Nature Vol. 278 12 April 1979

605

review article

The anthropic principle and the
structure of the physical world

B. J. Carr* & M. J. Rees

Institute of Astronomy, Madingley Road, Cambridge, UK

The basic features of galaxies, stars, planets and the everyday world are essentially determined by a few
microphysical constants and by the effects of gravitation. Many interrelations between different scales
that at first sight seem surprising are straightforward consequences of simple physical arguments. But
several aspects of our Universe—some of which seem to be prerequisites for the evolution of any form of
life—depend rather delicately on apparent ‘coincidences’ among the physical constants.

THE structure of the physical world is manifested on many
different scales, ranging from the Universe on the largest scale,
down through galaxies, stars and planets, to living creatures,
cells and atoms. Only objects such as quarks and leptons may be
devoid of further substructure. Each level of structure requires
for its description and explanation a different branch of physical
theory, so it is not always appreciated how intimately they are
related. We will show here that most natural scales are deter-
mined (to an order of magnitude) by just a few physical
constants. In particular, the mass scale and length scale (in units
of the proton mass mp and the Bohr radius a,) of all structures
down to the atom can be expressed in terms of the electromag-
netic fine structure constant, a = e>/#c, the gravitational fine
structure constant, ag = Gmyp>/fic and the electron-to-proton
mass ratio, m./m,. The quantity m./m, is related to a due to a
coincidence in nuclear physics. These dependences are indicated
explicitly in Fig. 1.

There are several amusing relationships between the different
scales. For example, the size of a planet is the geometric mean of
the size of the Universe and the size of an atom; the mass of man
is the geometric mean of the mass of a planet and the mass of a
proton. Such relationships, as well as the basic dependences on «
and as from which they derive, might be regarded as coin-
cidences if one did not appreciate that they can be deduced from
known physical theory.

However, one of the scales in Fig. 1, that associated with the
Universe, cannot be explained directly from known physics: it is
apparently a coincidence that the present age of the Universe is
bf the order of a 5! times the electron timescale #/m.c?. This led
Dirac’ to conjecture that G decreases with time as ¢, so that
the two timescales are always comparable. A more metaphysical
explanation by Dicke” is that conditions are propitious for the
existence of observers only when ¢ =ag'f/m.c?, so that this
‘coincidence’ should be of no surprise. This line of argument,
which is discussed later, appeals to the ‘anthropic’ principle®.
Later we shall also mention other features of the material world
that seem sensitive to apparent coincidences among physical
constants.

To describe structures on scales smaller than the atom one
needs extra constants: in particular, the weak and strong inter-
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action coupling constants gw and f. It might be assumed that
these are independent of a and a but there are some ‘anthro-
pic’ interconnections between these numbers. For example, the
condition that neutrinos can blow off the envelope of a star in its
supernova phase will be shown to be, roughly speaking, ag ~ ady
where aw = gm2c/h’ is the weak fine structure constant. Super-
novae are essential if the heavy elements which are (presum-
ably) necessary for life are to spread from their production sites
throughout space. The same relationship between as and aw
explains why the cosmological helium production is ~25% by
mass. If aw were slightly smaller or larger, the helium produc-
tion would be either 100% (in which case there would never be
any water, perhaps another prerequisite for life) or 0% (in which
case stellar evolution would be rather different). Finally there
are coincidences between f and « and the elementary particle
mass ratios which may be necessary for chemistry. There may be
enough independent anthropic constraints to pin down the order
of magnitude of « and ag, and also that of aw and f. Such
considerations do not provide a real physical explanation, but
they may indicate why these fundamental ratios are found to
have their measured values.

One other important parameter in the Universe is the entropy
per baryon or, equivalently, the photon-to-baryon ratio %,
which is of the order of 10°. The value of & has no explanation
within the conventional hot big bang theory but it is also
associated with a coincidence: if ¥~ 10%, the matter and radia-
tion densities are comparable at the time they thermally de-
couple. Although the anthropic principle does not seem to
require a specific value for , it does require an upper limit on &
of order a 5'/*; otherwise, galaxies and stars would be unable to
form through gravitational condensation. In fact, there are
several schemes which suggest how an entropy parameter of the

order of ag'’* could be generated naturally.

Scales of structure in nature

We now present some simple arguments for the mass and
length scales shown in Fig. 1. These are mostly straightforward
consequences of simple physics. Many have been given before,
but it is useful to bring them together. All our discussions will be
based on order of magnitude arguments, so equations will be of
the ¢~ rather than ‘=’ kind, factors like = being neglected.
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Protons: the size of a proton is taken to be the Compton
wavelength associated with its rest mass:

~107" cm (1)

ro~
mgyc
This is roughly the range of the strong interaction. Associated
with 7, is the timescale t, = r,/c ~ 107>* 5, the typical lifetime of a
strong interaction resonance. By analogy with equation (1), the
size or localisability of an electron is sometimes referred to as

~107"° cm (2)

T~
m.c
and we can define a corresponding electron timescale ¢, = r. /¢ ~
107%%s.
Atoms: for a hydrogen atom the radius of the lowest energy
electron arbit is

h2
ao~—=~10"* cm~1 Bohr (3)
mee
and the associated energy is
4
E, ~f—';-2"2~ 10 eV~1Rydberg @)

As one considers atoms of greater atomic number Z, the binding
. 2 . .

energy increases roughly as Z° and the radius of the inner shell

electron orbit decreases roughly as Z ~*. However, the radius of

the outer shell electron orbit remains of the order of a,, so all

atoms have about the same size. If one introduces the fine

structure constant

a=—=— 5)

one can write a, and E, as

L €
a,~a 3
MeC

The quantity (e%/m.c?) is the ‘classical’ radius of the electron
~10713 ¢cm. Atomic masses span a range from 1 to roughly o !
times m,. The nuclei of atoms with atomic number exceeding
a”! have so much electrostatic binding energy that they are
unstable to electron—positron pair production. In practice, the
instability to fissioning comes in at a somewhat smaller atomic
number.

