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1 .  - I n t r o d u c t i o n .  

The great success of molecular biology arises from tile discovery of the 
detailed structure of biomoleeules such ~s DNA ~md enzymes. :No system- 

atic spaeial order was found, and it wa, s concluded tha t  these molecules 

do not possess a physical order. Physical order, however, does not express 

itself in special order only. Thus superfluid helium, or the electrons in ~ super- 

conductor exhibit an order tha t  might be termed <(motion,~l order ~>. This 

type  of order is connected with the existence of macroscopic w~ve functions, 

which implies the existence of cert~fin quantum phase correlations over macro- 

scopic distances or the existence of coherent states. 

Other correlations connected with the phase of oscillating systems rather 

than with those of m~eroscopic w:~ve functions ~re ~lso well known when 

those systems are lifted from their thermal equilibrium. A well-known example 

are laser systems which need not exhibit :~ spa~ebfl order as, e.g., in the c~se 

of gas lasers. 

Many other types of physical order m'~y be imposed on certain systems 

(*) Based on lectures delivered at the Symposium on <~ Interdisciplinary Aspects of 
Modern t'hysics ~>, in Parma, Italy, May 3-7, 1976. 
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when they are lifted from their thermM-equilibrium state even though they 
are spaeially disordered. This does not hold, however, for all systems, and no 
general criterium has been found, so far, which when satisfied permits par- 
tieular systems to exhibit some type of order when energy is supplied to them. 
Most systems, however, simply raise their temperature. 

Biological materials, when they exhibit typical biological properties, must 
be <~fed ~>, i.e. energy passes through them. This energy may arise from 
chemical processes, or it may be supplied by the Sun. 

I t  seems rash, therefore, to conclude from the absence of spacial order 
--obtained from structural analysis--that no physical order exists in biological 
systems. On the contrary, it has been suggested several years ago that  they 
belong to those systems in which the supply of energy imposes a characteristic 
order [1, 2]. 

In approaching these questions from the point of view of theoretical 
physics it must be realized that,  in contrast to most materials usually treated 
in physics, biological materials h~ve been selected through long evolutionary 
processes. As a consequence, they often show quite extraordinary properties, 
and, rather than ask whether some material properties seem likely, one 
should ask whether they are possible. Clearly, in the first place, the role of 
theoretical physics must be to decide wh~t questions should be asked; sub- 
sequent developments should then work in close contact with experiments. 

I t  h~s often been thought that  exact knowledge of the atomic structure 
of a system will provide all answers ~t least in principle. This is already a basic 
mistake [3], even in the ease of the physics of simple systems. Thus, for 
example, the above-mentioned concept of macroscopic wave function refers 
to the whole assembly of particles, i.e. it is a collective property which cannot 
in a simple way be reduced to properties of individual particles. 

2 .  - G e n e r a l .  

In looking for a striking material property common to most biological sys- 
tems one will, no doubt, choose their dielectric properties [1, 2, 4]. Biological 
systems are, of course, not uniform, but composed of many different such sys- 
terns. In ordinary physics, one would then extract each subsystem, e.g. a certain 
type of molecule, and determine its dielectric properties, e.g. its dipole moment. 
hi  solution this dipole moment, say #i, would be slightly different from the 
moment #v in vacuum owing to polarization effects. Such a procedure would 
be highly misleading in the biological case, say for water-soluble proteins. 
Their conformation is largely dominated by the interaction of their charged 
groups with the surrounding water and ions which thus form an integral part 
of the structure and hence of the measured dipole moment. Under these 
circumstances, very high internal electric fields may exist in such systems. 
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Host  striking, of course, are the fields in cell membranes which have 

average values of the order of 10 ~ V/era, which in ordinary materials would 

require great precautions to avoid breakdown. Inhomogeneous regions, e.g. 
through proteins dissolved in the membrane,  might lead to much higher local 
fields. These fields play a basic role in nerve conduction, but  here weaker 
fields could fulfil the same purpose. Their role in the membranes of other 
cells is unknown. 

