HUOa O e, IOV CHUOPY PIUMUCUHUN UL IE PRBUUCLEE 1P GIRCTIHICU D) LHC UIHTICDUT I3 1Y CIRTUPY Ve~
tween incident solar photons and reradiated thermal photons. Nan lumpon. ..vlnch is necessary for
LA of

iife, I8 cstimated in terms of atmospheric mixing for the various p

churacteristics are aiso considered, Earth appears most favorablo for me Ma s probably has primi.
' tive thermodynamie Iife in the form of crystal growth, Life on the other bodies in the solar system ap-

pearg unlikely.

1, INTRODUCTION AND A4 THERMODYNAMIC
DEFINITION OF LIFE

Research in excbiology to date has been lim-
ited to the assumptiion that life musi be com~
prised of carbon compounds {e.¢., Lederberg,
1960; Sagan, !961; see also the excellent book
Extraterrestrial Life;: An Anthology and Biblio-
graphy, compiled by Shneour and Ottesen, 1968).
Investigations concerning the origin of life have
been iargely limited to the consideration of the
origin of certain carbon compsunds such as ami-~
no acids (e.g., Fox, 196C; Haldane, 1954). The
search for extraterrestrial life is to be largely
limited to the search for certain carbon com-
pounds, for example, optically active compounds
{Stryer, 1966).

" While this preoccupation with carbon chemis~
try is perhaps understandakle in terms of life as
it ig ordinarily known on earth, it may not envi-~
sion life in r context sufficiently broad to yvield a
proper estimate of what may actually be 7zind on
other planets, Presert kncwladge concerning ex-
traterrestrial environmenis is largely limited to
rough egstimates of thefr thermodynamic proper-
tiea. To estimate the likelihood of 1ife existing in
such environmenis sliould then involve an inves~-
tigation of lhe thermodynamic role that life
would uplay within these cuvironments. In this

* Much of this work was oone under grant NCR
26004014 from the Natlonal Aeronautics and Spa:e
Adminis !.rnuon

context the thermodynamic behavior of life be-
comes of paramount interest. For this reason it
will be useful fo define Jife here in terms of a
few simple thermodynamic criteria. In particu-
lar, the property of life will be assigned to' an
object for collection of objects) if:

1) it is an open thermodynamic system ex-
changing energy, compounds and radiation with
its environment;

2) the elements it maintains internally have a
lower eniropy than these elements as originally
found in the non-living environment; and

3) it creates or maintains internal states of
low entropy by dissipating high utility energy to
low utility energy,

These (teneral thermodynamic properties are
clezrly applicable to ordinary metabolizing lfe
as it 18 found on earth, Homotrophic organisms
rodice the entropy of compounds taken directly
from the environment®by dissipating high utility
solar energy. Heterotrophic organisms increase
the entropy of compounds returned to the envi-
ronment and dissipate energy iu order to main-
tain an internal state of low entropy.

The thermodynamic definition of /ife not only
appears to have merit in the present investiga-
tion, it also appears to have merit in & more
general and fundamental senge. It may be readi-
ly apprectated that any definition of life should
include at least these thermodynamic properties
licted above (either explicitly or implicitly). This
thermodynamic definition of life appears to be
about as general as poeeible without losing the



problems which might not be so readily attuined
when more restrictive definitions are adopted.

In some contexts it may be of value to define
life in a narrower sense. For example, a genet-
icist would probably find it of value to choose the
added requirement that a l{ving object be one
that is capable of self-replication. A physiologi-
cal chemist might find it of value to append some
dynamic chemical requirements to the definition.
In order to stress the distinction between the
many possible specialized definitions of life from
the general thermodynamic definition proposed
here, the two words thermodynamic life will be
introduced in place of the single word life.

The three defining thermodynamlic criteria
presented above include objects (or collections of
objects) that are not ordinarily regarded as liv-
ing. For example, a salt crystal which is grow-
ing in a saturated solution satisfies these cri-
ter:a. It ts an open thermodynamic system; the
ordered arrays of ions in the erystal represent a
reduction in the entropy of these ions as com-
pared with their dicordered state in solution; and
this reduction of entropy is achieved by a dissi-
pation of energy. onsequently, such a growing
salt crystal will ba regarded here as one of the
simplest forms of thermodynamic 1lfe. In sup-
port of this classification of growing crystals a
pumber of points may be made: Electron micro-
scopes are revealing the fact that ordinary life
possesses many essentially crystalline features,
organelles possessing orderly arrays of complex
molecules {(e.g., Fischman and Weinbaum, 1967),
which suggests that ordimary life may be basi-
cally crystalline in nature. Crystal growth, like
any form of thermodynamic life, can play a sig-
niticant role in the thermodynamics of an eco-
logical system (e.g., the crystallization of ice sn
earth), Crystals, like any form of thermodynam-
fc life, can only grow In an environment which
permits éntropy~reducing processes to occur. It
is possible for crystal growth to compete with
more advanced iife forms for available energy
and compounds. Crystals may be deposited as
low entropic ore bodies which may be of value to
more advanced life forms; thus, growing crys-
tale may be regarded as homotrophic orzanisms
which provide food for heterotrophic organisms.
Under ordinary conditions it appears that crys-
tals, like most life, cannot be spontanecusly gen-
erated; & seed, nucleus, germ, or parent crystal