The Planck scales: the only quantities of dimensions mass and
length which can be constructed from G, i and ¢ are the Planck
scales:

E,~a’m.c? 6)

G -1/2 B G 1/2 N
Mp]"“(;l—c‘) ~10 s g RPl~(h_c—3) ~10 33 cm
N
By introducing the gravitational fine structure constant,
G 2
ag =~ 5% 10 8)

these scales can be expressed as
-1/2 1/2
Mpl"“ac/ m, Rp,~a(;/ £ (9)

So Mp, is much larger than m, but Rp, is much smaller than 7,,.
The Planck length is the scale on which quantum gravitational
fluctuations in the metric become of the order of unity, so the
concept of space breaks down at such small scales. My, can be
interpreted as the mass of a black hole of radius Rp,. Space may
be thought of as being filled with virtual black holes of this size.
Such ‘instantons’ have an important role in quantum gravity

theory.
Black holes: the radius of a spherically symmetrical black hole
of mass M is
2GM M
R=——~a¢ (——) To (10)
c m

P
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Fig. 1 The mass and length scales of various natural structures
expressed in terms of the electromagnetic and gravitational fine
structure constants, @ and ag. Some of these scales also depend on
the electron-to-proton mass ratio, but this we have eliminated
using me/m,~ 10a2. The asteroid scale also depend on the mole-
cular weight A of rocky material. All these scales can be deduced
directly from known physics except for the mass and length scale of
the Universe, which depends on the age of the Universe being a g
times the electron timescale #/m.c>. Also shown are the atomic
density line, the nuclear density line, the black hole density line and
the ‘quantum line’ corresponding to the Compton wavelength.
Most characteristic scales depend on simple powers of ag ; the wide
span of so many orders of magnitudes is a consequence of the huge
numerical value of a5;', which reflects the weakness of gravity on
the microscopic scale.

This is the radius of the event horizon, the region from within
which nothing can ever escape (at least, classically). Black holes
larger than 1 M may form from the collapse of stars or dense
star clusters. Smaller holes require much greater compression
for their formation than could arise in the present epoch, but
they might have been produced in the first instants after the big
bang when the required compression could have occurred
naturally. Such ‘primordial’ black holes could have any mass
down to the Planck mass. In fact, Hawking® has shown that small
black holes are not black at all; because of quantum effects they
emit particles like a black body of temperature given by

he® L (M\!
k0~a~agl (;p) m,,c2 (11)
This means that a hole of mass M will evaporate completely ina
time

3
towo~ah () (N (O (12)
mp
N(0) is the number of species contributing to the thermal
radiation: for k6 < m.c? these include only photons, neutrinos
and gravitons; but at higher temperatures other species may
contribute. The evaporation terminates in a violent explosion.
For a solar mass hole, this quantum radiance is negligible: 8 is
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only 107K and ..., ~10° yr. But for small holes it is very
important. A Planck mass hole has a temperature of 10°2 K and
only survives for a time ~Rp;/c ~ 107** 5. Those holes which are
terminating their evaporation in the present epoch are par-
ticularly interesting. As the age of the Universe is ¢, ~ a g't., the
mass of such holes would be

t 1/3

Mo (2)

L,

P

my~agm,~10" g (13)

and, from equation (10), their radius would be r,. (The cor-
responding temperature is ~10 Mev: low enough to eliminate
any uncertainty in N (8) due to species of exotic heavy particles.)

Stars: Jordan® first noted that the Sun has a mass of about
az”? times the proton mass; most stars have a mass in the range
0.1-10 times this. Jordan constructed an elaborate cosmological
theory to explain this ‘coincidence’, but we will now see why
stars are expected to lie in this mass range®’. The virial theorem
implies that the gravitational binding energy of a star must be of
the order of its internal energy. Its internal energy comprises the
kinetic energy per particle (radiation pressure being assumed
negligible for the moment) and the degeneracy energy per
particle. The degeneracy energy will be associated primarily
with the Fermi-momentum of the free electrons, p ~ #1/d, where
d is their average separation. Provided the electrons are non-
relativistic, the degeneracy energy is p?/2m., so the virial
theorem implies

#? GMm N\ he
T Sy (—) he 4
k 2m.d? R N, d (14)
Here N is the number of protons in the star, N,=a 5"’ and

R ~N'3d is its radius. As a cloud collapses under gravity,
equation (14) implies that, for large 4, T increases as d~'. For
small d, however, T will reach a maximum

N 4/3
KT~ (17) moc? (15)
and then decrease, reaching zero when d is
N\ -2/3
dmin~(ﬁo> Te (16)

A collapsing cloud becomes a star only if T, is high enough for
nuclear reactions to occur, that is kT ,..>>qm.c®> where g
depends on the strong and electromagnetic interaction constants
and is ~107%. From equation (15), one therefore needs N >
0.1 N,. Once a star has ignited, further collapse will be post-
poned until it has burnt all its nuclear fuel. An upper limitto the
mass of a star derives from the requirement that it should not be
radiation—pressure dominated. Such a star would be unstable to
pulsations which would probably result in its disruption. Using
the virial theorem (that is, equation (14) with the degeneracy
term assumed negligible) to relate a star’s temperature T to its
mass M ~ Nm,, and radius R, the ratio of radiation pressure to
matter pressure can be shown to be

P"d (17‘4R3 (N)2

Pme NKT \N,

so the upper limit to the mass of a star is also ~N,m,,. A more
careful calculation shows that there is an extra numerical factor
of the order of 10, so one expects all main-sequence stars to lie in
the range 0.1=< N/N, =< 10 observed.

