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Abstract
We investigate the sensitivity of a universe’s nuclear entropy after Big Bang nucle-
osynthesis (BBN) to variations in both the baryon-to-photon ratio and the temporal
evolution of cosmological expansion. Specifically, we construct counterfactual cos-
mologies to quantify the degree by which these two parameters must vary from those
in our Universe before we observe a substantial change in the degree of fusion, and
thus nuclear entropy, during BBN. We find that, while the post-BBN nuclear entropy
is indeed linked to baryogenesis and the Universe’s expansion history, the requirement
of leftover light elements does not place strong constraints on the properties of these
two cosmological processes.

Keywords Baryogenesis · Big Bang nucleosynthesis · Cosmology · Scale factor

1 Introduction

Many physical processes in our Universe, from cell division to star formation, are
observed to occur only in one direction in time. The Second Law of Thermodynamics
identifies what these processes have in common: they increase the total entropy within
a closed, isolated physical system. The Second Law is thus crucial to our understand-
ing of the arrow of time. However, the Second Law is emergent, not fundamental.
What light do the fundamental laws of nature shed on the arrow of time? Perhaps
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surprisingly, with the exception of very rare T -violating weak-force processes, these
laws show no preference for entropy-increasing over entropy-decreasing processes.
Hence, something more is required to explain the Second Law.1

The Past Hypothesis proposes that this missing piece is a statement about the initial
conditions of our Universe: “the universe had some particular, simple, compact, sym-
metric, cosmologically sensible, very low-entropy initial macrocondition”[1]. With
this initial condition, the most likely evolution of our Universe is according to a
consistent arrow of time, explaining the success of the Second Law.

However, the Past Hypothesis only postulates the existence of a low-entropy initial
macrostate of our Universe. It does not specify its form. So, we can ask: what is it
about the arrangement of matter and energy at the start of the Universe that makes it a
rare, low-entropy macrostate? Penrose [2, 3] argued that the low entropy of the early
Universe is primarily attributed to gravity. The matter is distributed almost uniformly,
and the entropy can increase substantially asmatter collapses under its own gravity.We
can see this by turning the question around: what would a high-entropy Big Bang look
like? Answer: an expanding swarm of black holes, with no energy from gravitational
collapse to give.

The central role of gravity has been questioned by Rovelli [4], building on Wallace
[5]. Most of the entropy-increasing processes we see around us are powered, not by
gravitational collapse, but by nuclear fusion. While the gravitational collapse of a gas
cloud initially ignited the Sun, the last 4.5 billion years of sunlight was powered by the
fusion of hydrogen (1H) left over fromBigBangnucleosynthesis (BBN). TheBigBang
initial condition is a low-entropy macrostate because it produced a mostly-hydrogen
Universe at low temperature. Turning the question around again, a high-entropy Big
Bang would look like an expanding gas of iron nuclei, with no energy from nuclear
fusion to give.

Rovelli [4] traces the large abundance of hydrogen in the early Universe to the
rapid expansion of space. The Universe, between about one second and three minutes
after the Big Bang, expanded too fast for reactions to keep protons and neutrons in
equilibrium with each other. This left our Universe in a metastable state, full of cold,
diffuse hydrogen. This does not correspond tomaximal nuclear entropy.2 TheUniverse
can increase its entropy by burning hydrogen to iron. However, the reaction rate is so
slow (outside of stellar cores) that the Universe will remain in this metastable state for
a very long time.