German shell was imparted into the UnitedStates
that it became possible to manufacture crystal-
line TNT. Today there are enough nuclei in the
air at all times to produce crystalline TNT with
ease, All crystal growth, as all living processes
on earth, is achieved directly or indirectly
through the action of sunlight (neglecting the
small effect of the earih's fussil heal), It is pos-
sible to speculate that the earliest advanced life
forms arose by competitive erystallization (and/
or polymerization) of amino acids.

Another reason for considering a broad ther-
modynamic concept of life is the fact that ther-
modynamic life not based upon carbon chemistry
is readily conceivable. For example, it is rela-
tively easy to conceptually extrapolate from
maa's present day technology te a technology
where all processes (including the control pro-
cesses presently performed by man) could be
carried out by robots and machines without life
involving carbon chemistry being in any way ne-
cessarily invalved (e.g., solar energy might be
directly utilized), Such machine life would be re-
stricted and bounded b, the same thermodynamic
limitations as ordinary carbon life today. While
«riteria 1) and 2) above would be expected to ap-
ply to each individual machine, criterion 3) would
in general be expected to refer only to scme
large collection of machines taken together; i.e.,
a particular machine might create cider in a
large collection of machines but not necessarily
within the body of the particular machine jisell.
If machines are included with thermodynamic
living organisms, cocxisting and compeoting with
man (the relationshlp being frequently symbiot-
ic), then a theosetical structure is available for
congidering the thermodynamic behavior of eco-
logical systems ‘nvolving both man and ma-
chines. As an indication of the impaortance of
such problems, it may be noted that the burning
of fosail fuels (the food for machines) has ac-
counted for a 13% increase in the CO2 content of
the atmosphere in the last 50 years (Bray, 19539).

The thermodynamic deflnition of life propazed
here is a dynamic definition requiriig processes
to take place as functions of time, so that some
cbjecty with eome of the static properties ordi-
narily associated with fife will not be thermody~
numically alive, For example, a frozen amoeba,
being a closed thermodynamic system, is not
thermodynamically alive according to criterion



secondary degenerative processes which continue
and which make the system thermodynamically
open) but in addition does not ordinarily have the
potential of life.

The frequently chosen defining criterion that
life be comprised of self-replicating objects
{e.g., Miller, 19%7), while clearly us-iul in some
contexts, is not adopied here, because it is not
divectly related to thermodynamic principles,
Like motility, self-replication appears to be a
common feature of thermodynamic life, but not
an egsential thermodynamic feature. Viruses,
which are thermodynamically alive, for example,
do not gelf-replicate; even though they do pro-
vide the blueprint which the factory cell uses to
turn out more virus particies. Automobiles, as
members of a viable thermodynamic system, are
also not self-replicating; the blueprints for their
manufacture are retained in the factory. It is
relatively easyto conceive of a system of objects
carrying on all possible (thermodynamic) living
processes, ktut without each individeal self-rep-
licating (the entire system of objects would, of
course, have to be replicated). It may be noted
that under cxdinary conditions in nature crystals
do grow from seed crystais and, thus, do ordi~
narily self-replicate,

It is frequently clatmed that carbon chemistry
is requisite for life because only carbon chemis~
try can provide the requisite complexity. But or-
dinary life forms are comprised of compounds of
low entropy which were derived from compounds
of higher entropy in the environment (in agree-
ment with the genoral thermodynamie eriterton
2) adopted here). This means that life produces
simpler systems rather than more complex sys-
tems, where the term complex as used here is
unambiguously defined as follows: Thermodynam-
tcally the microstate of a system is specified
when the position and momenta of ail of the at-~
oms comprising the system are spucified, The
greater the thermodynamic order, the lower the
entropy, and the fewer the statements needed to
speciiy the microstate of the system. For exam-
ple, the microstate of a pure crystal may be
specified by the lattice spacings, the crystal ori-

entation and the pogition of the crvstal, the posi- -

tion of each of the component atoms belng there-
by apecified (neglecting small oscillations and,
dofects), If the same atoms were in & gaseous
phase the positica and momenta of each atom

oms in the gaseous phase; the gaseous phase is
more complex. In general a lower entropic state
is thermodynamically simpler, and 2 higher en-
tropic state is more complex, The assumption
that Jife requires a complex chemistry, thus ap-
pears to be contrary to the actual thermodynamic
behavior of living systems.