In other words, only assemblages of 10°°~10°® particles can
turn into stable main sequence stars with H-burning cores. Less
massive bodies held together by their own gravity can be
supported by electron ‘exclusion principle’ forces at lower
temperatures (they would not get hot enough to undergo nuclear
fusion unless squeezed by an external pressure); heavier bodies
are fragile and unstable owing to radiation pressure effects.

The M-R relationship for main-sequence stars is shown in
Fig. 2, and can be deduced from the virial theorem and a
knowledge of T, the central temperature. T adjusts itself so that

a7
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the ‘nuclear energy generation rate balances the luminosity, the
radiant energy content divided by the photon leakage time,

L=acT*R*/xM (18)

where « is the opacity. The appropriate « decreases as M
increases (electron scattering being the dominant opacity for
upper main-sequence stars) but the energy generation increases
so steeply with T that M/R depends only weakly on M.

White dwarfs and neutron stars: when a star has burnt all its
nuclear fuel, it will continue to collapse according to equation
(14) and, providing it is not too large, it will end up as a cold
electron-degeneracy supported ‘white dwarf” with the radius
R oc M™'? indicated by equation (16). However, when M gets
50 large that kT e ~ m.c?, the electrons will end up relativistic,
with the degeneracy energy being pc rather than p*/2m,. Thus
the degeneracy term in equation (14) acts as d ' instead of 472,
and consequently there is ,no T =0 equilibrium state. From
equation (15) this happens if M exceeds the mass

M. ~az*me~1Mg (19)

which characterises stars in general. A more precise expression
for this critical value of M (Chandrasekhar mass) is 5.6 u*Mo
where w is the number of free electrons per nucleon®. For a star
which has burned all the way up to iron, u = 1/2 and the limiting
Chandrasekhar mass, taking into account the onset of inverse
B-decay when electrons get relativistic, is ~1.25 M. Note that
the white dwarf line in Fig. 2 meets the main-sequence line on
the nuclear ignition (T ~ 107 K) isotherm. Stars bigger than M,
will collapse beyond the white dwarf density but may manage to
shed some of their mass in a supernova explosion. The remanant
core will comprise mainly neutrons, the electrons having been
squeezed onto the protons through p+e~ - n+ », and this core,

os ()

34

32

Jupiter —
30

28
Earth —

Fig.2 Anenlargement of part of Fig. 1. All solid planets lie on the
atomic density line and all main sequence stars lie in the narrow
mass range 0.1-10 times aas/ 2mp (shaded). Regions with mass
below this range would never get hot enough to ignite their nuclear
fuel; regions with mass above this range would be radiation pres-
sure dominated and consequently unstable. General relativistic
instabilities are important for masses »M,. (not shown). The
precise form of the main-sequence band depends on the opacity
and the nuclear reaction rate. All stars smaller than the Chan-
drasekhar mass (~1.4 M) must eventually end up on the electron-
degeneracy-supported white dwarf line. Stars bigger than this
either shed some of their mass in a supernova explosion and end up
as a neutron star or collapse to a black hole. Objects on the dotted
line which bridges the white dwarf and nuclear density lines are
unstable. Also shown are the (T ~ 107 K) nuclear ignition isotherm
and the (T ~ 10* K) ionisation isotherm.
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if small enough, may be supported by the neutron-degeneracy
pressure. The limiting mass for a neutron star is more difficult to
calculate than that for a white dwarf because of strong inter-
action effects and because, from equation (15), with m.~> m,,
the particles which dominate the neutron star’s mass are rela-
tivistic. The maximum mass is still of the order of 1 Mg,
however, and a neutron star bigger than this must collapse to a
black hole. The maximum mass lies close to the intercept of the
black hole line, given by equation (10), and the nuclear density
line p ~ m,/r}: The intricacies of the line which bridges the white
dwarf and neutron star regimes in Fig. 2 reflect the effects of
gradual neutronisation and strong interactions. Stars on this
bridge would be unstable and so are not of physical interest.

The above order-of-magnitude arguments show why the
effects of radiation pressure, and relativistic degeneracy both
become important for masses =ag’>m,. (Note also that
general relativity is unimportant for white dwarfs because the
binding energy per unit mass is only ~(m./m,) of c? at the
Chandrasekhar limit.)