The importance of rapid expansion raises the question: just how rapid?3 And what
cosmological factors determine the critical rate of expansion? Barnes and Lewis [6]
identify a necessary condition for BBN to produce more heavy elements: an excess
of baryons over antibaryons in an early universe. Specifically, too much asymmetry

1 This “something more” cannot be mere probability/statistical considerations. These make no reference
to time at all. An argument from time-symmetric laws and timeless mathematical principles cannot explain
a time-asymmetric universe: the argument could be time-reversed, and be equally valid.
2 We use the term ‘nuclear entropy’ when referring to the overall entropy contribution of nuclear fusion.
3 Rovelli [4] states that “the dominant source of the low-entropy of the past universe is only the smallness
of the scale factor.” However, the normalisation of the scale factor in the RW metric is arbitrary, so this
condition is not correct. As Rovelli [4] states immediately after, it is the fact that the expansion is rapid that
determines the extent of BBN reactions.
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increases the baryon-to-photon ratio, allowing nuclear reactions to proceed for longer.
By considering the timescales of the relevant nuclear reactions, they conclude that
an iron-filled universe requires baryon-antibaryon asymmetry that approaches unity.
However, they only consider the standard FLRW(a ∝ t1/2) expansion of ourUniverse.

Here, we calculate the effect of altering the early expansion rate of the Universe
on BBN and the production of heavy elements. We also vary the amount of baryon-
antibaryon asymmetry, via the baryon-to-photon ratio η. The structure of the paper
is as follows. In Sect. 2, we discuss the details of baryogenesis and BBN. In Sect. 3,
we discuss the different cosmological models that we will consider. In Sect. 4, for
each cosmology model, we explain the relationship between post-BBN elemental
abundances and variations in both the expansion rate and the baryon-to-photon ratio.
We then conclude by discussing these results in Sect. 5.

2 Big Bang nucleosynthesis

Big Bang nucleosynthesis occurs in the era in which protons and neutrons are hot
enough to fuse together into deuterium, and the Universe’s photon background cool
enough that significant amounts of deuterium fuse into heavier nuclei, rather than
being photo-disintegrated. In the standard cosmological model, BBN lasted from just
under 1 s (T ∼ 2 MeV) to 103 s (T ∼ 0.03 MeV) after the Big Bang.

Modelling BBN requires tracking the creation and destruction of nuclear species.
The large network of non-linear rate equations is virtually impossible to solve analyt-
ically. For this reason, numerical simulations are an attractive option when it comes
to modelling BBN, such as those put forward by Peebles [7, 8], Wagoner [9], Kawano
[10], Lisi et al. [11], Mendoza and Hogan [12], Pisanti et al. [13] and Arbey et al.
[14, 15]. In the following, we use AlterBBN.4 [14, 15] to compute the final BBN
abundances within our counterfactual cosmologies. However, further considerations
were required, such as modifying the code (c.f. Appendix A.1) and calculating initial
abundance conditions (c.f Appendix A.2). Interestingly, the Saha equation can be used
to derive analytic expressions for abundances under the condition ofNuclear Statistical
Equilibrium (NSE), in which every forward reaction rate is equal to the corresponding
reverse reaction rate [6, 16].

The baryon-to-photon ratio η is particularly important to BBN, as it fixes the rela-
tionship between temperature and baryon density; nuclear reaction rates depend on
both. This ratio is determined by the baryon-antibaryon asymmetry that the early
universe possesses. After baryons and antibaryons annihilated with each other at a
temperature around 2× 1012 K [17], our Universe only consisted of photons and left-
over baryons. Today, wemeasure η0 = 6.1×10−10, indicating that for (roughly) every
one billion anti-baryons, there were one billion and one baryons before annihilation
[18]. The degree of baryon-antibaryon asymmetry is determined by the process of
baryogenesis, which is currently not well understood.

4 https://alterbbn.hepforge.org/
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In the counterfactual cosmological models we consider in this paper, we find that
fusion continues down to lower temperatures. As a result, we model down to temper-
atures much lower than 0.03 MeV. The initial and final temperatures we consider are
Ti ∼ 2.7 MeV and T f ∼ 0.001 MeV, respectively [16]. Due to the temperature at
which fusion occurs being independent of a universe’s expansion rate and baryon-to-
photon ratio, we keep these values of Ti and T f fixed, independent of the cosmological
model being considered.

