
Physica A 340 (2004) 705–713
www.elsevier.com/locate/physa

Cosmological natural selection as the explanation
for the complexity of the universe
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Abstract

A critical review is given of the theory of cosmological natural selection. The successes of
the theory are described, and a number of published criticisms are answered. An observational
test is described which could falsify the theory.
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1. Introduction

One of the great mysteries of cosmology is why the universe is set up in such a way
that complex systems can exist at all. While most of those studying complex systems
have been concerned with how, given the laws of physics, life can emerge, there turns
out to be a prior issue: why are the laws of physics chosen so that complex, stable
structures form? Why are there stars? Why do some burn long and stably enough
to allow life to begin and evolve? Why are the atoms such as carbon and oxygen
necessary for life stable and plentiful?
It turns out there can only be stars and carbon chemistry if the parameters of the

laws of physics take values in narrow ranges around their present values [1–4]. Were
the masses and charges of the elementary particles moderately di:erent, the universe
would be nothing but hydrogen gas in thermal equilibrium. The fact that our universe
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is as structured as it apparently is, from the scales of galaxies to the existence of
many stable nuclei, and hence stars and chemistry, is based on a series of apparent
coincidences relating the values of the fundamental dimensionless parameters of physics
and cosmology.
Thus, an important part of the mystery of why we live in a complex universe rests on

understanding why the masses and coupling constants of the elementary particles take
the values they do. It is then remarkable that fundamental physics has nothing to say
about the choices of these parameters. Our best understanding of physics is contained
in the standard model of elementary particle physics. The masses and charges of the
elementary particles turn out to be free parameters in this theory, they are set by hand to
agree with the measured values. Nor has any subsequent development given rise to an
explanation for the choices of parameters. Hypothetical theories such as supersymmetry,
string theory, quantum gravity etc., turn out to extend rather than decrease the number
of free parameters of fundamental theory.
In Refs. [5–10] a theory aimed at explaining the parameters of the standard model

of particle physics was introduced, which assumes the following two hypothesis about
fundamental physics:

(1) Black hole singularities bounce, leading to new expanding regions of spacetime,
one per each black hole.

(2) When this happens the dimensionless parameters of the standard model of low
energy physics of the new region di:er by a small random change from those
in the region in which the black hole formed. Small here means with small with
respect to the change that would be required to signiEcantly change B(p), the
expected number of black holes produced in the classical region of spacetime
produced by the bounce. Here p∈P, the space of dimensionless parameters of
the standard model.

With the exception of the small in (2), these are not new hypotheses, and have been
discussed, for example in Refs. [11,12]. Their conjunction leads to a predictive theory,
because, using standard arguments from population biology, after many iterations from
a large set of random starts, the population of regions, given by a distribution �(p),
is peaked around local extrema of B(p).
The argument for this is straightforward, and follows the methodology of explanation

in population biology.
We let P be the space of dimensionless parameters, p. We can deEne an ensemble

of universes by beginning with an initial value p∗ and letting the system evolve through
N generations. Let us deEne a function B(p) on P that is the expected number of
future singularities generated during a lifetime of a universe with parameters 1 p. We
may observe that, for most p, B(p) is one, but there are small regions of the parameter

1 We may note that even if the universe is open it is very unlikely that the number of black holes produced
during its lifetime is inEnite. Thus, it is not necessary to make the assumption made in Ref. [5] that the
universe is closed. This was pointed out by Rothman and Ellis [13] and Ellis [14].
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space where B(p) is very large. The present values of the parameters must be in one
such region because there are apparently at least 1017 black holes in our universe. 2

After N generations the ensemble then deEnes a probability distribution function
�N (p) on P. To give meaning to the postulate that the random steps in the param-
eter space are small, we may require that the mean size of the random steps in the
parameter space is small compared to the width of the peaks in B(p). It then follows
from elementary statistical conEgurations that, for any starting point p∗ there is an
N0 such that for all N ¿N0, �N (p) is concentrated around local maxima of B(p).
This is because (from the above restriction on step size) it is overwhelmingly proba-
ble that a universe picked at random from the ensemble is the progeny of a universe
that had itself many black holes. But, again, because the parameters change by small
amounts at each almost-singularity this means that it is overwhelmingly probable that
a universe picked at random from the ensemble itself has many black holes. Thus,
we conclude that

• S: If p is changed from the present value in any direction in P the 5rst signi5cant
changes in B(p) encountered must be to decrease B(p).