Planets and asteroids: the above analysis applies only to
objects where the thermal energy kT and/or the degeneracy
energy per electron exceeds the ionisation energy ~a’m.c>. If T
is too small, the object will be solid or liquid rather than gaseous,
in which case its structure is determined by the balance of
degeneracy and chemical bonds rather than degeneracy and
gravity. Since the degeneracy and electrostatic binding energy
per particle are A2n*°m " and e*n'/?, the density of any solid or
liquid is of the order of the atomic density

m
po~e6m2mph‘6~—a—3p~l gem™? (20)
From equation (16), the atomic density line meets the white
dwarf line (du, ~ a,) at a mass and radius

@ \32
M~(—-) my~a*M.~10%g
ag
a \ 12
R~(———> 4,~10" cm 1)
agG

This point in Fig. 2 also lies on the kT ~a’m.c® isotherm.
Equation (21) characterises the maximum size of a planet and is
of the order of the size of Jupiter. The central pressure of a
self-gravitating body more massive than this can be balanced by
degeneracy pressure only if the electrons are crushed closer
together than in an ordinary solid. A lower limit for the size of a
(solid) planet can be specified if the planet is reasonably round—
that it be bigger than its own mountains. The maximum size of a
mountain can be found from the following argument’. A moun-
tain of height A must not provide so much pressure on the
planet’s surface that it liquifies its base. The condition for this is
easily shown to be

h <Rhpax~—— (22)
where A is the molecular weight of the planetary material, g is
the surface gravity and E, is the liquefaction energy per mole-
cule. The binding energy of a solid is about 0.1 Rydberg per
molecule and E,, is about a tenth of this (as only the direc-
tionality of the bonds is broken in liquefaction), so

Ejiq~Ba’m.c® (B~1077) (23)

For the Earth, g~10°cms™> and equation (22) implies a

maximum height of the order of 10 km. In general one has
M 1/3

e~SH~G () AP0am, 24)

R my,

where ya, is the molecular size of the planetary material. (A

solid terrestrial-type planet is mostly SiO; and iron, for which

A ~60 and y ~4.) Equations (22-24) thus imply

Foma~ (BY?) (i) (;nﬂi) e @25)

P
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This is less than the radius of the planet, R ~ ya,(M/Am,)"?,
provided M and R exceed

a\3? a\ V2
M)A () m,  R~a7(2) ey
ag

(26)
which is thus the maximum size of an irregularly shaped
‘asteroid’. The value of A is constrained by the requirement that
solid planets must be made of material whose atomic number is
sufficiently high that it is not vaporised by the high temperatures
attained during the formation of the Solar System.

‘Habitable’ planets: the mass range of habitable planets can
be narrowed down still further if an atmosphere and an appro-
priate surface temperature are required’. The optimum
temperature for organisms is T = ¢/k, where ¢ =10~ Rydberg
is the typical energy released in relevant reactions involving
complex molecules: were T much larger, the molecules would
be disrupted; were it much smaller, biological processes would
require an exponentially long timescale. If an atmosphere
composed of gas heavier than hydrogen were necessary for life,
then the thermal velocity of hydrogen at this temperature should
be slightly greater than the escape velocity from the planet,
which implies

AG

GMm,
R

With the relationship M/R>~ Am,/y*al~ m,/a?, this implies
that a life-supporting planet must have a mass

~ea’mec? 27

o 3/2
M~ (~) m, (28)
Qg
Only a small fraction of planets in the mass range permitted by
equations (21) and (26) would satisfy this criterion.

Press® has used this line of argument to set an upper limit to
the size of living creatures on the basis that they must not ‘break’
when they fall: the energy released by a body of mass M, in
falling from height k., on a planet whose surface gravity is given
by equation (28) must be insufficient to break the molecular
bonds on an area k2. This yields an upper limit

GM Mm 2/3
Moho () <(02) camee? 29)
P

Substituting for M with equation (28) and assuming atomic
density, this implies

1/4 1/4
) el
ho~ e (aG a~(50)  om (30)

with only a weak dependence on ¢. If one assumes that the
surface stresses are distributed along faults as wide as a polymer,
the estimate for A, is increased by a factor of 100. (In fact,
equation (30) is more appropriate as the estimate for the size of a
water droplet, which can be derived from a similar argument’.)
Allowing for the factor of 100, the mass associated with A, is

a 3/4

M, ~10° (—) m,~10° g (31)
ag

which is roughly the mass of a man. We plot this mass in Fig. 1,

although its value is very uncertain (and is in any case irrelevant

to swimming organisms); note its dependence on ag*.

The Universe: in the simplest Friedmann cosmological model,
the age of the Universe ¢, is of the order of H,' where H, is the
Hubble parameter. (This relation fails only if the Universe is
closed and near its maximum expansion.) Since H,~
50 km s~'Mpc ™}, this implies ¢, ~ 10'° yr, a conclusion which is
supported by several independent arguments. The associated
horizon size (the distance travelled by light since the beginning
of the Universe) satisfies the approximate relationship

cto~ad ( L )~(2) a, (32)

m.c ac
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In other words the ratio of the size of the observable Universe to
the size of an atom is comparable with the ratio of the electrical
(or nuclear) and gravitational forces between elementary par-
ticles. There is no explanation for this well known coincidence
within conventional physics, but Dirac' has conjectured that as

is always given by
h n!
3 “’(") (33)

mec-t te

ag ~

Assuming that 4, c, and m. are constant in time, this requires
that G decreases as t 7', so Dirac invokes equation (32) as the
basis for a new cosmology. Such a variation of G may be
inconsistent with observation.

An alternative anthroplc explanation for equatlon (32) was
first suggested by Dicke?. As life presumably requires elements
heavier than hydrogen and helium and such elements can only
be produced and spread throughout the Universe by super-
novae, Dicke argued that any ‘cognisable’ Universe would be
one in which some stars have already completed their main-
sequence evolution. The luminosity of a star whose opacity is
dominated by electron scattering (as applies for large stars) is
~(Ppaal, p)LE; (P..a/p) is given in terms of M by equation (17)
and LB 1s the Eddington luminosity, 47 GMm,c/or, where
or=a’r? is the Thomson cross-section. A characteristic time-
scale’® is that over which an object of luminosity Ly would
radiate away its entire rest mass:

cor az) (m,‘,)2
= =|—])1— 4
g 47Gm, (aa me e (34)

and thls timescale involves the ‘large number’ ag' explicitly. If
7 =< 1072 is the fraction of a star’s rest mass that can be released
through nuclear burning, the main sequence lifetime is thus

wen(2) e (2 () 9

The quantity in braces is of the order of unity; as stars must have
a mass of the order of M_, living observers could exist only when

to>tus~ g, (36)

However, 1, cannot be much bigger than #ys or else most of the
Universe would have been processed into white dwarfs, neutron
stars or black holes. Therefore observers are most likely to exist
at an epoch ¢, ~ tus, and they will find equation (32) automati-
cally fulfilled.