One notices tha t  the energy difference of a unit  electronic charge across 
the membrane  (about 10 -6 cm) would, at  room tempera ture  1', amount  to 

about  3kT.  This suggests tha t  the t ransport  of single charges obtains a 
significance against thermal  noise. 

Also in a field F ~  100 V/cm the energy t tF  is larger than  k T  when ,u is 
the dipole moment  of a small protein,  say # ~ 300 Debye  units. This suggests 
tha t  proteins dissolved in membranes are oriented by  the field. 

In  addition, however, the whole membrane system is strongly polarized 
by  the field. As a consequence, an oscillation of a section of the me mb ra n e - -o r  
of certain proteins dissolved in i t - - i s  connected with a corresponding electric 
vibration,  so tha t  the longest electric wave usually yields an electric-dipole 

vibration.  According to one of our main suggestions, such vibrations are very  
strongly,  coherently,  excited in biological systems when they  are active, i.e. 

when metabolic energy is available. 

Now it must  be realized that  the displacement of a single ion by  10 -Gcm 

produces a very  large dipole moment  of the order of 500 Debye  units. I t  would 
be wrong, however, to neglect other processes arising from such displacements, 
for the change of electric field ~rising from this displacements may  substantial ly 
alter the polarization in the neighbourhood of the ion (note tha t  the electric 
field at  a 3 .10 7 cm distance from the electronic charge is of the order of 106 V/cm) 
and cause other  ions to move. Under these circumstances, one would expect  
such displacements to become stabilized, and our second principal suggestion 
states tha t  biological systems have metastable  states with very  high electric 
polarization. 

How can one support  theoretically such general s ta tements  referring to 
a var ie ty  of complicated materials? I t  is already clear from the above tha t  
we are dealing with strongly nonlinear effects. This provides possibilities only 
occasionally contemplated in ordinary physics. Our method will be to formulate  
simple, bu t  general models which do show the required properties. General 

conditions required in these models then impose corresponding conditions on 
the respective biological systems. If experiments confirm the theoretical  pre- 

dictions, then we can conclude tha t  the molecular evolution has led to the selec- 
tion of materials with the required properties. This does not  imply tha t  other 
systems do not  exist which do not  have the required properties,  though from 
a structural  point  of view they  could be very  similar to the systems which 
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do have these properties.  The difference between the two would then  rest  
in their  nonlinear behaviour,  i.e. in properties of certain excited states which 
would not  be revealed in s t ructural  analysis. 

3 .  - T h e  v i b r a t i o n a l  m o d e l .  

Any system containing charged particles is capable of long-wave electrical 
vibrations. Such a system need not  be homogeneous. One of the characteristics 
of these vibrations is the existence of a lowest f requency co~/2z~, different from 
zero. Our system is assumed to possess such modes, ~o~, w~,...,~oz. They are 
considered not  to interact  with each other,  bu t  to be strongly coupled to the 
surroundings, i.e. to the other modes of the systems which will be t rea ted  
as a heat  ba th  at  t empera ture  T. Let  n~ be the number  of quanta  ~o)k in the 
mode ~o~. Then, through first-order processes, single quanta  ~o~ ma y  be emi t ted  
to or absorbed from the heat  bath,  so tha t  the rate  of change ~k,1 of n~ due 

to these processes is [2, 5] 

(3.1) ~,1 = -- ~(n~¢ exp [fl~co~] -- (n~ -t- 1)) , 

where fl = 1/kT, and ~ will depend on T and, in general, also on cox. For  
simplicity we shall neglect the o~k-dependence. The ratio of emission to absorp- 
t ion processes is governed by detailed balance. 

Similarly, for second-order processes we find 

(3.2) 
i 

Again, apar t  f rom depending on T, the  transit ion probabi l i ty  Z could depend 
on k and j ,  bu t  we shall neglect this. This will greatly simplify the calculations, 

bu t  should have no influence on the main results. 

