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Figure 4: The expected isotopic stability table in the Weakless Universe. Only isotopes with A ≤ 20
and Z ≤ 8 are shown. Reliable knowledge of neutron-rich isotopes is not extensive for most low Z
elements; those not shown on the right-hand side are not necessarily unstable to neutron emission.
The proton-rich isotopes not shown on the left-hand side are unstable to proton emission. The
crossed-out elements are unstable to proton, neutron, or α emission.

10 Heavy Element Isotopic Stability

In our Universe, only a narrow band in the atomic mass-number (A–Z) plane contain stable
elements. In the Weakless Universe, the band is much wider, extending out to the edge of the
“valley of stability” well known from nuclear physics. In particular, since both β-capture and β-
decay are absent, a much wider range of proton-rich and neutron-rich isotopes are stable. Using
tables from Ref. [21], we can estimate the isotopic stability table for the Weakless Universe by
relabeling all previously unstable (to β-capture or β-decay) isotopes as being stable. This is shown
in Fig. 4 for elements up to oxygen. Elements which are unstable to weak decay are presumably
stable against proton, neutron, or α emission.6

The conservation of both proton number and neutron number, combined with the smaller total
number of neutrons over protons in a primordial gas cloud implies that proton-rich isotopes are
likely to be populated. Recall, the primordial gas cloud is expected to contain 75% hydrogen and

6However, we cannot rule out tiny mass splittings that might allow decay via strong interactions that happened
to be accidentally much weaker than weak interactions due to kinematic suppression.
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Figure 1: Elemental abundance mass fractions as a function of the visible baryon-to-photon ratio
assuming np = nn ≫ nΛ0

s
.

abundances of the Weakless Universe have also been matched to our Universe (and are chemically
indistinguishable, aside from the irrelevant tiny abundance of lithium). Chemistry in the Weakless
Universe is virtually indistinguishable from that of our Universe. The only differences are the higher
fraction of deuterium as hydrogen and the absence of atomic parity-violating interactions.

Maintaining this similarity between the Universes relies on having only one stable charged
lepton: the electron. The presence of muons or taus (with masses as observed in our Universe)
would allow for various exotic chemical properties and nuclear reaction rates. For instance, the
Coulomb barrier would be far smaller for atoms with orbiting muons or taus, allowing dense-
packed molecules and fusion at extremely low temperatures. Though this could be an interesting
universe4 it does not match our Universe and so we choose to remove muons and taus from the
Weakless Universe.

Other more benign effects occur if the heavier quarks (c, b, t) were present in the Weakless
Universe. Given that individual quark number is conserved, the lightest baryons carrying a heavy

4Consider a universe with m̃τ = mτ with baryons dominantly in 4He. A 4He nucleus with one τ− and one electron
will behave chemically like hydrogen. This is because the double-charged nucleus will be screened to single-changed
by the tight orbital of the τ−. This provides a potential mechanism to allow 4He fusion at much lower temperatures
as well as forming hydrogen-like molecules that are important for star formation, see Sec. 11.
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are both determined [8].1

Similarly, in the case of the electroweak scale the argument from complex nuclei fails if the
up and down quark Yukawa couplings, y

u,d

, scan. In this case nuclear physics environmentally
selects m

u,d

= y
u,d

v, as shown in Figure 1, leaving open a possible runaway direction to large v
and small y

u,d

. Thus, the crucial question is whether there are other environmental e↵ects that
depend on di↵erent combinations of y

u,d

and v. While we know of no environmental boundaries
that select for y

u,d

, there are three well-known astrophysical phenomena involving the amplitude
for weak interaction processes, G

F

⇠ 1/v2, that could be anthropically relevant [10].
If G

F

were too small (large) then neutrinos produced in the final stages of stellar collapse
might easily escape (get trapped) preventing supernova explosions which allow heavy elements
produced in early generations of stars to be recycled into later planetary systems. The role
of neutrinos in supernova explosions has been extensively studied, and it is still not known
whether they play a critical role (see for example the review [11]), so we do not pursue this
possibility. As G

F

varies so does the rate for the pp ! de+⌫ reaction that initiates the pp cycle
for energy production in main sequence stars. However, long-lived stars can still be fueled by
the pp chain: the central temperature of the star can adjust to compensate for the change in the
weak amplitude without substantially altering the luminosity. As the weak scale is increased
from the observed value, there is no nearby anthropic boundary from pp stellar burning.

In our universe 25% of baryons are processed into helium during the era of Big Bang Nucle-
osynthesis (BBN). The helium fraction is highly sensitive to scanning the weak scale v around our
observed value, as shown in Figure 2. In particular, as v is increased the helium fraction rapidly
rises above 90%. While it is unclear whether even a 100% helium universe is catastrophic, a large
increase in the helium fraction does have consequences that clearly tend to suppress observers:
halo cooling becomes slower, long-lived hydrogen burning stars become rarer, and hydrogen as
a building block of life becomes rarer. The fine-tuning of the weak scale in the SM implies that
if v scans most universes will have a large value of v, giving a probability force to the right
in Figure 2. Remarkably, our universe lies on the steep part of the curve in Figure 2, where
universes transition from dominantly hydrogen to dominantly helium, suggesting an anthropic
cost of excessive helium. In this paper we explore the possibility that the weak scale originates
from environmental selection at BBN. We are interested in modest variations in v and assume
that huge variations, as in the weakless universe [12], give universes less probable than our own.

