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Abstract

The existing view of biological life is that it evolves under suitable conditions in the low-temperature world
of atoms and molecules on the surface of a planet. It is believed that any plausible extraterrestrial form of
life must resemble the life on Earth that is ruled by the biochemistry of nucleic acids, proteins, and sugars.
Going against this dogma, we argue that an advanced form of life based upon short-lived species can exist

inside main-sequence stars like our Sun.
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Conventional wisdom states that the search for exolife
calls for carbon-based organisms, operating in a water-based
medium, with higher forms (perhaps) metabolizing oxygen.
All forms of life on Earth share this same basic biochemistry.
However, biological molecules are not stable in a thermody-
namic sense [1]. Life can be thought out as a dynamical hy-
percycle (DNA encodes proteins, proteins help DNA to self-
replicate, DNA encodes proteins, etc.) that can survive indefi-
nitely as long as free energy is available for it, and as long as
self-replication goes faster than the destruction of information
carriers. Mutations in the informational chain provide natural
selection and evolution toward more complex species. Proteins
are different chains of 20 (+2) amino acids. To encode amino
acids, one needs a minimum of a triplet RNA/DNA code of 4
nucleotides: A,C,G,U, like AAA, AUG, etc. This gives 43 = 64
different combinations.

Of course, all this can be totally different for a different
form of life, but self-replication is a cornerstone of life and it
is hard to imagine how any life can be formed without encod-
ing information. If one accepts that life is merely self-replication
with mutations that leads to the increasing complexity through
natural selection, any system capable of such processes can be
viewed as a form of life. As an example, self-replicating robots
assembling themselves in the environment that can be vastly
different from the ambient conditions we are used to have long
been considered one such possibility. More concretely, life needs
at the minimum these three hypotheses:

1. The ability to encode information.

2. The ability of information carriers to self-replicate faster
than they disintegrate.

3. The presence of free energy: at the minimum, AF = T AS,
needed to constantly create order out of the disorder by
decreasing entropy S through self-replication, where T is
the temperature of the system.

Armed with this extreme reasoning, we ask whether some form
of life could flourish deep inside the core of main-sequence
stars like our Sun. We speculate that it is possible to satisfy
hypotheses 1 and 3. Given how complex and nonobvious is
the functioning of the biological cell that we are familiar with,
and the fact that the early path of the biological evolution that
has led to it is unknown, we will not speculate about the in-
tricate series of bionuclear reactions that can satisfy hypothe-
sis 2. The only principle one should be guided with is that a
self-replication hypercycle, if it exists, inevitably emerges in the

dynamics of a complex system as a stationary process that sur-
vives out of all other processes.

It has long been suspected that any early universe phase
transition occurring after inflation (say with symmetry break-
ing temperature T;) may leave topological defects behind [2].
This is because when the system cools down below T, there
is some order parameter field multiplet ¢, which picks up a
nonzero value ¢y. If this were the case and the system has a
symmetry group G, in the classical viewpoint, any operation
g € G would transform the state ¢ into g¢p [3]. Now, if we
identify the subgroup leaving ¢y invariant with H = {h €
G|h¢y = ¢} C G, the manifold would be given by the quo-
tient .# = G/H, namely, the set of left cosets {¢H} of H in G.
The topology of .# characterizes the types of defects. For ex-
ample, cosmic strings would form if the first homotopy group
1 (#) # 1, where 1 stands for the group comprising the
identity alone. Note that this implies that .# contains closed
loops that cannot be continuously shrunk to a point, and so, .#
would not be simply connected. Likewise, monopoles would
be produced if 7y(.#) # 1. Note that for this particular con-
figuration there would be nonshrinkable two-dimensional sur-
faces in . .

Appealing to our discussion is the formation of composite
defects. This may take place if a theory with symmetry group
G undergoes a phase transition (at T;,) in which ¢ acquires a
vacuum expectation value breaking the theory to a subgroup
H C G, and after that, there is a second phase transition (at
T¢,) in which the field ¢ gets a nonzero (but generally smaller)
vacuum expectation value to break the symmetry further into
K C H. One simple example is provided by the SU(2) sym-
metry group. In the first stage of symmetry breaking, in which
¢ becomes nonzero the symmetry breaks down to H = U(1)
leading to the formation of 't Hooft-Polyakov monopoles [4, 5].
In a second stage, the symmetry breaks further into K = Z,
where strings would form. Remarkably, there is a stable config-
uration, the bead, in which the magnetic flux of the monopole
47 /e is confined to two stable Z; strings, each carrying a flux
of 27t /e [6, 7]. Such string structures with monopole beads are
so-called “necklaces.” Remarkably, multiple strings can origi-
nate from monopoles and connect them into two- and three-
dimensional structures, resembling atoms coupled by chemi-
cal bonds [8]. Since information needs to be written on a one-
dimensional chain to ensure easy reading and transcription [9],
monopoles and antimonopoles of one kind would not be suffi-
cient for that purpose. Each string carrying half of the magnetic
flux that originates on a monopole has to go into antimonopole,
thus making monopoles and antimonopoles of one kind alter-
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FIGURE 1: Encoding information with cosmic necklaces con-
sisting of semipoles on strings (left), and a string double helix
resembling DNA (right) [13].