3 Modellingmodified universes

Here, we discuss below our strategy for altering the expansion rate, which we achieve
by altering the function a(t). We will then be in a position to answer our question:
how rapid does a universe’s expansion need to be for significant amounts of nuclei to
be fused into heavy elements during BBN? The point here is not to attempt to model
the actual history of our Universe. We are exploring the physical relationship between
the expansion of a universe and the low-entropy nuclear energy available post-BBN.
We are not proposing alternative models of the early Universe, or exotic new forms of
energy.

3.1 The forced cosmology

In this model, we specify the scale factor’s dependence on time by fiat: a(t) ∝ tn . We
label this ‘the forced cosmology’. The energy density of matter and radiation depend
on the scale factor in the usual way (a−3 and a−4, respectively).

The temperature of the cosmic microwave background is inversely proportional to
the scale factor T ∝ a−1, and a ∝ tα . This gives

t = t0

(
T0
T

)1/α

, (1)

where we set T = T0 at t = t0, where T0 = 2.725 K is the temperature of CMB today
and t0 = 13.7 Gyr is the age of our Universe today.

The starting time of BBN is found by substituting T = Ti . Having a ∝ T−1 and
a ∝ tα gives the relationship between the finishing time of BBN, t f , and the starting
time of BBN, ti , to be t f = (Ti/T f )

1/αti . For the rest of this paper, we will define
the duration of BBN to be the time required for the temperature to go from Ti to T f ,
despite element abundances mostly freezing out at earlier temperatures. Thus, using
the approximate values of the BBN starting and finishing temperatures that are given
in [14], namely Ti = 2.7 × 1010 K (2.32 MeV) and T f = 107 K (8.6 × 10−4 MeV),
we are able to examine the period over which BBN occurs as a function of α. This is
shown in Fig. 1. We can see that the duration covers many orders of magnitude. Note
that because we have normalised the power law to “today” (t0 and T0), larger values
of α imply a longer duration of BBN. This is because they reach the relevant BBN
temperatures later in their evolution.
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Fig. 1 Left panel: this shows how the starting and finishing time of BBN change with α for the forced
cosmology. From Eq. (1), the variation of temperature over the BBN periods can be easily understood from
the fact that an order of magnitude increase in time corresponds to temperature dropping by α orders of
magnitude. Right panel: this shows how the duration of BBN varies with α. While this can be derived
from the left panel, the right panel provides easier visualisation. Here, α only goes down to 0.2 for reasons
discussed in Sect. 4.1. Note that because we have normalised the power law to “today” (t0 and T0), for the
range of α that we consider here, larger values of α imply a longer duration of BBN. This is because they
reach the relevant BBN temperatures later in their evolution

3.2 The dominant fluid cosmology

The dominant fluid cosmology adds to the standard model of cosmology a form of
energy that dominates during the period of Big Bang nucleosynthesis, whose energy
density we label ρD . By requiring consistency with the Friedmann equation and fluid
equation, this additional dominant fluidwill control the rate of expansion. The equation
of state (EoS) of the dominant fluid is given by w = P/(c2ρD), and for simplicity is
assumed to be constant throughout BBN.

Upon solving the Friedmann equation and fluid equation, one finds ρD ∝ T 3(1+w)

and a ∝ t2/(3w+3) (assuming ρD dominates over all other energy forms) [16]. The
difference between this model and the forced cosmology lies in the determination of
the initial conditions, and duration, of BBN. Hereafter, we will be working in natural
units (c = � = kB = 1) unless stated otherwise.

The time independence of theEoSparameter restricts the scale factor to a power-law
[16], a ∝ tα , giving the EoS parameter of the dominant fluid to be w = 2/(3α) − 1.
Thus, ρD = AT 2/α for some constant A. We find that the starting time of BBN is
given by,

ti =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

3αT−1/α
i√

24πGA
if α ≤ 1/2,

T−1/α
i√
32
3 πGA

if α > 1/2,
(2)
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Fig. 2 Left panel: this shows how the starting time of BBN changes with α and η for the dominant fluid
cosmology. Right panel: this shows how the duration of BBN varies with α and η

where

A =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

max

[
43π2

120
(T f )

4−2/α,
2π2mpη

81
(T f )

3−2/α
]

if α ≤ 1
2 ,

max

[
43π2

120
(Ti )4−2/α,

2π2mpη

81
(T f )

3−2/α
]

if 1
2 < α ≤ 2

3 ,

max

[
43π2

120
(Ti )4−2/α,

2π2mpη

81
(Ti )3−2/α

]
if α > 2

3 .