The three criteria chosen sbove to define life,
heing based upon the dynamic i.c.:2v or of ohjects
inctead of static characteristice such as chemi-
eal structure and morphology, yield some insight
into how man might need to adjust to alien life
quite independent of the detailed nature of the
alien life, Thua, it may be assumed that man will
have to compete for the available high utility en-
ergy. In general alien life should be regarded as
hostile until man can prove himself capable of
competing for the available energy.

% UTILITY OF ENERGY

Since energy is neither created nor destroyed
(it is conserved), the value of energy to an or-
ganism is in the ability to convert the energy
from a state of high utility to a state of low utili-
ty. If it is assumed that mechanical work 18 the
form of energy with the maximum utility, then
the utllity of energy n may be defined explicitly
as that fraction of the energy avallable which in
priaciple could be converted (at a finite rate) into
mechanical work; thus,

» = (work cut)/(energy In). )

For ¢xampie, thermal energy has a utility which
is necessarlly less than that of a Carnot heat en-
gine operating between the hot source and a cold
sink, Mechanically stored energy, such as in a
raigsed weight or in a stretched spring, has a
utility of essentially unity. The utility of chemi-
cal energy available in an isuthermal isobaric
process may be iaken as at maost

n = -(aA/afT,p , (2)

where A is the Helmholtz work function, H is the
enthalpy, 7' is the Kelvin temporatura, and £ is
the pressure.

In general the concept of utility of energy has
meaning only within the limited context in which
energy is, ir fact, being utilized.



living organisms is their ability to create and
maintain an internal state of entropy lower than
the aentropy of the same elements in the non-liv-
ing environment (Schroedinger, 1956; Asimov,
1962; Pardee and Ingraham, 1960). Since most
physical systems in nature when left to them-
selves proceed with time toward a state of ther-
modynamic disorder or high eutropy, only very
special environmental conditions are compatible
with the thermodynamic ordering behavior of
living systems. It is evidently oniy &y continual
dissipation of encrgy of high utility to low utility
that living organismg are akle to create
maintain their internal states of low entropy.
For example, green plants dissipate the nigh
utility solar energy by converting it into low util-
ity thermal energy {neglecting the small fraction
which becomes stored 2s chemical energy). In
this way green plants convert gaseous CO2 and
liquid H20, which have high entropy, into solld
celluloge which has low entropy. They also re-
duce the entropy of the atmosphere when the
0.033% of CO2 is separated from the remaining
constituents in the atmosphere (the entropy of
mixing).

The second law of thermodynamica (Sears,
1953) states that the net change of entropy of the
universe for a given process never decreases,

dS(universe) =0 , 3)

where S is the entropy and the equality holds for
reversible (idealized) processes only. In order
for living organisms fo decrease the entropy of
the materials takon from the cnvironmont and
inciuded within their bodles, the remainder of
the universe must suffer a correspondingly larg-
er increase In entropy; from eq. (3) this means

(-4S){tnternal to organiem) < )
dS{universe external v organism).

An important conclusion may be drawn from
eq. (4): the larger the right side, the larger the
left side can be potentially. Thus, the larger the
increase in the entropy external to the organism,
the greater the pstential the organism has for
creating tharmodynamic order interpmally. Or-
dering processes, including Iife, can cnly arise
in environments that are increasing the antropy
of the universe with time. The environment that
produces the greater time rate of increase In the

environment to support life, but it is not a suffi-
cient condition, The word is used in precisely
the same sense as the word polential in potential
energy. For example, a boulder resting on a
hillside has the polential of doing work when
lowered into the vatley below; but it may never
be lowered into the valley; so that the poteniial
of doing wurk, while a pecessary condition, is
not a sufficient condition for the work to be actu--
ally performed,