nate in a one-dimensional chain. Such a chain would not carry
any information. However, with various kinds of monopoles
and non-Abelian cosmic strings discussed in the literature, it
is easy to envision more complex sequences capable of encod-
ing information. For example, two adjacent semipoles [10], un-
like monopoles, need not have total charge zero and can re-
pel each other instead of moving toward each other and an-
nihilating [11, 12]. Such single- and double-chain structures
formed by beads on necklaces (with a complex flux) are shown
schematically in Figure 1. Semipoles correspond to an element
of Z4 [10]. A semipole flux of 47t{1,i, —1, —i} /e can be inferred
from the differences between the fluxes of adjacent strings
shown in Figure 1, with 1 = orange, i = green, —1 = red, and
—i = blue. The flux configuration exhibited in Figure 1 reads
-1+i=l+i=l1-i=-1-is-1+i=-1-i=—-1+i.

The lifetime of such objects can be very short as far as their
individual dynamics in a vacuum is concerned. It can be longer
in a plasma of a star (see below) and can also be controlled by
the metabolic process they encode. Note in this connection that
any biological organism, when considered individually, is un-
stable. Compared to the lifetime of a star, its lifetime is an in-
stantaneous spark of light in the dark. What is important is that
such a spark manages to produce more sparks before it fades
away, thus providing a long lifespan of the species. The com-
plexity evolving through mutations and natural selection in-
creases with the number of generations passed. Consequently,
if lifetimes of self-replicating nuclear species are as short as life-
times of many unstable composite nuclear objects are, they can
quickly evolve toward enormous complexity.

We now turn to speculate on the capture of necklaces by
stars and discuss hypothesis 3. To develop some sense for the
orders of magnitude involved, we assume that the strings are
produced at the electroweak phase transition and so T, ~
100 GeV, yielding a mass per unit length of string y ~ fic3T% ~
10~¢ g/cm. Before proceeding, we pause to note that for ultra-
relativistic particles in thermal equilibrium, the blackbody for-
mula gives the energy density-temperature relation ¢ = CT*,
where the constant C depends on the number of degrees of
freedom. For the electroweak phase transition, the energy den-
sity that must be deposited in the collision region to achieve
the conditions for a phase transition, & ~ 1010 Gev/ fm3, is 10

orders of magnitude larger than what is currently achieved in
collisions at the CERN Large Hadron Collider [14].

In the spirit of [15], we consider superconducting strings
(carrying electric currents and generating magnetic fields) that
become magnetohydrodynamically frozen into plasma. The
evolution process could begin with a single string in the sys-
tem. The turbulence of the plasma stretches and twists the
string loop, cutting it at the intersections, until an equilib-
rium network of string loops develops in which the process
of stretching is balanced by the collapse of string loops due
to tension. Note that the likelihood of a string being captured
by a star is quite small. This is because the plasma wind from
the star would prevent the string to approach it. A more prob-
able scenario would be to assume that the string is captured
during the star formation. The process of star formation be-
gins in weakly ionized clouds of density in the range 10722 <
p/(g/cm3) < 10720 [16]. Stars are formed as a result of slow
gravitational condensation of matter in the high-density re-
gions of the cloud. In the early stage of this process, neutral
matter contracts together with plasma, and with the magnetic
field and strings frozen into it. As the density increases, the de-
gree of ionization falls and the neutral matter decouples from
the plasma. During this stage, strings can be left out from the
protostar. However, in the course of further contraction, the
protostar becomes thermally ionized and recaptures its cou-
pling to the magnetic field and to the strings. The radius of the
ionized material is typically Rjon, = 10® km. For typical clouds,
the dispersion velocity of the turbulent motion is in the range
10° < v/ (em/s) < 106 [16]. The force of friction per unit length
of string produced by a superconducting string moving in a
magnetized plasma is driven by the string velocity, the external
magnetic field, and the plasma density. An order of magnitude
estimate of the characteristic string length, R, can be obtained
by balancing the frictional force per unit length with the force
per unit length due to the tension in the string. If the motion
of the turbulent plasma is well approximated by a Kolmogorov
spectrum, R is found to be

Ri ~107 x u2 x v;?3 x p73)* km, 1)

where y_g is # in units of 107® g/cm, vg is v in units of
10° cm/s, and p_og is p in units of 10720 g/cm3 [15]. A sim-
ple estimate of the fraction of strings captured by the ionized
plasma of the protostar is given by ((Rjon/Rs)?). A straightfor-
ward calculation shows that a significant fraction of stars could
be contaminated with strings.