The transition from a dominant hydrogen to a dominant helium universe occurs when the
freeze-out temperature of neutron-proton interconversion is close to the neutron-proton mass
di↵erence, yielding the parametric prediction

v ⇠ (m
n

�m
p

)3/4 M1/4

pl

. (1)

This relation is of course a correlation among (v,m
n

�m
p

,M
pl

). However, m
n

�m
p

and M
pl

are
likely selected via phenomena that do not involve the weak interactions, so that it is the BBN

1Another possibility is that ⇤CC is determined by a di↵erent environmental argument, which seems preferred
since we observe ⇤CC about two orders of magnitude away from the large scale structure boundary. The latter is
accomplished by using the causal patch measure, giving a statistical prediction that ⇤CC dominates the energy
density of the universe in the era containing most observers, solving the “Why Now?” problem [9].
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helium boundary that prevents the runaway of the weak scale to large values. The weak scale
is indeed fine-tuned, but no more than is typically necessary in the multiverse for observers to
exist.
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Figure 2: The fraction of baryonic mass processed to 4He during BBN as a function of the weak
scale, with other physically relevant parameters, including m

u,d,e

,⇤
QCD

and M
pl

, held fixed. The
red dot shows our universe, and appears on the steeply rising portion of the curve. The blue
shading shows regions with more than (85, 90, 95)% of baryons in helium. The yellow region
has freeze-out for u $ d conversion occurring before the QCD phase transition while, in the
region of overlapping blue/yellow shading, the ordering of the freeze-out and phase transition is
uncertain.

Given that (y
u

, y
d

) and v could vary over many orders of magnitude, the extreme closeness of
the observed values to the catastrophic boundaries in each of Figures 1 and 2 provides evidence
for environmental selection in a multiverse. Our purpose in this paper is to study and assess
this evidence.

In Sections 2 – 5 we restrict our attention to variations of v up to 30�100 times the observed
value of the weak scale, v

0

, so that the relevant weak interaction freezeout occurs after the QCD
phase transition. We also keep the second and third generation Yukawa couplings fixed so
that heavy flavors are not relevant for BBN in this range of v. As we vary an increasing set
of parameters away from the observed values, we explore the form of the observer boundary,
beyond which observers are either absent, or severely constrained. In the next section we discuss
the relevant multiverse distribution functions, and in Section 3 we study selection of m

u,d,e

at
the atomic boundaries. We then address the BBN helium boundary:

• With v/v
0

< 30� 100 the nuclear abundances resulting from BBN depend on the masses
m

u,d,e

as well the weak scale v, and in Section 4 we investigate whether the BBN un-
derstanding of v persists when the Yukawa couplings also scan. The helium boundary
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Figure 9: The helium mass fraction, Y
4

, is shown in the (v, ⌘) plane to the left and the (v,M
pl

)
plane to the right, fixing other parameters relevant for BBN, such as m

u,d,e

, to their SM values.
We see that there are possible runaways to large v, keeping Y

4

small, when ⌘ is decreased below
the observed value, or when M

pl

is increased or decreased. For v/v
0

larger than about 100,
freezeout occurs before the QCD phase transition leading to a new regime for the calculation of
Y
4

, as discussed in Section 6.

The reason that Y
4

is reduced and becomes insensitive to v at lower ⌘ is that lowering the
baryon density causes deuterium production, p+n ! d+� to become slower than the expansion
rate of the universe. In order to process neutrons into helium, deuterium production must be
faster than the expansion rate below the temperature that the deuterium blockade ends, T

d

.3

Otherwise, even if v ! 1 and the initial n and p number densities are equal, the neutrons and
protons never find each other to get processed into helium before the neutrons eventually decay
to protons. Helium is not produced when:

n
b

h�
d

vi . H|
T=Td

, (12)

which occurs for ⌘ less than a critical value, ⌘
c

, given by:

⌘
c

=
H

n
�

h�
d

vi ⇡ 12.5
1

M
pl

T
d

h�
d

vi ⇡ 2⇥ 10�12 ⇡ 3⇥ 10�3 ⌘
0

, (13)

3Note that the value of Td is only logarithmically sensitive to the value of ⌘.
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Figure 9: This cartoon demonstrates how the Causal Entropic Principle leads to a pre-

ferred value of the cosmological constant. The horizontal band represents the rate of entropy

production; darker areas correspond to a higher rate. Vacua are weighted by ∆S, the total

amount of “darkness” inside a causal diamond. Vacua with large cosmological constant are

plentiful in the landscape, but they lead to small causal diamonds, which capture virtually

no entropy production (right). For some smaller value, the diamond will be just large enough

to capture the bulk of the entropy production (center). This is the preferred cosmological

constant. Larger diamonds may capture slightly more ∆S (left), but not in proportion to

their size. They correspond to vacua with very small cosmological constant which are much

rarer in the landscape. Therefore they will be suppressed.

is set only by the shape of the peak of the entropy production rate (Fig. 6), which is

fairly wide.

In this discussion we have pretended that ρΛ does not affect the entropy production

rate. In fact, this is an excellent approximation. In the vicinity the observed value of ρΛ,
the total entropy production depends on ρΛ mainly through the geometry of the causal

diamond. The probability density decreases away from this maximum. As a result,
values of ρΛ large enough to disrupt galaxy formation are highly suppressed even before

we take into account the suppression of the entropy production rate resulting from this

disruption.

This points at another crucial difference between weighting by entropy production

in the causal diamond, and weighting by observers-per-baryon: the preferred ρΛ is set by
completely different physical processes, and hence, by essentially unrelated timescales.
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Entropy Production

 “...forgetting at the moment all that is known 
about chromosomes, inheritance, and so on...

How would we express in terms of the statistical 
theory the marvelous faculty of a living 

organism, by which it delays the decay into 
thermodynamical equilibrium (death)?...

It feeds upon negative entropy.”
E. Schroedinger 1944 in “What is Life”.