4. ENTROPY PRODUCTICN OF THE PLANETS

A closed system cannot increase the entropy
of the uriverse indefinitely, so that a closed svs-
tr:m cannoi support life indefinitely. The surfice
of a planet ¥ an open thermodynamic sy:fem
which is supplied with high utility solar energy
which is reradiated as low utility thermal ecer-
gy, The surface of a planet increascs the ontropy
of the universe at a steady rate. Radiant energy
of the amount d@ leaving the sun carries an 2n-
tropy d@/T1 where T =60000K is the effe:rive
surface temperature of the sun (Epstein, 1337),
If this radiant energy dQ ts absorbed by the sur-
face of a planet an equivalent amount of energy
must be reradiated (or transported away by con-
vection) in order for the surface of the plaret to
maintain thermal equillbrium. The thermal en-~
ergy reradiated (or transported away by convec-
tion) will be at the temperature T2 of the plan-
et's surface and will carry an entropy d¢)/72.
The surfacs of tho planet, thusg convertu ryulant
energy from the sun carrying entropy of the
amount dQ/T) to thermal energy carrying an
amount of entropy dQ/73. The net entropy pro-
ductton (net increase in the entrupy of the uni-
verse per unit time) created by the surface of the
planet ts then

(5

Since the surface of a planet increases the
entropy of the universe with time (eq. (5)i, the
surface of a planet has the potential of becomirg
more ordered with time., In particular, writiug
the second law, eq, (3), in the form



place depends upon the rate of diffusion pro-
cesses in local regions. The rate of diffusion is
indicated by the diffusivity or diffusion coeffi-
cient (Longsworth, 1957). The diffusivity of mol-
ecules through solids is extremely small, being
generzlly much less than one hundredth of the
diffusivity of molecules through a liquid solvent.
The diffusivity of molecules through a gas is
about 109 Hmes greater than through a liquid
solvent, It thus appears that ordering processes
would ke achieved most rapidly in a gaseous
phase, On earth both gaseous and liquid diffusion
are important, liquid diffusion being particularly
important for those molecules which are never
found fn the gasecus phase.

Since the diffusivity increases with tempera-
ture, planets with a higher temperature (2l oth-
er effects of temperature being assumed equiva-
lent) would tend to be more favorable for the or-
dering processes of life.

A micro-organism (or crystal} can assimilate
molecules af a rate which is dependent upon the
concentration gradient a¢ the surface of the mi-
cro-organism (or crystal). If there were no
transport process other than diffusion, the zon-
centration gradient would eventually go to zero
mongtonically with time and all entropy-reducing
processes would eventually have to cease. Only
macroscopic flow and mixing can revitalize the
medium by recreating a2 non-zero concentration
gradient at the surface of the micro-organism
(or crystal). Bince macroscopic flow and mixing
of solids Is not possible, ordering processes will
evontually cease cn a planet without gases or
liquids, and (sessile) life will therefore not exist
on such planets.

The amount of macroscopic mixing of the at-
mosphere of 2 planet indicates the degree to
which ordering processes can continue. The
amount of mixing may be estimated by observing
the motion of clouds, Convection and turbulence
may also be Inferred if 2 greenhouse effect traps
solar energy nmext to the solid surface, thereby
requiring convection of hot gases fo transport
the thermal energy to nigher altttudes where it
may be reradiated into space. The degree of
such mass transport is indicated qualitatively ir
table I for the varjous planeta,

The motion of living organtsms through a gas
or liquid or over a solld surface achieves the
same effect as the macroscopic transport of ma-

pected as a common evalutionary development
for advanced life forms.

Besides motility, life {on earth) also achieves
macroscopic transport of matter by the use of
special mass moving organs such as ctlia, gul-
lets, flagella, gills, lungs and hearts. It would
s3em, however, that without other types of mac-
rasCopic mass trunaport also being presenl that
siach specialized organs would eventually deplete
the desired molecules in the neighborhood of a
sesal organism und that life would then cease.

6. MISCELLANEOUS CRITERIA FOR ESTIMAT-
ING THE LIKELIHCOD OF LIFE ON THE
PLANETS

Since life «s viewed through the electron mi.
croscope appears to have inany crystalline fea-
tures and is in a state of relatively low entrapy,
the environment which can support life should
admit the possibility of solids existing. The ocuter
layer of the sun effects a tremendous eutropy
production, thermai energy being degraded from
a temperature of about two million degrees in
the interior to a temperature of only six thou-
sand degrees gt the surface, This provides a
tremendous potential for ordering processes to
occur; but since no solids can he present (unless
perhaps the interior of sun spots i much cooler
than is presently assumed) at the elevatad tem-
peratures of the sun, no life can exist,

Since high utility energy (solar energy) must
be available in order fur antropy reducing pro-
cesses to yield crystu type depositions, it ap-
pears that sunlight hag to llluminate the solid
surface of a planet in order for life to exist,
There might be & siight possibility that life could
exist as solid particles floating in the atmos-
phere as a cloud; then life could exist without the
solid surface of the planet being illuminated, In
this case life would have to be formed only from
the normal constituents of the atmosphere and
would have to be of a low density.