Cosmic strings are classical solutions of relativistic field-
theory models that are analogous to flux lines in superconduc-
tors. Such analogy arises from the mathematical equivalence
of, e.g., Abelian Higgs model and Landau-Ginzburg theory of
superconductivity. We will use this analogy to speculate on
how the strings captured by the star could create a network
of necklaces. There are processes in condensed matter in which
a string loop breaks into a string with open ends capped by
monopole and antimonopole (which corresponds to the for-
mation of the monopole-antimonopole pair on a string); see,
e.g., [17, 18, 19, 20]. This analogy could also be translated to
hadron physics, where the quarks would act as the carriers
of magnetic charge permanently bound in pairs by the string
bonds [21]. If besides stretching, interconnecting, and forming
new loops, the turbulent plasma also breaks them into seg-
ments capped by monopoles, the turbulence would produce
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FIGURE 2: Turbulence, besides stretching loops, can cut them into segments bounded by monopole-antimonopole pairs.

monopoles together with networks of strings; see Figure 2
Small segments of strings capped by monopoles formed in this
way can be the building blocks of longer information carriers
once they split into semipoles to form cosmic necklaces. Infor-
mation stored in a cosmic necklace must encode nuclear species
that, by analogy with the DN A-protein machinery, must assist
replication of necklaces. The details of such process may be as
complicated as the details of the primordial self-replication that
led to the origin of the biological cell, which are unknown. Life
on Earth is the only proof that such mechanism exists. For that
reason, we will not go beyond the ability of nuclear species to
store information.

Consumption of free energy by biological life on Earth has
been constantly growing with time, starting with the use of
solar energy, then utilizing in the last 200 years even greater
amounts of solar energy accumulated in fossil fuels, and then
proliferating to the consumption of nuclear power thanks to
complexity developed from that massive most recent consump-
tion of energy. By analogy, nuclear life, if it develops, must ac-
celerate burning of nuclear fueled by stars. Indeed, life in the
interior of a star would change its thermodynamics as a frac-
tion of the fusion energy would be used for self-replication,
and for developing and maintaining a sophisticated order. Con-
sequently, one way to search for nuclear life in the universe
would be to look for stars whose behavior defies explanation
based upon conventional theories.

Consider, for example, the flow of energy from the hot sur-
face of a star into the open space. When the temperature gradi-
ent in the surface layer reaches a critical value, the transfer of
heat from the hot bottom of the layer to the colder top switches
from heat conduction to convection via formation of Benard
cells, which is a trivial textbook example of self-organization.
Hot plasma rises up from the bottom of the layer through the
center of each cell, cools down at the top of the layer, and then
sinks inside the walls of the cell. This accelerates the trans-
fer of heat. The general principle behind it is the formation
of structures that allow the fastest release of the free energy
possessed by the star. The surface cools faster due to such self-
organization.

In a similar way, from a thermodynamic point of view, the
formation of the nuclear life in the interior of a star will have
a “purpose” to provide faster escape of the energy released
by nuclear fusion from the core of the star toward its surface.
It makes the star to cool faster via a complex process of self-
organization maintained by the elevated flux of energy through
it. This would provide the same end effect as advocated in [22]
to explain the observed deviations from predictions of mod-
els of stellar evolution, which seem to indicate an over-efficient
stellar cooling.

We will conclude by mentioning one such example. The
NASA'’s Kepler and K2 missions provided long-baseline and
high precision photometry for hunting exoplanets by search-
ing for regular decreases in the emission light of a star caused
by a planet passing between the star and the telescope on its or-
bit. These passes are called transits. Very recently, the K2 Team
reported that EPIC 249706694 (HD 139139), which is about 360
light years away, experienced 28 transient-like events over the
course of its 87-day observation period [23]. The depths in the
flux during these events are roughly 200 = 80 parts per mil-
lion, with durations varying between 1 and 7 hours and mean
separation time of about 3 days. These intriguing dips, which
would normally indicate an orbiting system of planets, exhibit
no obvious periodicity, and moreover, the K2 Team concluded
that their arrival time could have been produced by a random
number generator. The target object is a relatively unevolved
star of spectral type G, with solar effective temperature and ra-
dius. The star rotation period of about 14.5 days yields a gyro-
chronological age of 1.5 &+ 0.4 Gyr. However, in the same pho-
tometric aperture, there is a fainter neighboring star, somewhat
cooler (4400 K), and it is separated from the target star by 3.3".
There is insufficient Gaia kinematic data for the neighboring
star to determine whether it is bound or not to the target star.
Because of this, there is no certainty which star actually hosts
the transit-like events. The K2 Team estimated that if the dips
are real transits across the target star, then the inferred planet
size would be approximately 2 Earth’s radii, whereas if they
shadow the neighboring star, then the planetary radii would
be more like 1-2 times Jupiter’s size. All of the simple explana-
tions have been ruled out by the K2 Team.

Of course, attributing the anomaly in the luminosity of a
star to nuclear life would be a very long shot. We just wanted to
emphasize that such unexplained anomalies do exist. Maybe,
the answer to Fermi’s question: Where is everybody? can be
found in the least expected places.
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