(3)

withmp being themass of the proton.We note that the expression for A gives themini-
mumvalue required forρD to dominate duringBBN.While A could be larger,wemade
this assumption to remove ambiguity when determining the times and temperatures at
which dominance switches between ρm, ρr and ρD .

Figure2shows how the duration, t f − ti , of BBN varies with α and η. The range
of BBN durations in this cosmological model is much smaller than that in the forced
cosmology. It should also be noted that the forced cosmology can be derived from the
dominant fluid cosmology by forcing t0 = T0 and taking A → ∞.

4 Results

Here, we present how the final nuclide abundances were effected by variations in α

and η, calculated using our modified version of AlterBBN. The easiest way to do
so is by studying the most abundant, and second most abundant, nuclides left over
after BBN. We will discuss the forced cosmology and the dominant fluid cosmology
separately. Altogether, this paper reports on the results from 11680 BBN simulations.

4.1 The forced cosmology

Figure3shows how the most abundant, and second most abundant, nuclides left over
from BBN vary with α and η in the forced cosmology. We have ignored α < 0.2
as BBN duration is O(10−15s) and hence 1H will always dominate as there is not
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Fig. 3 The most abundance (left panel), and second most abundance (right panel), nuclides left over from
BBN in the forced cosmology as a function of α and η. The horizontal red dashed lines represent the value
of η in our Universe while the vertical ones represent the value of α required for BBN duration to match
that of our Universe. In the left panel, we have split the regions dominated by 4He and 16O into those where
the abundances are greater than 0.95 and less than 0.95. Here, we have varied α from 0.2 to 1.2, and η over
10 orders of magnitude, from 10−11 to 10−1. The white regions represent the parameters where the code
was unable to complete the calculation due to the convergence issues. Note that the jagged boundaries are
due to our use of a discrete set of simulation parameters

enough time for any fusion to occur. Convergence issues within the code forced us to
set α < 1.2, which we suspect was due to the large time-steps leading to invalid linear
approximations within the AlterBBN (see Ref. [15] for details of the linearization
process). Updating the integration methods as a means of resolving these issues is
beyond the scope of this paper. We also only consider η ≤ 10−1 due to AlterBBN
not considering degeneracy in it’s calculations.

The complicated trend in Fig. 3 stems from the intricate interplay between α, η,
the starting time of BBN, the duration of BBN, and the NSE configuration when NSE
breaks. This last detail is most important.

LetYNSE(T ) be theNSEabundance configuration at temperature T . As temperature
decreases, heavier elements will take over as the dominant species. Let Tk be the
temperature atwhich elemental species k first becomesdominant.Over the temperature
range of BBN, the dominating NSE element transitions from 1H→4He→16O with
T1H > T4He > T16O. It is the form of YNSE(T )|T=TNSE , where TNSE is the temperature
at which NSE breaks, that is ultimately responsible for the observed trend. Note Tk is
independent of α and monotonically increases with η [16], while TNSE is independent
of η and monotonically decreases with α (c.f. Appendix A.2).

When T1H > TNSE > T4He, which is the case for α � 0.54, the neutron to proton
ratio will freeze out at a value of Xn/X p = exp(Q/TNSE) where Q = 1.29 MeV is
the mass difference of a proton and neutron. This creates a cap on the possible 4He
production. The production will get closer to this cap as η increases due to a larger
portion of the free neutrons being fused in 4He nuclei.