The conjunction of (1) and (2) thus constitute a theory that if true would explain the
values of the parameters of the standard model without recourse to the anthropic prin-
ciple. This theory has been called, “cosmological natural selection”. It should be em-
phasized that it is completely consistent with our knowledge of fundamental physics. 3

For example, recent work in string theory has revealed that theory has a large number
of stable vacua, or phases, in which the standard model parameters di:er. When string
theory becomes better understood, present knowledge seems to indicate that the likely
e:ect will be not to Ex p in P but to replace it with a microscopic parameter m in
the space M of string vacua. It should also be mentioned that recent work has shown
that singularities do bounce when quantum e:ects on the dynamics of spacetime are
taken into account [26–29].
In this essay I will brieIy review the successes of the theory, then I will respond to

various criticisms that have been made. I close with a description of one observation
that would falsify the theory, thus demonstrating that cosmological natural selection is
a physical theory, subject to falsiEcation by observations.

2. Successes of the theory

Details of tests of cosmological natural selection are described in Refs. [5–10].
I will only here summarize the discussion.

2 There are roughly 1010 spiral galaxies in the visible universe, each has a supernova rate of roughly one
per 50 years. If 10% of these leave black holes as remnants, then after 1010 years one has 1017 black holes.

3 Other approaches to cosmology which employ phenomena analogous to biological evolution have been
proposed, including Peirce [15], Nambu [16], Wheeler [17], Davies [18], Gribbin [19], Kau:man [20],
Linde [21–25], Schweber and Thirring.
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The crucial conditions necessary for forming many black holes as the result of
massive star formation are,

(1) There should be at least a few light stable nuclei, up to helium at least, so that
gravitational collapse leads to long lived, stable stars.

(2) Carbon and oxygen nuclei should be stable, so that giant molecular clouds form
and cool eMciently, giving rise to the eMcient formation of stars massive enough
to give rise to black holes [34–37].

(3) The number of massive stars is increased by feedback processes by which mas-
sive star formation catalyzes more massive star formation [38–51]. This is called
“self-propagated star formation”, and there is good evidence that it makes a sig-
niEcant contribution to the number of massive stars produced. This requires a
separation of time scales between the time scale required for star formation and
the lifetime of the massive stars. This requires, among other things, that nucle-
osynthesis should not proceed too far, so that the universe is dominated by long
lived hydrogen burning stars.

(4) Feedback processes involved in star formation also require that supernovas should
eject enough energy and material to catalyze formation of massive stars, but not
so much that there are not many supernova remnants over the upper mass limit
for stable neutron stars [46,47].

(5) The parameters governing nuclear physics should be tuned, as much as possible
consistent with the forgoing, so that the upper mass limit of neutron stars [55] is
as low as possible.

The study of conditions (1)–(4) leads to the conclusion that the number of black
holes produced in galaxies will be decreased by any of the following changes in the
low energy parameters [5–10].

• A reversal of the sign of Nm= mneutron − mproton.
• A small increase in Nm (compared to mneutron will destabilize helium and carbon.
• An increase in melectron of order melectron itself, will destabilize helium and carbon.
• An increase in mneutrino of order melectron itself, will destabilize helium and carbon.
• A small increase in � will destabilize all nuclei.
• A small decrease in �strong, the strong coupling constant, will destabilize all nuclei.
• An increase or decrease in GFermi of order unity will decrease the energy output of
supernovas. One sign will lead to a universe dominated by helium.