We note that ,  on this choice, 

(3.3) ~ n k , 2  = 0 , 
k 

i.e. such processes lead to interchange of quanta  ]gok without  al terat ion of 

their  to ta l  number.  
Now we consider tha t  energy is supplied at  the rate sk to the mode wk. 

We then find, for the total  rate of change ¢~, 

(3.4) nk -~ s ~ -  ~v(nk exp [fl~o)~] -- (nk -[- 1)) -- 

-- Z ~ (n~(1 d- n~) exp [fl~/~ok] -- nj(1 d- nk) exp [fl~o~]). 
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We wish to solve this equation for the stat ionary case, i.e. when 

(3.5) n k =  O. 

We may derive the general behaviour of nk in a simple manner, though it 
would be difficult to solve this system of quadratic equations exactly. 

Summation over k with the definition 

(3.6) 

yields 

(3.7) 

8 ~ s~ 

S ---- ~ ~ (n~ exp [flheok] --  (nk + 1 ) ) .  
k 

Introducing the total number  of quanta 57, 

(3.8) N = ~ n~, 

we find with 

(3.9) 

tha t  (note ~ 1 =  z) 
k 

(3.10) N(exp [fl]go~] --  1) > S/q~ + z > N(exp  [flhw,] -- 1) . 

This means that  N must  increase proportional to S if the supply S is suf- 
ficiently large. 

Now define # by  

(3.11) 

so that  

(3.12) 

From (3.7) it then follows that  

(3.13) 

and 

(3.14) 

exp [-- fl#] ~ + Z ~ nj exp [[~k~o~]' 

~t ~ -I- X ~ n~ exp [fih~o~] 

t t > O  

_Z S 
- E- = ; r  > 0 .  

Equat ion (3.4) with (3.5) can thus be formally solved by  

(3.15) n k = ( 1  + q ~ s ~ ( 1 - - e x p [ - - f i # ] ) )  1 ....... 
Z S' exp [fi(~o~-- #)] -- i' 
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and nk~>O together with (3.13) yields 

(3.16) ]~(91 > ~ / >  0 . 

This inequality permits the establishment of an upper limit for N a l t hough / t  
is a complicated function of all the nk. For  (3.15) then yields 

(3.17) N~_ ~nk.<(l  q sm(l--exp[--flhwx])cf)~ 1 
ZS exp [fl(h~k -- #)] -- 1 ' 

where s~ is the largest of the s~. 
Clearly, if the sum in (3.17) can be replaced by an integral, then for 

# ~ h~o~ a value independent of the s~,~ will be reached. Moreover, always 
s~/S<l, so tha t  an upper limit for N independent of S is obtained. This 
contradicts the conclusion drawn from (3.10), according to which N must  
increase proportional to S if S is sufficiently large. This situation is the same as 
normally found in Einstein condensation of a Bose gas. Thus the replacement 
of the sum by an integral is incorrect; # takes a value close to hw~ such tha t  n~ 
becomes very much larger tha t  all the other nk. 

I t  follows then tha t  a single mode w~ gets very strongly (coherently) 
excited when the energy supply is larger than  a critical one. 

As special cases we may  consider tha t  all sk are equal. Then 

(3.18) 

and (3.15) becomes 

s~/S = 1/z  

( ) exp [fi(h~o,,.1 (3.19) n~, = 1 -~ ~- (1 -- exp [--/3#]) 
#)] 1" 

As another extreme consider that all s~ vanish except for k = ko. 