In fact, ¢, exceeds the value of £ in equation (36) by a factor
my/m,.~ 10°. However, tys is sensitive to the value of M and
equation (36) is really appropriate only for an upper main-
sequence star. Dicke’s argument would therefore be more con-
vincing if one could show that the first stars would be of low
mass. A possible reason might come from the general
argument'!? that the mass scale at which a collapsing cloud
must stop fragmenting is

kT

myc

M,,,,~x—1/2( ) Mc~10"2x'”2Mc (37

where T is the cloud’s temperature (expected to be <10*°K)
and x is the ratio of its luminosity to that of a black body with this
temperature. My,, has only a weak dependence on T and is at
least an order of magnitude smaller than M, thus increasing t\s
to a value more comparable to ¢,. Alternatively, one might argue
that the first stars do have s < ¢, but that some of the elements
vital for life must be generated through the s-processes asso-
ciated with later-forming less massive stars.

The total mass associated with the observable Universe (the
mass within the horizon volume) is ~p.c’t3, where p, is the

609
present matter density, given by the Friedmann equation:
_3H; + Kc? (38)
P~ 82G ' 167G

Here KX is the scalar curvature of the Universe. Providing the K
term is smaller than the others, we deduce that the mass of the
Universe is

M,~c*tG'H?~

Sty L, (my
G ~agd (m ) Mo (39)

The fact that the number of protons in the Universe is of
the order of a?, another cosmological coincidence, is thus
explained providing one can justify neglecting the K term in
equation (38). It has been argued that X must always be zero by
appealing to Mach’s principle'* but, apart from this, there may
be anthropic reasons for expecting that the XK term is small. If K
is negative, galaxies could not have condensed out from the
general expansion unless (—K) were less than Gp/c? at their
formation epoch. Otherwise, their gravitational bmdmg energy
would not have been large enough to halt their expansion. (—K)
may, in fact, exceed Gp/c? now, but not by a large factor. If X
is positive, it must be <Gp,/c?, otherwise the whole Universe
would have recollapsed before ¢ = 5. The simple relationship
between M, and ¢, given by equation (39), with equation (36),
explains why the Universe must be as big and diffuse as it is to
last long enough to give rise to life. Relationships (32) and (39)
also mean that the Universe has an optical depth of the order of
unity to electron scattering.

Galaxies: it is not certain how galaxies form, so any estimate
of their scale is very model dependent. The scale indicated in
Fig. 1 derives from the following argument'*'%, We assume that
galaxies originate from overdense regions in the gaseous pri-
mordial material, and that they have a mass M and radius Ry
when they become bound. After binding, protogalaxies may
virialise at a radius ~Ry/2. Thereafter, they will deflate on a
cooling timescale, with a virial temperature

GMm,

T~——-2
kR

(40)

Providing k7T exceeds one Rydberg the dominant cooling
mechanism is bremsstrahlung and the associated cooling
timescale is

1/2 2.3 1/2
oo~ 1 (kT) ==‘m.“c (kT) @1)
ae’n

naoc \m.c? mec?

The free-fall timescale is

(2

and this exceeds f..os Wwhen R falls below a mass-independent
value

1/2
R,~a‘ag! (:) a @3)

which, from a more precise calculation, is 75 kpc. Until a
massive cloud gets within this radius it will contract quasistatic-
ally and cannot fragment into stars.

This argument applies only if the mass is so high that kT ;4>
a’m.c? at the ‘magic radius’ R,: that is,

m 1/2
M»M,=a’a 5(7:') =10"* M, (44)

Gas clouds of mass <M, cool more efficiently owing to recom-
bination, and can never be pressure supported. Thus, M, is a
characteristic maximum galactic mass. Primordial clouds of
mass >M, are inhibited from fragmentation and may remain as
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hot pressure-supported clouds. This type of argument can be
elaborated and made more realistic'*-'; but one still obtains a
mass ~M, above which any fluctuations are likely to remain
amorphous and gaseous, and which may thus relate to the
mass-scale of galaxies. M, and R, may thus characterise the
mass and radius of a galaxy. Of all the scale estimates in Fig. 1,
this is the least certain—the properties of galaxies may be a
consequence of irregularities imprinted in the Universe by
processes at early epochs.

This completes the justification of Fig. 1 except that we may
eliminate the dependences on m./m, using the relationship

me/my,~10a? 45)

which results from a coincidence in the nuclear physics (see
equation (58)). From Fig. 1 some amusing interconnections can
be deduced. Regarding the length scales, for example; man ~
(planet x atom)!/2; planet ~ (Universe X atom)'/2. Regarding
the mass-scales: Planck ~ {(exploding hole X proton)'/?; explo-
ding black hole~ (Universe X proton)'’?; man ~ (planet X
proton)*/?. These relationships cannot of course be regarded
as coincidences as they can be expected a priori.