Thus, the hypothesis of cosmological natural selection explains the values of all the
parameters that determine low energy physics and chemistry: the masses of the proton,
neutron, electron and neutrino and the strengths of the strong, weak and electromagnetic
interactions.
However, explanation is di:erent from prediction. These cannot be considered inde-

pendent predictions of the theory, because the existence of carbon and oxygen, plus
long lived stars, are also conditions of our own existence. Hence, selection e:ects pre-
vent us from claiming these as unique predictions of the theory of cosmological natural
selection.
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If the theory is to make falsiEable tests, it must involve changes of parameters that
do not e:ect the conditions necessary for our own existence. There are such tests, one
of them, having to do with the Efth condition, will be described shortly.
Before discussing it, however, we should address several criticisms that have

been made.

3. Answers to criticisms

Several arguments were made that S is in fact contradicted by present observation
[13,14,30,31]. These were found to depend either on confusions about the hypothesis
itself or on too simple assumptions about star formation. For example, it was argued
in Refs. [13,14] that star formation would proceed to more massive stars were the
universe to consist only of neutrons, because there would be no nuclear processes to
impede direct collapse to black holes. This kind of argument ignores the fact that the
formation of stars massive enough to become black holes requires eMcient cooling
of giant molecular clouds. The cooling processes that appear to be dominant require
carbon and oxygen, both for formation of CO, whose vibrational modes are the most
eMcient mechanism of cooling, and because dust grains, consisting of carbon and ice
provide eMcient shielding of star forming regions from starlight. But even processes
cooling molecular clouds to 5–20 K are not enough, formation of massive stars appears
to require that the cores of the cold clouds are disturbed by shock waves, which come
from ionized regions around other massive stars and supernova. For these reasons, our
universe appears to produce many more black holes than would a universe consisting
of just neutrons. 4

Vilenkin [33] raised the following issue concerning the cosmological constant, �.
He notes that were � (or vacuum energy) raised from the present value, galaxy forma-
tion would not have taken place at all. one can also add that even at slightly smaller
values, galaxy formation would have been cut o:, leading only to small galaxies,
unable to sustain the process of self-propagated star formation that is apparently nec-
essary for copious formation of massive stars. This of course counts as a success of
the theory.
On the other hand, were � smaller than its present value, there might be somewhat

increased massive star formation, due to the fact that at the present time the large spiral
galaxies are continuing to accrete matter through several processes. These include the
accretion of intergalactic gas onto the disks of galaxies and the possible Iow of gas
from large gaseous disks that the visible spiral galaxies may be embedded in. It is of
course diMcult to estimate exactly how much the mass of spiral galaxies would be
increased by this process, but Vilenkin [33] as much as 10–20%.
However, lowering the cosmological constant would also increase the number of

mergers of spiral galaxies with dwarf galaxies and other spiral galaxies. These mergers

4 For details, see the Appendix of [10], which addresses the objections published in Refs. [13,14,31] and
elsewhere.
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are believed to convert spiral galaxies to elliptical galaxies, by destroying the stellar
disk and heating the gas. The result is to cut o: the formation of massive stars, leaving
much gas not converted to stars.
There is then a competition between two e:ects. Raise � and galaxies do not form, or

do not grow large enough to support disks and hence massive star formation. Decrease
� and the dominant e:ect may be to cut of massive star formation, due to increased
mergers and absorptions converting spiral to elliptical galaxies. One can conjecture that
the present value of � maximizes the formation of black holes.

4. Why a single heavy neutron star would refute S

One objection that has been made to the hypothesis of cosmological natural se-
lection is that S is not testable [31,32]. I will show now that S is in fact falsi-
Eable, by showing that a possible observation would refute it. This has to do with
the dependence of the upper mass limit of neutron stars on the mass of the strange
quark.
Bethe and Brown, in Refs. [52–54] introduced the hypothesis that neutron star cores

contain a condensate of K− mesons. For the present purposes their work can be
expressed in the following way. Calculations show [52–54] that there is a critical value
�c for the strange quark mass � such that if �¡�c then neutron star cores consist of
approximately equal numbers of protons and neutrons with the charge balanced by a
condensate of K− mesons. The reason is that in nuclear matter the e:ective mass of
the K− is renormalized downward by an amount depending on the density �. Given a
choice of the strange quark mass, �, let �0(�) be the density where the renormalized
Kaon mass is less than the electron mass. At this density, electrons decay to kaons.
This will happen as the star collapses, so long as this density is reached before the
density at which electrons react with protons to form neutrons. Thus, there is a critical
value of the strange quark mass, �c such that, for all smaller masses, decay of electrons
to kaons wins over conversion of protons to neutrons. In either case one neutrino per
electron is produced, leading to a supernova.
Bethe, Brown and collaborators claim that calculations show that �¡�c [52–54].