Then 

(3.21) nk----(1 ~-6~,~o(1-- exp [-- fi#]) ~)  1 
e x p  [/~(h~)k - -  ~ ) ]  - 1 "  

To understand qualitatively these conclusions~ we notice first of all tha t  
the case • = 0 leads to a completely trivial result, namely 

(3.22) nk = 1 ÷ exp [flh~ok] -- 1 ' if Z = 0,  

(3.20) sk---- S6k,~°, sk°---- S 

and 
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i .e .  t o  ~ modified thermal-equi l ibr ium Plauek  distr ibution.  I t  will be noticed 

f rom (3.11) t ha t  Z = 0 in fact  entails # = 0 and thus eliminates the occurrence 

of Bose condensation. Thus the nonlinear te rms  Z arising f rom a strong inter- 
action with the hea t  ba th  tend  to force the sys tem into a thermal-equi l ibr ium 

distr ibution making  use of a chemical potent ia l  #. 
A main  difference f rom ordinary condensat ion of a Bose gas in the rmal  

equil ibrium should also be noted. There the ordered (condensed) s ta te  is reached 

by  lowering the tempera ture .  I n  our ease, the ordered s ta te  is reached b y  sup- 

plying sufficient externM energy to the system. Quite a similar s i tuat ion 

prevails  with respect  to the second of our concepts (sect. 4). 

The above model, natural ly ,  is a very  simplified version of any  actual  

situation. I t  has a ve ry  general consequence which might  not  depend on modi-  

fications required in par t icular  cases, namely  the coherent  exci tat ion of a polar  
mode  when energy supply exceeds a critical magni tude.  

Which frequencies should we ant icipate? Roughly  speaking, if a polarized 
sys tem of linear dimensions l carries out long-wave elastic vibrat ions (e.g. 

brea th ing  vibrations),  then  the electric polar izat ion of the sys tem implies 

coexistence of an electric-polarization v ibra t ion  with the same frequency 

(3.23) v , ~  v / l ,  

where v depends on the elastic constants  and  can formal ly  be expressed as 
a veloci ty of sound. Thus l = 10 -~ em and v = 10 ~ em/s would yield v = 1011 Hz,  

bu t  l = 3 .10 -7 em (small protein) with v = ½10 s em/s yields, of course, the 

same value. The band  of polarizat ion waves (o~ would then  consist of the inter-  
acting vibrat ions of such units, and also of higher v ibra t ional  s tates of the 
same unit.  I t  mus t  be emphasized again tha t  the existence of long polar izat ion 
waves does not  require homogeneous material .  

A fur ther  condition is the absence of unduly  high friction, which p robab ly  

will mean  tha t  surfaces facing water  should not  move.  This does not  hold, 
however,  for s t ructured water,  which is to be considered as an integral  pa r t  

of the par t icular  biological unit.  Most likely, these conditions are satisfied 
b y  proteins in or near  membranes .  Thus,  if Av is the f requency width, we have  
in this c~se 

(3.24) V r ~ 1 0 1 1 H z ,  - - < ~ 1 ,  8 ~ 8  o 
v 

as condition for the  exci ta t ion of coherent  vibrat ions.  Here  s is an appro-  

pr ia te  average over the  ra te  of energy supply and so is the threshold value for 
Bose condensation. 

I t  should be emphasized tha t  other frequencies, bo th  higher and lower, 
are well feasible. Thus larger units such as DNA-pro te in  complexes might  

26 - Rivisla del Nuovo C(me~do. 
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well possess lower frequencies. Higher  ones, on the other hand,  m a y  be based 
on a combinat ion  of the var ious  ro ta t ional  and v ibra t ional  subgroups of re levant  

molecules. 

4. - The h igh -po l a r i za t i o n  model .  

Consider [6] a polar izable materi~l ,  polurizat ion P.  I t s  mean  (( self-energy )) 

can then  be wri t ten  as 1a2p2, where the  ba r  indicates an appropr ia te  average  

and the  posit ive a 2 depends on the  polarizabil i ty,  including size and  shape 
of the material .  These definite size and shape imply  the elustic energy of the  
mater ia l  to be a m i n i m um  relat ive to small deformations.  I f  these are measured  

in te rms  of a deformat ion p a r a m e t e r  ~], then  on deformat ion the elastic energy 

increases by  ½~2s, where e >  0 depends on the elastic propert ies.  In  the 

case of ~ sphere, for instance~ the  deformat ion  could produce  an ellipsoid 

with eccentr ici ty ~. Now the polar izabi l i ty  in general  is not  an e x t r e m u m  

at  ~ = 0, so t ha t  a ~ would have  to be replaced b y  a~(1 + c~), where c m a y  be 

posit ive or negative.  The to ta l  contr ibut ion to the free energy thus amounts  to 

(4.1) u = ~a~(1 + cv)P~ + ½v~s. 