Other cosmological coincidences

Another dimensionless constant which characterises our Uni-
verse is the photon-to-baryon ratio ¥ ~10% Q™ g1 (where Q is
the baryon density in units of the critical density). According
to the hot big bang model the background radiation dominated
the density of the Universe until a time

teg~ P22t~ 10" Qs (46)

and thermally decoupled from the matter when T fell below
~0.1a’m.c?/k at a later time

3/2

toec~ P 25 2™ (ﬂ) L~10g1° Qs 47)
(These equations derive from the fact that the radiation density
and temperature fall like R™* and R ™' respectively. Here R is
the length scale of the Universe, which is oct'/? for ¢ <t,, and
oct?”? for t > t,,.) The observation that z., and /4. are within an
order of magnitude of each other (for Q ~0.1) corresponds to
the coincidence

m
#~10a(22) ~a~* (48)
me
Now, the formation of galaxies cannot occur until, first, T has
fallen below the decoupling temperature, and second, the radi-
ation density has fallen below the matter density. Thus, the
anthropic principle requires that ¢, exceeds both f., and t,..,
these conditions being satisfied if
1/2
~1/4 (Mo —1/4 -1 11

F<as (_—) ~aga ~10 (49)
A lower limit on & is obtained if one requires that the Jeans mass
in the period f.q tO fgec,

MJ~G*3/2p3/2p_263~G_lteqcs'va&a/?‘yzmp (50)

exceed the galactic mass indicated by equation (44). Such a
condition would have to be satisfied if one identified M; with the
mass of a supercluster of galaxies'? and it implies

m 5/4

F>ag*a®? (—p) ~az*a®~10° (51)
me

Equations (49) and (51) constrain & to lie fairly close to its

observed value.

The rough equality between ., and fa.. has prompted sugges-
tions that the background radiation may have been generated in
some way during the early history of the Universe. For example,
the radiation may have been produced by a first generation of
pregalactic objects’’. Such objects have a characteristic
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lifetime ~ ry;5 given by equation (35), so after fys the radiation
density would be expected to be nF times the matter density,
where F is the fraction of the Universe which goes into the stars
and 7 is the fraction of each star’s rest mass released through
nuclear energy generation and supernova outbursts. The value
of ., associated with the generated & is thus (nF)*/%tys and
equations (35) and (46) imply, for objects with L = L, that

Pt {a (L"_p) F3/4n5/4} (52)

me

If the term in braces is of the order of unity, one would expect
P ~ag’* as observed. The same relationship between ¥ and ag
would apply if the radiation were generated by black holes
accreting at the Eddington limit'®. Another possibility'®2®is that

a photon-baryon ratio of the order of

G 2, 1/4
(2

where mw is the W-boson mass, could be generated by CP
violating processes in primordial black hole evaporation, or by
the large fluctuations which might arise at the epoch of
weak/electromagnetic interaction symmetry breaking'®. This is
just the relation £~ a g'’* with m, replaced by mw. One could
probably conceive of several cosmological scenarios in which a
value of & of the order of (Gm?*/#c)™"/* would be generated,
where m is the mass of some elementary particle. The important
point is that the coincidences involving & can be explained
naturally without recourse to anthropic considerations. (The
processes of primordial nucleosynthesis, apart from deuterium
production, are insensitive to ¥ provided that ¥= 10°).

Dicke’s anthropic interpretation’ of equation (32) was
advanced before the microwave background was discovered.
One could perhaps replace (or strengthen) the argument leading
to equation (36) by the more general statement—independent
of considerations of stellar physics—that observers require
kT=<0.1a’m.c* and the possibility of thermodynamic dis-
equilibrium, and therefore could survey the Universe only when
l, 7 t4e.. From equation (46), if ¥ ~ a g'/* the condition ¢, > t., is
the same as equation (36).

Dicke’s argument helps us to understand why the ‘coin-
cidence’ of equation (32) prevails—why a similar large number
arises in two contexts that might at first sight seem unrelated. It
does not tell us why ag' has its particular immense value. The
task of deriving such a large pure number from basic theory
might seem a daunting one. However, Zeldovich®! points out
that a complete quantum theory of gravity, where tunnelling and
topology changes play a key role, is likely to involve exponen-
tials of pure numbers, so that a factor ~10*® may readily arise.
Although no such number has been predicted, a relationship
between a and as may be forthcoming from quantum field
theory. It has been suggested®>** that all space integrals in
quantum electrodynamics should be cut off at the Planck length
(given by equation (7)), thereby reducing otherwise divergent
integrals to finite functions of the parameter (a log ag). Various
arguments suggest that a self-consistent electrodynamics is
possible only if this parameter has some specific value of the
order of unity, that is, one requires

a”'~logag (54)

This argument may not be convincing, but empirically relation
(54) is satisfied. Figure 1 mainly shows that all objects where
gravity is important have masses exceeding m, by some
simple power of «z'. As the scaling is so simple, could one
envisage a hypothetical universe in which all microphysical laws
were unchanged, but G was (say) a million times stronger?
Planetary and stellar masses (Ca g*/?) would then be lowered by
10°; but hydrogen-burning main-sequence stars would still exist
albeit with lifetimes (tusCag' according to equation (35)) of
only ~100 yr rather than ~10® yr. Moreover, Dicke’s argument
would still apply: a hypothetical observer looking at the
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Universe when ¢, = tys would still find equation (32) fulfilled,
although the number of particles in his universe would be 102
times lower than in ours. Are there anthropic arguments against
the ‘cognisability’ of the kind of small-scale speeded-up universe
that corresponds to a much smaller a5'?