But their calculations involve approximations such as chiral dynamics and may be
suMciently inaccurate that in fact �c ¿�. However, we can be reasonably sure of
the existence of such a critical value �c. Then we may reason as follows. If �¡�c
then, as shown by calculations [52–54] the upper mass limit is low, approximately
1:5M◦. If �¿�c neutron stars have the conventional equations of state and the upper
mass limit is higher, almost certainly above 2 [55]. Therefore a single observation of
a neutron star whose mass M was suMciently high would show that �¿�c, refut-
ing Bethe and Brown’s claim for the opposite. SuMciently high is certainly 2:5M◦,
although if one is completely conEdent of Bethe and Brown’s upper limit of 1.5 so-
lar masses, any value higher than this would be troubling. Furthermore, this would
refute S because it would then be the case that a decrease of � would lead to
a world with a lower upper mass limit for neutron stars, and therefore more
black holes.
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Presently all well measured neutron star masses are from binary pulsar data and are
all below 1:5M◦ [56,57]. 5 But an observation of a heavy neutron star may be made
at any time.
We may note that this argument is independent of any issue of selection e:ects

associated with “anthropic reasoning”, because the value of the strange quark mass
� may be varied within a large range before it produces a signiEcant e:ect on the
chemistry. 6

Acknowledgements

This paper is dedicated to the memory of Per Bak, whose encouragement to develop
this idea was very much appreciated. This work was supported by the National Science
Foundation and the Jesse Phillips Foundation.

References

[1] B.J. Carr, M.J. Rees, Nature 278 (1979) 605.
[2] J.D. Barrow, F.J. Tipler, The Anthropic Cosmological Principle, Oxford University Press, Oxford, 1986.
[3] B. Carter, The SigniEcance of Numerical Coincidences in Nature, unpublished preprint, Cambridge

University, Cambridge, 1967.
[4] M. Longair (Ed.), Confrontation of Cosmological Theories with Observational Data, IAU Symposium

No. 63, Reidel, Dordrecht, 1974, p. 291.
[5] L. Smolin, Did the Universe Evolve? Class. Quantum Grav. 9 (1992a) 173–191.
[6] L. Smolin, On the fate of black hole singularities and the parameters of the standard model

gr-qc/9404011, CGPG-94/3-5.
[7] L. Smolin, Cosmology as a problem in critical phenomena, in: R. Lopez-Pena, R. Capovilla,

R. Garcia-Pelayo, H. Waalebroeck, F. Zertuche (Eds.), The Proceedings of the Guanajuato Conference
on Complex Systems and Binary Networks, Springer, Berlin, 1995, gr-qc/9505022.

[8] L. Smolin, Experimental signatures of quantum gravity, in: The Proceedings of the Fourth Drexel
Conference on Quantum Nonintegrability, International Press, to appear, gr-qc/9503027.

[9] L. Smolin, Using neutron stars and primordial black holes to test theories of quantum gravity,
astro-ph/9712189.

[10] L. Smolin, The Life of the Cosmos, 1997 from Oxford University Press (in the USA), Weidenfeld and
Nicolson (in the United Kingdom) and Einaudi Editorici (in Italy).

[11] J.A. Wheeler, Beyond the end of time, in: M. Rees, R. RuMni, J.A. Wheeler (Eds.), Black Holes,
Gravitational Waves and Cosmology: An Introduction to Current Research, Gordon and Breach,
New York, 1974.