Minimizing with regard to ~ ~t fixed P~ yields 

(4.2) 

so t ha t  

1 Ca 2 
P ,  

~]-- 2 s 

l a ~ (  1 - 1 c ~  ) - -  _ a 2  ~ . (4.3) U = 2 ~: 

m 

Thus increasing P~ ul t imate ly  m a y  lead to decreasing U. At  this stage, the  

linear approx imat ion  ~ and the quadrat ic  one in P will p robab ly  have  become 

invalid. Higher-order  te rms m a y  thus  reverse this t rend ~md lead to a m i n i m u m  

of U at  a certain A p2. I f  U at  this value is negative,  then  the mater ia l  would 

acquire a spontaneous dipole moment .  I f  U is positive, then  a me tas tab le  

s ta te  with spontaneous polar izat ion exists. 

These conclusions are of a ve ry  general nature .  They follows f rom the 
shape dependence of the polarizabil i ty and require the mater ia l  to be sufficiently 

soft, i.e. ~ should be sufficiently small. 
They  cau be extended to a dynamica l  model composed of a polar izat ion 

field P and an elastic (acoustic) field A. Let  ~o0 be the circular f requency of 
long-wave polnrization waves in the absence of any  interact ion with the elastic 

field, then  with such ~n interact ion the densi ty of potent inl  energy h~s the 
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f o r m  

(4.4) W = ~ , . ,2 p 2  ~_ (½v2(div A)2 ~_ cp2 divA)  (1 --  d 2 P  ~) 2 ~ 0 ~  / 

where v is the veloci ty of sound, d 2P2 is an ad hoc t e rm  introduced to achieve 

stabil ization for high P<  

Iqote tha t ,  for long waves, 

(4.5) 9 =  d i v A  

m a y  be int roduced as change in density.  The stat ic case requires minimiza- 

t ion of (4.4) with regard to 9 mid p2, so t ha t  for homogeneous displacements  

cp  ~ 
(4.6) ~, = - 

V,~ 

yielding 

1 1 c" 
(4 .7)  w = ~ ~,,~P'- - ~ vn (1 - d ' - P ~ ) .  

Apar t  f rom the different notat ion,  this result  corresponds to (4.3) except  t h a t  

the d~-P 2 t e rm leads to a stabil ization at  high P<  

Now we can introduce the densi ty of kinetic energy 

(4.8) K = {-(P~ + A~) 

and hence f rom the Lagrangian  density L obtain  the equat ions of mot ion in 
the usual way, 

(4.9)   Ld rdt : W)d rdt : 0 ,  

where r is the space vector  and t the time. The assumpt ion  t ha t  acoustic 

phonons are absent  then  permits  the el imination of the A-field and yields 
an equat ion of mot ion of the form 

V(P)  
(4.~0) i6 + ~ p -  = o .  

The effective potent ia l  V(P)  has tile form 

(4 .11)  V(P)  = A q- B P  ~ q- CP ~, 

apparen t ly  ~ harmless anharmonic  oscillator. This is misleading, however,  
for the coefficients A, B, C depend on the mean square ampl i tude  

(4.12) p ---- PZ , 
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such tha t  

(4J3)  
1 c 2 

A - -  - - - p ~ ,  
2 v2 

] [ 2 e2 d2e2 \ 
(4J4) B = ~ ~,O~o - -  2 ~ p - -  --v~ P 

c2d  2 
(4.~5) v = - ~  p .  