One might argue that the gradual evolutionary emergence of
complex organisms demands a large ratio between cosmic and
microphysical timescales, and requires also that organised
structures can become large (masses > m,) before gravity
overwhelms chemical forces. This favours a very large ag';
moreover, as M,/M_.=ag', a universe where ag' is large
contains more independent sites where evolution might occur.
But there is no basis here for being at all quantitative. There are,
however, some more specific (though somewhat contrived)
anthropic arguments that pin down a.

One connection between a and ag, given by Carter®?*, is
related to the existence of convective stars. If radiation transport
is unable to maintain a star’s surface temperature T above the
ionisation temperature ~0.la’m.c?/k, a convective outer
layer develops and this supplements the heat transport so that it
does. The value of Ts which can be maintained by radiative
transport, assuming (from the Coulomb penetration condition) a
central temperature Tc~ 10 a’m,a’/k, is

L 1/4
Ts~ (a R 2) ~ (optical depth through star)™!/4. T (55)

Ts exceeds 0.1a’m.c?/k provided M exceeds

me

2
M*~Mcaz;”2a6( ) ~Mca61/2a 10 (56)

my

using relation (45). The mass M, thus divides the (convective)

red dwarfs from the (radiative) blue giants. This lies in the range,

around M. in which main-sequence stars exist only because
ag~a®® 57)

Were G (and hence ag) slightly larger, all stars would be blue
giants; if it were slightly smaller, all stars would be red dwarfs.
Carter ascribes anthropic significance to relation (57) on the
basis that the formation of planetary systems may be associated
with convective stars. (This is supported by the observation that
red dwarfs have much less angular momentum than blue giants
and a loss of angular momentum may be a consequence of planet
formation, but this is not a compelling argument. Alternatively,
convective stars may lose their angular momentum through a
wind, and this wind, by blowing away the gaseous envelope of
planets close to the star, facilitates the formation of solid planets
with non-hydrogen atmospheres.) Carter infers that no planets,
and hence no life, would form if &g were much larger than o . If
ag were much smaller, all stars would be chemically homo-
geneous due to convective mixing and one would not get the
‘onion-skin’ shell structure which characterises pre-supernova
models. Carter’s convective condition'>'* is also the condition
that the number of stars in a galaxy be the same as the number of
galaxies in the Universe.

The constants pertaining to nuclear physics are the strong
(scalar) coupling constant f*= 15 and the mass ratios m./my=
1/1837, m,/mn=1/7 and Ayx/mny=1/730 where Ay=
(mx—m,). (Many more mass ratios are associated with high-
energy physics but it is not clear which of them are fundamental.)
The important features of nuclear physics depend® on the
following four coincidences:

FP=2my/m, Ax/m.=2 a=Ax/m, f[=1/3a'"?

(58)
(a) (&) (c) (@)

Equation (58a) implies that strong interactions are only
marginally strong enough to bind nucleons into nuclei. If f were
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slightly weaker, only hydrogen could exist; if it were slightly
stronger nuclei of almost unlimited size might exist. (58b)
implies that neutrons are unstable to 8-decay in isolation but
not in the presence of relativistic degenerate electrons. (58¢)
implies that the electrostatic energy in light nuclei~am, is
comparable to the neutron-proton mass difference. (58d)
implies that the electrostatic energy is small compared with
nuclear binding energy in light nuclei but comparable to it for
nuclei with Z ~ (fa)=2 ~ 30, so such large nuclei are unstable to
electromagnetic disruption. If the relations indicated by equa-
tion (58) were not satisfied, elements vital to life would not exist,
so one might also ascribe anthropic significance to these rela-
tions. Note that the combination of (58a), (b), (¢) and (d)
implies equation (45). Kahn®” noted that m.< m, may be a
prerequisite for complex chemistry, as this ensures that the ions
are located to a precision ~(m./m,)"/* times their mean spacing.

There may be other anthropic aspects to the value of f. For
example, elements heavier than helium can form in stars
through the triple-a reaction (He*+He*->Be®, Be®+He*~»
C'?), and it is apparently accidental that this process yields a
substantial amount of carbon?*%%. ®Be is unstable (otherwise the
‘helium flash’ in giants would lead to a catastrophic explosion);
but the reaction proceeds to '?C because this latter nucleus
happens to have an energy level just above the sum of the
energies of *Be and *He. There is, however, no similar favour-
ably placed resonance in '°*O; otherwise almost all the carbon
would be transmuted into oxygen. If f were even merely a few
per cent larger, there would be 100% cosmological helium
production because He’ would be bound, and deuterium could
form by p+p-*He+7v, *He»D+e* +, even if there were no
frozen-out neutrons. A small increase in f would also affect the
binding energies of heavier nuclei.

Few features of the physical world seem to depend on the
actual value of the weak interaction coupling constant. There
are, however, two processes, both crucial to nucleosynthesis,
which are sensitive to neutrino cross-sections and thus imply a
coincidence of ‘anthropic’ relevance.