5 Other methods yield less precise estimates [58].
6 Skeptics might reply that were S so refuted it could be modiEed to a new S′, which was not refuted

by the addition of the hypothesis that � is not an independent parameter and cannot be varied without also,
say, changing the proton–neutron mass di:erence, leading to large e:ects in star formation. It is of course, a
standard observation of philosophers of science that most scientiEc hypotheses can be saved from refutation
by the proliferation of ad hoc hypotheses. In spite of this, science proceeds by rejecting hypotheses that
are refuted in the absence of special Exes. There are occasions where such a Ex is warranted. The present
case would only be among them if there were a preferred fundamental theory, such as string theory, which
had strong independent experimental support, in which it turned out that � was in fact not an independent
parameter, but could not be changed without altering the values of parameters that strongly a:ect star
formation and evolution.



712 L. Smolin / Physica A 340 (2004) 705–713

[12] J.A. Wheeler, in: C. Misner, K. Thorne, J.A. Wheeler (Eds.), Gravitation, last chapter.
[13] A. Rothman, G.G.R. Ellis, Q. J. R. Astron. Soc. 34 (1993) 201.
[14] G.F.R. Ellis, Q. J. R. Astron. Soc. 34 (1993) 315–330.
[15] C.S. Peirce, The architecture of theories in the monist, 1891, in: J. Buchler (Ed.), Philosophical Writings

of Peirce, Dover, New York, 1955.
[16] Y. Nambu, Prog. Theor. Phys. Suppl. 85 (1985) 104.
[17] J.A. Wheeler, in: M. Rees, R. RuMni, J.A. Wheeler (Eds.), Blakc Holes, Gravitational Waves and

Cosmology, Gordon and Breach, New York, 1974.
[18] P. Davies, The Mind of God, Simon and Schuster, New York, 1991.
[19] J. Gribbin, In the Beginning: After COBE and Before the Big Bang, Little Brown, New York, 1993.
[20] S. Kau:man, Investigations into autonomous agents, Santa Fe preprint, 1997.
[21] A. Linde, Phys. Today 40 (1987) 61–68.
[22] A. Linde, Particle Physics and InIationary Cosmology, Harwood Chur, Switzerland, 1990.
[23] A. Linde, Phys. Lett. B 200 (1988) 272;

A. Linde, Phys. Lett. B 227 (1989) 352;
A. Linde, Phys. Lett. B 238 (1990) 1680.

[24] J. Garcia-Bellido, A. Linde, D. Linde, Fluctuations of the Gravitational Constant in the InIationary
Brans–Dicke Cosmology astro-py/9312039, Phys. Rev. D 50 (1994) 730.

[25] J. Garcia-Bellido, A. Linde, Stationary solutions in Brans–Dicke stochastic inIationary cosmology
gr-qc/9504022, Phys. Rev. D 52 (1995) 6780, and references contained therein.

[26] V.P. Frolov, M.A. Markov, M.A. Mukhanov, Through a black hole into a new universe? Phys. Lett. B
216 (1989) 272–276.

[27] A. Lawrence, E. Martinec, String Eeld theory in curved spacetime and the resolution of spacelike
singularities, Class. Quant. Grav. 13 (1996) 63, hep-th/9509149.

[28] E. Martinec, Spacelike singularities in string theory, Class. Quant. Grav. 12 (1995) 941–950,
hep-th/9412074.

[29] M. Bojowald, Loop Quantum Cosmology: Recent Progress gr-qc/0402053.
[30] E.R. Harrison, The natural selection of universes containing intelligent life, R.A.S. Q. J. 36 (3) (1995)

193.
[31] J. Silk, Science 227 (1997) 644.
[32] M. Rees, Before the Beginning, Addison-Wesley, Reading, MA, 1997.
[33] A. Vilenkin, personal communication.
[34] F.H. Shu, F.C. Adams, S. Lizano, Star formation in molecular clouds: observation and theory, Ann.

