass/or.metallicity. Similarly, the overarching trajectory of stellar evo-
lution, from.main~sequence hydrogen burning to the development of an iron core,
is not greatlynaffeeted by changes to the triple alpha process and yields of the
intermediate elements.

e The allowéd range (~ 800 keV) for the triple alpha resonance energy corresponds
0 ~ 10=20% changes to the parameters of fundamental physics. For comparison,
the 8B¢ nucleus fails to be bound by only 92 keV, and could become stable with
1 —2% changes to the fundamental parameters. If ®Be is stable, then stars can
burn helium and make carbon through alternate reaction chains [56]. The range of
parameters for which the triple alpha process can operate effectively is thus much
larger than the range over which it is necessary for carbon production.
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5.2. Discussion

Enforcing the requirement that other universes produce sufficient inventories
of carbon is subject to a number of complications: Although increasing the triple
alpha resonance energy leads to lower carbon yields, as generally claimed, the
allowed change AFgr can be as large as +500 keV. On the other hand, if the
resonance energy is lower, then stars produce more carbon than in our universe,
where this finding is consistent with previous results [24, 25, 26]. In thisfegime, the
increased carbon abundances are accompanied by decreased oxygen.abundances,
so that a smaller range of AER remains viable if the [C/O] ratio. is required to
be of order unity [9, 14, 17]. Universes produce nearly equal*abundances for
AFER ~ 0, and also for AER ~ 4200 keV, although the latter regime has lower
absolute abundances (see Figure 6). On another front,the changes to nuclear
physics required to compromise the triple alpha reaction“are much smaller than
the changes required for ®Be to become stable, which wotld allow stars to produce
carbon through a different set of nuclear reactions. Yet another possible pathway
for carbon synthesis arises if the excited states of the carbon nucleus are altered
so that a different resonance is active. Finally,“one should keep in mind that the
carbon abundance of Earth, the only placéuin the uiniverse where life is known to
exist, is depleted by a factor of ~ 100 relative to cosmic and solar abundances.
These generalizations enlarge the parameter space for viable universes.

The main result of this study4s'that massive stars can provide universes with
significant amounts of carbon over a wider range of parameter space than is often
considered viable. This finding adds to a growing body of work showing that stars
and stellar evolution are relatively robust to changes in the fundamental parame-
ters of physics and astréphysics.Stars exist as stable nuclear burning entities while
the fine structure conistant and the gravitational constant vary over many orders
of magnitude [66,67) Similarly, the coefficients that set nuclear reaction rates can
vary over evenwider ranges [66] and can allow stellar evolution to proceed in uni-
verses where.diprotons are stable [68]. On a related note, stars can also function in
universesavhere deuterium is unstable through the combined action of a triple nu-
cleon reaction, the CNO cycle, explosive nucleosynthesis, and power generation by
gravitational contraction [69] (cf. [70]). Stars can even operate in universes with-
out*the,weak interaction [71], where deuterium burning largely replaces hydrogen
burning as the principle nuclear reaction for stellar energy generation [72], or in
univerSes where the weak interaction is stronger [73]. Taken together, these results
suggest that stars and stellar evolution are not the limiting factor for universes to
remain viable as the fundamental constants are changed.

In addition to the stellar constraints of this paper, universes are limited by
additional considerations, including nuclear stability and atomic structure. As
one example, the Higgs vacuum expectation value V must fall in the range 0.39 <

27



V/Vo < 1.64, where V) is the observed value and the quark Yukawa couplings are
held constant [74]. Hydrogen becomes unstable (through the reaction p+e~ — n—+
v) if the expectation value V is too small, whereas nuclear binding is compromised
if V is too large. For a full assessment of fine-tuning, the relevant question is the
overall size of the life-permitting region of parameter space, which is beyond the
scope of this present discussion (e.g., see also [9, 10, 11, 12, 14, 15]).

This paper extends our understanding of universes with varying valuesyof the
triple alpha resonance energy, but a great deal of work remains to be done. /The
simulations presented here show the requirements for stars with M, = 15 —40M
to produce carbon. This mass range can be extended to include Both'more massive
and less massive stars, especially intermediate mass stars with/M, ~ 2-10My. In-
clusion of an extended stellar mass distribution could allow*for earbon production
over an even wider range of AFg than presented hereinwsIn“particular, the lat-
ter mass range includes progenitors that become Asymptotic.Giant Branch stars,
which provide significant contributions to the carben inventory in our universe
[75]. Nucleosynthesis should also be studied in other astfophysical environments,
including supernova blast waves, white dwarf éxplosions, and neutron star mergers.
Carbon survives in our universe because it,is not\destroyed through the reaction
12C(a, 7)'60, which is non-resonant. Just asthé excited states of the carbon nu-
cleus could be different in other universes, those of the oxygen nucleus could also
vary. Future work should considersoxygen resonances and the ramifications for the
loss of carbon.

Another important issue4s%e improve our understanding of the relationship
between the fundamental parameters, those that appear in the Standard Model of
particle physics, and variationsyin nuclear properties. As the energy of the triple
alpha resonance changesythe reaction rates and binding energies must also vary
at some level. A sélf-consistent treatment remains to be carried out. On a more
global scale, thesquestion of whether or not the universe is fine-tuned is subject to
a number of unegertainties. In spite of the extensive literature on this topic, we still
do not have a,detailed model of the multiverse, with a definitive determination of
which fundaimental parameters actually vary, how such variations are coupled or
correlated, and a determination of the possible ranges of parameters that allow for
viable universes.

Although the consideration of parameter variations in other universes is neces-
sarily counterfactual, calculations of this type are useful in many ways. In addition
to_evaluating the degree of fine-tuning required for a universe to be habitable, an-
other important goal is to increase our understanding of how the universe works.
For example, this paper shows that variations in the triple alpha process lead to
different abundances of carbon and oxygen, but do not greatly change the overall
trajectory of stellar evolution. Massive stars always start their lives with configu-
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rations capable of burning hydrogen, then produce increasingly larger nuclei until
they develop degenerate iron cores, and end their lives with supernova explosions.
Most of the time is spent during the production of “He, while the total amount of
energy generated is determined by the binding energy of 6Fe. The inventory/0f
intermediate elements produced along the way, while vital to biology, is largely in-
cidental to stellar operations. This perspective is useful for understanding/Stars in
our universe, whether or not variations in the fundamental parameters are realized
in other regions of space-time.
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