For  small p clearly the  C P  4 t e rm is negligible and B becomes W2o/2, so t ha t  an 

harmonic  oscillation with f requency ~oo is obtained.  
For  increasing p, however,  the  magni tude  of B decreases, i.e. the mode 

softens. Fo r  appropr ia te  values of the pa ramete r s  it is then found tha t  a meta-  

stable s ta te  with pe rmanen t  polarizat ion + Po exists and tha t  the  sys t em has 

two branches of oscillation: one around P = 0 and another  with l imited ampl i tude  

around d= Po. In  this case, the  effective potent ia l  V(P) has a m a x i m u m  at  

_ P = 0  and two min ima  at  _ P ~  =kP0. The value of Po is found b y  mini- 

mizing (4.7), which yields 

(4.16) xP~ ~-~ Po • 3 ~  

where 

3v 2 d ~ ~O~o 
(4.17) ~ = 

0 2 

Thus 2 < 1 is a necessary condition for the existence of a Po, and it can be 

shown tha t  this s ta te  is metas tab le ,  i.e. has  posi t ive energy when 

3 
(4J8) ¥ <  ~ < 1 .  

For  2 < ~ its energy is negat ive,  i.e. it becomes the (ferroelectric) ground state.  
We notice again t ha t  small v 2, i.e. softness of the  mater ia l ,  favours  the  

es tabl ishment  of a polarized state.  We also note  t ha t  in m a n y  ferroelectric 

mater ia ls  the effective potent ia l  has a m i n imum at  P = 0 at  high tempera tures .  

The mode softens as we decrease the  t empera tu re  towards  the  Curie point  

and below we find two min ima  at  /)  ± Po. 
In  our case V(P) has its m i n i m um  at  P---- 0 a t  low energies, bu t  supply  

of energy m a y  establish the  quasi-ferroelectrie s ta te  with min ima at  P ---- + Po. 
Thus here as in the case of sect. 3 a long-range o rde r - -coheren t  vibrat ions,  

or pe rmanen t  po lar iza t ion- - i s  established through the supply  of energy. 
Clearly actual  biological mater ia ls  will behave  in a much  more complex way  

than  discussed in this simple model. We should recall in this case t ha t  s t ruc tured  
water  and various ions are to be considered as an integral  pa r t  of the  system. 
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This implies considerably higher nonlinear effects than  discussed above. While 
these will have to be t reated case by case, it seems tha t  they  usually will con- 
t r ibute  to the stabilization of our metastuble stute. Thus a polarized molecule 
will shift mobile ions so tha t  its energy is lowered; in turn,  this will, of course, 

affect the magni tude of polarization. 

5.  - G e n e r a l  c o n s e q u e n c e s .  

The two types of exci tat ion discussed in sect. 3 and 4 can have far-reaching 
biological consequences. First  of all, it should be noticed tha t  they  require 
supply of energy, i.e. activation. Both  can then lead to forces which were 
~bsent before activation,  and to storage and t ranspor t  of energy. 

Cell water  contains considerable amounts  of small ions which tend to screen 
any  static electric charges at  short range. Hence a system act ivated to a high 
dipole moment  (sect. 4), e.g. a protein, may  exert  considerable forces in water- 
free regions, but  will be screened for long-range interaction. This screening 
does not hold, however, for an oscillating field at frequencies of the order 
of 1011 Hz (sect. 3). Thus, if the coherently excited vibrat ion represents an 
oscillating giant dipole, then long-r~mge forces may  be activated.  They  will 
be shown to be frequency select ive 

Consider two oscillating giant dipoles at~ distance R with frequencies co~ 
and co~, respectively, in the absence of interaction [4, 7]. At sufficient distance, 
their  interaction is essentially dipolar, since other interactions decrease much 
more rapidly with R. The combined system then has two normal modes 
co+~ co_,  w h e r e  

( 5 . : )  co~ = ~ ~(co~ + co:)(: ± (q~ + (2")9. 

Here (by assuming co~>w~) 

co~ .... co~ 
(5.~) q - co~ + ~ >  o 

and Q essentially is the ratio of the interaction energy between the two giant 

dipoles and their  internal  potent ial  energies. 
I t  thus depends on the distance as 1/R  3. 