Rev. Astron. Astrophy. 25 (1987) 23–81.
[35] C.J. Lada, F.H. Shu, The formation of sunlike stars, Berkely preprint, to appear, Science and references

contained therein.
[36] G. Winnewisser, J.T. Armstrong (Eds.), The Physics and Chemistry of Interstellar Molecular Clouds,

Lecture Notes in Physics, Vol. 331, Springer, Berlin, 1989.
[37] R.L. Dickman, R.L. Snell, J.S. Young (Eds.), Molecular Coulds in the Milky Way and External Galaxies,

Lecture Notes in Physics, Vol. 315, Springer, Berlin, 1988.
[38] J. Franco, D.P. Cox, Self-regulated star formation in the galaxy, Astrophys. J. 273 (1983) 243–248.
[39] J. Franco, S.N. Shore, The galaxy as a self-regulated star forming system: the case of the OB

associations, Astrophys. J. 285 (1984) 813–817.
[40] J. Franco, S.N. Shore, X-Ray emission from pre-main-sequence stars, molecular clouds and star

formation, Astrophys. J. 272 (1983) L49–53.
[41] S. Ikeuchi, A. Habe, Y.D. Tanaka, The interstellar medium regulated by supernova remnants and bursts

of star formation, MNRAS 207 (1984) 909–927.
[42] R.F.G. Wyse, J. Silk, Evidence for supernova regulation of metal inrichment in disk galaxies, Astrophys.

J. 296 (1985) l1–l5.
[43] M.A. Dopita, A law of star formation in disk galaxies: evidence for self-regulating feedback, Astrophys.

J. 295 (1985) L5–L8.
[44] G. Hensler, A. Burkert, Self-regulated star formation and evolution of the interstellar medium, Astrophys.

Space Sci. 171 (1990) 149–156.
[45] R.F.G. Wyse, J. Silk, Astrophys. J. 339 (1989) 700.



L. Smolin / Physica A 340 (2004) 705–713 713

[46] B.G. Elmegreen, Triggered star formation, IBM research report, in: G. Tenorio-Tagle, M. Prieto,
F. Sanchez (Eds.), The Proceedings of the III Canary Islands Winter School, 1991, Cambridge University
Press, Cambridge, 1992.

[47] B.G. Elmegreen, Large scale dynamics of the interstellar medium, in: D. Pfenniger, P. Bartholdi (Eds.),
Interstellar Medium, Processes in the Galactic Di:use Matter, Springer, Berlin, 1992.

[48] A. Parravano, Self-regulating star formation in isolated galaxies: thermal instabilities in the interstellar
medium, Astron. Astrophys. 205 (1988) 71–76.

[49] A. Parravano, A self-regulated star formation rate as a function of global galactic parameters, Astrophys.
J. 347 (1989) 812–816.

[50] A. Parravano, J. Mantilla Ch, A self-regulated state for the interstellar medium: radial dependence in
the galactic plane, Atrophys. J. 250 (1991) 70–83.

[51] A. Parravano, P. Rosenzweig, M. Teran, Galactic evolution with self-regulated star formation: stability
of a simple one-zone model, Astrophys. J. 356 (1990) 100–109.

[52] G.E. Brown, H.A. Bethe, Astro. J. 423 (1994) 659;
G.E. Brown, H.A. Bethe, Astro. J. 436 (1994) 843.

[53] G.E. Brown, Nucl. Phys. A 574 (1994) 217;
G.E. Brown, Kaon condensation in dense matter.

[54] H.A. Bethe, G.E. Brown, Observational constraints on the maximum neutron star mass, preprints.
[55] G.B. Cook, S.L. Shapiro, S.A. Teukolsky, Astrophys. J. 424 (1994) 823.
[56] S.E. Thorsett, Z. Arzoumanian, M.M. McKinnon, J.H. Taylor, Astrophys. J. Lett. 405 (1993) L29.
[57] D.J. Nice, R.W. Sayer, J.H. Taylor, Astrophys. J. 466 (1996) L87.
[58] J. Casares, P. Charles, E. Kuulkers, The mass of the neutron star in Cyg X-2 (V1341 Cyg)

astro-ph/9711236.


	Cosmological natural selection as the explanation for the complexity of the universe
	Introduction
	Successes of the theory
	Answers to criticisms
	Why a single heavy neutron star would refute S
	Acknowledgements
	References