The first of these is connected with the production of helium
through cosmological nucleosynthesis. The helium abundance Y
is essentially determined by the temperature Ty at which the
neutron-proton ratio freezes out. This occurs when the weak
interactions (p+e” »n+v, p+#7->n+e”), proceeding at a rate
ocgwT?, where gw~10"*ergem® is the weak coupling
constant, become slower than the cosmological expansion rate
~(GaT*/c*)"? at a temperature

kTF"' Gllsggv2/3hll/sc—5/6 (59)

As virtually all the frozen-out neutrons burn into helium, the
resultant helium abundance is

2nn/ny nn ( NC2)
~———e —~ 60
o+ 1 where ", exp e (60)

The fact that Y ~25% rather than 0% or 100% results only
because kT~ Axc? ~ moc? and, from equation (59), this derives
from the ‘coincidence’

G Z 1/4 2
(G5e) (=599 D

The dimensionless number on the right may be regarded as the
weak fine structure constant (aw ~ 107'") and the number on the
left as the quarter power of the electron gravitational fine
structure constant. In the Weinberg-Salam unified theory of
weak and electromagnetic interactions®® ay is related to a by

aw~a(m°)2 (62)

mw
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So equation (61) combined with equation (45) may be written as

m\¥a’mN\? [ m.\®
aa () () ~(72) (63

My mg My
Itis unclear to what extent these coincidences can be interpreted
anthropically. Relation (63), for example, may reflect some
deep-rooted connection between gravity and the weak and
electromagnetic interactions. However, life could probably not
exist if Y were 100% (as would be the case if aw were slightly
smaller), as there would be no water. Also, the lifetime of a
helium star is less than that of a hydrogen star and might not be
long enough to permit the evolution of life. It is not obvious that
0% helium production (as would arise if aw were slightly larger)
would be incompatible with life.

Equation (61) may, however, be associated with another
anthropic condition (which would limit aw in both directions)—
the existence of supernovae. What actually ejects the stellar
envelope in a supernova explosion is still uncertain, but it may be
the outward surge of neutrinos generated by the high tempera-
tures in the collapsing core®. For this model to work, one
requires the timescale on which neutrinos interact with nuclei in
the envelope to be comparable to the dynamical timescale. If it
were much longer, the envelope would be essentially trans-
parent to the neutrinos; if it were shorter, the neutrinos would be
trapped in the core, and could not escape to deposit their
momentum in the less tightly bound surrounding layers. The two
timescales are comparable if

¢ htgan(kT): ~(Gnm,)'? (64)

where 7 is the nucleon number density. For the neutrinos to be
produced at all (by e* +e™ - v+ ») one requires kT to be of the
order of m.c?. One also expects the density at the bounce to be
of the order of the nucleon degeneracy density which, for
M ~M,, is of the order of the nuclear density: n ~ (i/myc)™>.
Putting these values for n and T into equation (64) gives relation
{61) apart from a (m./m,)"/* factor. Hence, the condition that
stars go through a supernova phase is essentially the same as the
condition that there be an interesting amount of cosmological

helium production.

Conclusion

The possibility of life as we know it evolving in the Universe
depends on the values of a few basic physical constants—and is
in some respects remarkably sensitive to their numerical values.
Indeed, the various anthropic relations quoted above in prin-
ciple determine the order-of-magnitude of most of the
fundamental constants of physics. Equations (54) and (57)
specify @ and a; equations (61) and (584) specify aw and f; and
equations (9), (45), {58) and (63) determine m,, m., m,, m, and
myw in terms of the Planck mass. From a physical point of view,
the anthropic ‘explanation’ of the various coincidences in nature
is unsatisfactory, in three respects. First, it is entirely post hoc: it
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has not yet been used to predict any feature of the Universe
(although some people have used it to rule out various
cosmological models). Second, the principle is based on what
may be an unduly anthropocentric concept of an observer. The
arguments invoked here assume that life requires elements
heavier than hydrogen and helium, water, galaxies, and special
types of stars and planets. It is conceivable that some form of
intelligence could exist without all of these features—thermo-
dynamic disequilibrium is perhaps the only prerequisite that we
can demand with real conviction. Third, the anthropic principle
does not explain the exact values of the various coupling
constants and mass-ratios, only their order of magnitudes. With
enough anthropic conditions, one may be able to be more
precise about the constants of nature, but the present situation is
unsatisfactory.

On the other hand, nature does exhibit remarkable coin-
cidences and these do warrant some explanation. Apart from
Dirac’s suggestion' (which only considers the age of the Uni-
verse coincidence), the anthropic explanation is the only candi-
date and the discovery of every extra anthropic coincidence
increases the post hoc evidence for it. The concept would be
more palatable if it could be given a more physical foundation.
Such a foundation may already exist in the Everett ‘many
worlds’ interpretation of quantum mechanics, according to
which, at each observation, the Universe branches into a
number of paralle! universes, each corresponding to a possible
outcome of the observation®. The Everett picture is entirely
consistent with conventional quantum mechanics; it merely
bestows on it a more philosophically satisfying interpretation.
There may already be room for the anthropic principle in this
picture. Wheeler® envisages an infinite ensemble of universes,
all with different coupling constants and so on. Most are ‘still-
born’, in that the prevailing physical laws do not allow anything
interesting to happen in them; only those which start off with the
right constants can ever become ‘aware of themselves’. One
would have achieved something if one could show that any
cognisable universe had to possess some features in common
with our Universe. Such an ensemble of universes could exist in
the same sort of space as the Everett picture invokes. Alter-
natively, an observer may be required to ‘collapse’ the wave
function®?. These arguments go a little way towards giving the
anthropic principle the status of a physical theory but only a
little: it may never aspire to being much more than a philo-
sophical curiosity. One day, we may have a more physical
explanation for some of the relationships discussed here that
now seem genuine coincidences. For example, the coincidence
ag ~(m./mw)®, which is essential for nucleogenesis, may
eventually be subsumed as a consequence of some presently
unformulated unified physical theory. However, even if all
apparently anthropic coincidences could be explained in this
way, it would still be remarkable that the relationships dictated
by physical theory happened also to be those propitious for life.
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