When α < 0.5, Xn/X p ≈ 1 since TNSE 	 Q, leading to an almost absent cap.
Hence, depending on η, we can effectively reach arbitrarily strong 4He dominance.
However, once α ≈ 0.54, Xn/X p falls below 0.5, capping the maximum 4He abun-
dance at a value below that of 1H, returning us to a 1H dominated universe. This is
then made worse by free neutron decay.
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Fig. 4 The most abundance (left panel), and second most abundance (right panel), nuclides left over from
BBN in the dominant fluid cosmology as a function of α and η. The horizontal red dashed lines represent
the value of η in our Universe while the vertical ones represent the value of α required for BBN duration to
match that of our Universe. In the left panel, we have split the regions dominated by 4He into those where
the abundance is greater than 0.95 and less than 0.95. Here, we have varied α over 3 orders of magnitude,
from 10−1 to 102, and η over 10 orders of magnitude, from 10−11 to 10−1. Again, note that the jagged
boundaries are due to our use of a discrete set of simulation parameters

A further increase in α eventually gives T4He > TNSE > T16O and we hence arrive
back at 4He dominance where the lack of 16O production is due to insufficient time
for fusion into 16O. Increasing α even further leads to T16O > TNSE, and we get strong
16O dominance.

As we increase η for α < 0.54, we get closer to the 4He cap, thus leading to an
increase in 4He production. Furthermore, as η increases, T1H, T4He, T16O also increase
while TNSE remains the same. Thus, on the right, we expect a negative gradient for
the 4He and 16O islands, which is what we observe.

Additionally, 16O is the heaviest element that AlterBBN considers, and hence
we are unable to quantitatively conclude whether fusion in universes that are 16O
dominated would continue all the way up to iron. However, it is unlikely that the
fusion would stop at 16O.

4.2 The dominant fluid cosmology

Figure4shows which two nuclides are most abundant in the dominant fluid cosmology
for varying values of α and η. We vary α from 10−1 to 102 and η from 10−11 to 10−1

and have no convergence issues. We did not consider values of η > 10−1 for the same
reasons as in the forced cosmology.

Wefirst note that universeswithα < 0.2 do not experienceNSEbefore BBN started
(c.f. Appendix A.2). Hence, all we are allowed to note here is the lack of significant
fusion, despite choosing an initial configuration identical to our Universe. We find
that T1H > TNSE > T4He for the entire parameter space considered. The behaviour
of the abundances for 0.2 < α < 0.5 is almost identical to the forced cosmology.
We, again, obtain almost arbitrarily strong 4He dominance for 0.2 < α < 0.4. We
also observe that Xn/X p falls below 0.5 at α ≈ 0.48, returning us to a 1H dominated
universe. Interestingly, in the dominant fluid cosmology, TNSE increases with η for
η � 2 × 10−5 (c.f. Appendix A.1). For η � 2 × 10−3, this increase is great enough
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to prevent Xn/X p from dropping below 0.5 for any values of α and hence we do not
return to 1H dominance.

For α > 0.5, unlike in the forced cosmology, we find that TNSE begins to increase,
asymptotically approaching Ti . Thus, Xn/X p increases with α and we go back to 4He
dominance. Finally, as we take α to be very large, we will eventually return back to
1H dominance as the duration of BBNwill become very small, explaining the positive
gradient on the bottom boundary of the 4He island on the right.

5 Discussion

Our calculations assume that no relativistic species are degenerate, quantified byμi 

T where μi is chemical potential of the species, i , in consideration. If this criterion is
notmet, thenwe are unable to assume ρr ∝ T 4. Themost important relativistic species
during BBN is the electron, which Mukhanov [19] (pg. 93) states to obey μe/T ∼ B,
where B is the baryon-to-entropy ratio. Furthermore, we know that B ∼ η and hence
non-degeneracy can be assumed if B ∼ η 
 1 [6, 19]. The largest value of η we
consider is 10−1, validating our assumption.

As we slow down the rate of expansion during BBN, while keeping η = 6.1 ×
10−10 constant, Rovelli suggests we should see the dominant nuclides change from
light elements to heavy elements. This trend is eventually observed within the forced
cosmology when we reach large α. However, the trend is not monotonic. The universe
with the greatest heavy element production occurred when α ≈ 0.50, where the
abundances of 1H and 4He were 0.329 and 0.634, respectively. Almost all other values
of α gave universes that were 1H dominated, as can be seen in Fig. 3. This corresponds
to a very short BBN duration of about 9h, as opposed to about 13 days in our Universe
(we remind the reader that we have defined the duration to be the time taken for T to
drop from Ti to T f , rather than when the abundances freeze out).