Life, evolving toward an optimal utilization of
sunlight, would tend to reduce the albedo of the
surface of u planet In ordsr to increase the en-
tropy production. For example, the albedo of a
forested area on the earth's surface is in gener~
a loss than that of desert sand. Thus, a lowar
albedo js more suggestive of life being present.



where the increage in the entropy of the universe
external to the surfae2 oi the planet &8 given by
eq. {5), 1t becomes apparent that the entropy of
tt qurface of a place: has the potential of de-
creasing with time,

Examdining the earth about us there are many
indications that the earth is, in fact, becoming
more ordered with geologic time (see Guienberg,
1951). There was a vast decrease fn entropy
when the eartr zondensed out of the primordial
gas clowd, The separation of the compounds
{forming the cirust, mantle and core represents
another vast decrease ineniropy. The litho-
sphexe apoears {¢ be separated into highly did-
ferertiated depnuits of compovnds compared with
the realatively homogeneous underlying basalt,
These separate deposits of limestone, salt, clay,
fron axide, coal, etc. represent further de-
creases in the entrepy.

Assuming a limited range for ordinary mass
transport processas, the total enliopy pro®uclion
taken over the «untire .surface of a planet is not
as significant a rueasure of the potential for life
as the entropy production per unit ares during
the dsy. A detailed computation of the entropy
production per unil area would take into account
the variation of tewperature and incident solar
eriergy flux over the illuminated hemisphere of
the planet. Here, however, it will be sufficient
ta ‘choose a sligle average daytime surface tem-~

unit avez of the surface of z planet is given by

2
d? _R7e
a-4 (L -1 7
Ad‘ 2?’2 (1'2 Tl)’ (

where 7 is the mean distance of the plaset from
the sun and 7, is the mean distance of the earth
from’ the sun (the astronomical unit), The 2 in
the denominator arises from the fact that the
area of the hemiaphere is twice the area of the
circle intercepting sunlight. Numerical resulta
are presented in table 1.

5. TRANSPORT MECHANISMS® AND THE
ABILITY OF AN ENVIRONMENT TO SUP-
PORT LIFE

Entropy-reducing processes, such as re-
quired for life, require the transport of selected
rmolecules from scaitered locations to a single
location where they are arranged into an orderly
array. Transport mechanisms must therefore be
present which can move the selected molecules

from place to place. In local (or microscopic)

The tr h Toferred to here are gen-
oral mass transport mechanlems (primarily in the
environment): they do not refer to the transport of
matorizi scrosm a cell membrane,

‘Table 1
Characteristics of the plsiiats which givo some indication of the 1ikelihood of Life.
-
Diat. Entropy
from Surl-cg . rodw:llon Atmospheric Liguid Rolid Serface Temparal
Body sun temp. ° Albodo ATOR' tx or surlace vartegated
1003 oK)y (org wec-] XL ae present luumlmu-d changes
(cm) -2 OKg-1
cm-¢ °K™Y)
Meorcury 0.579 120 0.068 6360 beither yes yos none
Vonus 1.081  #00 0.78 48} gas ? iw? cloud
Earth 1.498 80 0.36 1470 gas,l yos yes seasonal
and cloud
Moon 1.488 Q00 0.087 1520 nadiher yes yes rareg
Mare 2.8 £20 0.16 1110 small Fas yes yes scasonal
ard cloud

Ceros 4,166 40 0.06 356 nelther yos yos none
Juniter T.778 140 0.73 48.8 Kan,l no? yoa? cloud
Saturn 14.36 190 0.78 18.1 slight ? Raa,} » E- nlight?
Uranus 28.08 &4 0.93 2.06 gan,] no DO none
Neptune 44.94 3 0.84 2.40 TR} no no none
Pluto $59.08 83 0.14 6.04 nolther yes yea none

* Pettit, 1961: Sinton, 1961; Ma_ ey, 1941,
** Hurrls, 1961.



particularize the defining criteria of life to such
a degree that life, as so defined, could only exist
an the earth, it does not appear that this is the
case in the present analysis. The very simple
thermodynamic criteria used to define life are
alge the criteria for ordinary crystal growth, It
is significant that the earth appears ta be the
best environment for crystal growth. The earth
thus probably provides the greatest opportunity
for finding are depogits.

The present paper is limited to the consider-
ation of life which might have evolved from the
most primitive beglnnings on the surface of a
planet. The problem of where to find sophisti-
cated life with advanced technology has not been
considered here.
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