For the dominant fluid cosmology, we did not observe the trend suggested by Rov-
elli. We found that the universe with the greatest heavy element production occurred
when α ≈ 0.37, where the abundances of 1H and 4He were 0.169 and 0.818, respec-
tively. This corresponds to a BBN duration about 20% shorter than in our Universe.
We do not expect values of α greater than those considered here, i.e. α > 102, to pro-
vide heavy element build up due to the duration of BBN decreasing and the starting
time remaining the same as α increases. While the aforementioned universe is 4He
dominated, with 4He providing less access to nuclear energy than 1H, it still possesses
low nuclear entropy and has a substantial amount of 1H left over. Again, almost all
other values of α gave universes that were 1H dominated. This agrees with results
presented by Barnes and Lewis [6] which show that BBN in our Universe would have
to last approximately 1 billion years for all elements to burn all the way to iron.

Note that 16O is the heaviest element thatAlterBBN considers, sowe don’t predict
whether fusion all the way up to iron would have occurred. However, the trend towards
heavier elements is clear. Approximate calculations of fusion up to iron can be found
in [6].

When allowing variations in η, we that see a large portion of the parameter space
of the forced cosmology has strong 4He dominance (greater than 95% 4He), which
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represents universes that are far from maximal nuclear entropy, but still closer than
our own. This occurs for 0.335 < α < 0.475 and 10−6 < η < 10−1. These values
of α give a duration of BBN between about 16 s and 2h, much shorter than in our
Universe, and require a value of η multiple orders of magnitude larger than η0. We
also see strong 4He build up in the central part of the right 4He island. Furthermore, as
we move above this region, 4He is fused to 16O and hence these universes move even
closer to maximal entropy. Note, however, that the BBN duration in these universes is
around 31 years and they require a value of η many orders of magnitude greater than
η0.

In the dominant fluid cosmology, the maximum abundance that 16O reaches is
around 13%, which occurs when η is more than 8 orders of magnitude larger than
η0 and a duration around 50 times shorter than in our Universe. This lack of heavy
element build upmakes sensewhen considering thatBBNduration only varies between
10−2−106 seconds in this cosmology.We see a large section of strong 4He dominance
within the approximate parameter range of 0.2 � α � 0.4 and 10−8 � η � 10−1. This
corresponds to a duration of BBN to be slightly smaller than our Universe, between
about 5 days (∼ 434, 000 s) and 9 days (∼ 782, 000 s), and requires η to be at least
more than 2 orders of magnitude greater than its current value. While we acknowledge
these universes have greater nuclear entropy than ours, we emphasise that this range
is very narrow when considering all the permissible values of η and BBN duration.

In conclusion, while an extremely slow cosmological expansion would have led to
considerable heavy element production, the duration of BBN can be varied by many
orders of magnitude without resulting in a universe that burns entirely to heavy ele-
ments. To put it another way, BBN in our Universe is many orders of magnitude more
rapid than is required for a low-nuclear-entropy initial conditions. Further, the relation-
ship between time available for BBN and element abundance is far from monotonic.
The answer to the question “how rapid?” seems to be “faster than a billion years”.
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A AlterBBN

A.1. Modifications to the code

In their code, Arbey et al. have an incorrect expression for the starting time which is
many orders of magnitude smaller than it should be. This was pointed out by Sharpe
et al. [20]. Despite this, the current publicly available version of the code does not run
into issues due to the abundances and temperature being forced to not change until
t = 0.136 seconds − the starting time of BBN within our Universe − is reached.
When varying α and η, we had to remove this condition and correct the starting time.

Furthermore, the reaction rate of three reactions, 2H+p → γ+3He, 2H+2H →
n+3He and 2H+2H→ p+3He, obey step functions. This produced unphysical jigsaw
patterns in the time evolution of the abundances, and so we replaced these expressions
with a linear interpolation of the discrete values.5

Finally, the fluid equation is used to calculate the rate of change of ln(a3) with
respect to temperature, which is then used to calculate dT /dt . This would occasionally
cause dT /dt ≥ 0 despite da/dt > 0, which is clearly unphysical. Hence, using the
relation a ∝ T−1, we replaced their calculation of d ln(a3)/dT with d ln(a3)/dT =
−3/T , ensuring that dT /dt < 0 at all times.

A.2 Setting initial abundance conditions

By default, AlterBBN determines the starting abundances for neutrons, protons, and
deuterium by their NSE configuration at T = Ti (c.f. Ref. [16], p. 88). This is only
valid if TNSE < Ti . NSE is broken when any reaction rate falls below H . The first to
succumb is always �pe→νn and hence by computing the temperature, TNSE, at which
�pe→νn = H , we are able to determine when NSE is broken and thus whether we can
assume anNSE initial abundance configuration.We achieve this by using the definition
of the Hubble parameter, H = ȧ/a = α/t , Eqs. (1) and (2), and the relatioship

�pe→νn = 7

60
π

(
1 + 3g2A

)
G2

FT
5. (4)

Here, gA is the axial-vector coupling of the nucleon6 and GF is the Fermi coupling
constant7 [16]. Note that this equation is only valid in the high temperature limit,
T 	 1.28 MeV. However, this does not concern us as we are only interested in
whether NSE is achieved at T = Ti = 2.32 MeV.

5 This was merely to make interpretation easier, the results of our calculations are unaffected.
6 With numerical value of 1.26.
7 With numerical value 1.16 × 10−5 GeV−2.
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Fig. 5 Left panel: the temperature range, shown in grey, over which �pe→νn/H ≥ 1 for the forced
cosmology with the blue line representing T = Ti . We only have dependence on α here. Right panel: the
temperature at which �pe→νn/H = 1 as a function of both α and η. To the left of α < 0.2, the universe
moves into NSE like in the forced cosmology

The relationship between time and temperature is independent of η for the forced
cosmology, while this is not the case for the dominant fluid cosmology. Accordingly,
in Fig. 5, we have shown TNSE against α only for the forced cosmology (left panel)
and TNSE against both α and η for the dominant fluid cosmology (right panel). Since
�pe→νn/H ∝ T (5α−1)/α , this ratio increases with time for α < 0.2. Additionally,
�pe→νn/H 
 1 at T = Ti . This indicates that these universes do not experience a
period of NSE whatsoever before BBN starts. This makes it troublesome to choose
an initial configuration as knowledge of the conditions of the much earlier Universe
is required, which we do not have. For the purposes of this report, and due to the lack
of a better choice, we will assume the initial abundances for these universes are the
same as that of BBN in our Universe.

We also acknowledge that the quark-gluon plasma condensed into nucleons when
T ∼ 1GeV [21]. Thus,when TNSE � 1GeV,we simply set Xn/X p = exp(−Q/TNSE)

as further considerations are beyond the scope of the paper.
We see that TNSE > Ti for 0.2 < α ≤ 0.55 in the forced cosmology, and 0.2 <

α � 0.45 in the dominant fluid cosmology. Thus, we set the initial proton and neutron
abundances to be those at the time NSE was broken. This is valid as the time between
TNSE and Ti for these values of α is less than 0.2 s and so significant neutron decay
won’t not occur.

Deuterium still follows its NSE abundance at T = Ti for α ≥ 0.3 in the forced
cosmology and α ≥ 0.16 in the dominant fluid cosmology. These were both checked
numerically with AlterBBN. For α < 0.3 in the forced cosmology, BBN is too rapid
for any fusion to occur between TNSE and T f and hence the post-BBN configuration
consists purely of protons and neutrons. Recall that for α < 0.2, we are assuming an
NSE configuration at Ti , as discussed above, and hence no further considerations are
required.
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