In  the part icular  case tha t  the giant-dipole oscillations in the two mole- 
cules consist in correlated oscillations of, respectively, z~ and z, elastically 

bound ions of charge e and of equal mass M, then 

(5.3) Q = ye2(zz)½/MR'~(co~ + co~), 

where 7 is a numerical constant.  
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Clearly the expression for o) 2 _ holds only when ~o ~ - ~ 0; at  short distance 
thus mode softening occurs. 

The interact ion energy I is defined as the difference of the free energy F 

at distance R from its value at  R -+ c~. lqow consider the case tha t  the state 

with the lower f requency has been coherently excited (n_ quanta) so tha t  the 
contr ibution of w+ to F can be neglected. Then 

(5.4) I = F ( R )  - -  F ( c ~ )  = n_~(~o_(R)  - -  w_(cx))) = 

1 
= - ~ n _ t i ( , ~  -F ~o2.)½{(1 -- V~q ~ ~F Q 2 ) ' -  ( 1 -  q)~}. 

v ~  

This energy is always negative, i.e. ~ttractive. Fur thermore ,  if ~% V: o~, then 
at  sufficient distance Q2<  q~ and we find, af ter  development,  

h n _  ~ Q2 1 
(5 .5)  i _ ~ (~,, + 2 ) ~  q(1 - q)~ oc - R-~" 

If,  however, o~_~ o~ and Q2>>q2, q~<< 1, then 

hn_  hn_  ye~(z~zs) t 1 1 
(5.6)  I _~ - ~/~ (~ + ~8)~Q = - V ~  i ( ~  + ~o~)~ R3 oc R~" 

In  this case of near resonance, the always a t t rac t ive  interact ion has very  
long range. Roughly,  if 

(5.7) U = ~n_~o~ 

is the energy of excitation, using ¢9~ _~ ~o~, we have 

(5.8) I ~ - -  U -e2(z~zs)~ 
M ~  R 3" 

While thus act ivat ion of coherent vibrations may  lead to long-range, 
frequency-selective interaction, act ivat ion of the polar state leads to short- 
range nonselective forces which might  facilitate t ranspor t  of ions within the 

part icular  material,  or across it. 
Long-range selective forces may  lead to  selective t ranspor ta t ion of mole- 

cules like enzymes and thus initiate a par t icular  t rend of chemical events. 
I t  might  also be relevant  for the t ranspor ta t ion of larger units. 

I t  has been suggested tha t  these properties are an essential feature in the 
high catalyt ic  power of enzymes [4, 6, 8]. Thus the high internal  fields arising 
from the strongly polarized state could reduce act ivat ion energies, while exci- 
ta t ion of coherent modes could be used for the t ranspor t  of energy. 
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Independent ly  [9], the same conclusion has been reached from an analysis 
of a great  var ie ty  of enzymatic  reactions. 

In [10] it has been suggested tha t  the selective long-range interact ion 
(sect. 3) m ay  be responsible for the a t t raet ion of a homologous pair of chro- 
mosomes in meiosis--an interact ion which according to [11] has till then 
remained (( a great mys te ry  )>. 

A number  of other possible consequences has been discussed elsewhere 
[1, 2, 4, 12]. 

Selective long-range interaction in conjunction with the existence of highly 
polar metastable states may  also be decisive for the establishment of the well- 
known low-frequency electric vibrations in the brain, whose biological signifi- 
cance is only now being explored [13]. I t  has been shown tha t  the long-range 
coherent  interaction (based on the 1011 i tz  coherent  vibrations) could in an 
enzyme-substra te  system lead to collective enzymat ic  reactions resulting in 
slowly varying (periodic) excitat ion and de-excitation of the system of enzymes 
from the only slightly polar ground state into the highly polar metastable 
state. Thus a slow chemicM oscillation is connected with a corresponding 

electric ~'ibration. The strong electric interaction between the highly polar 
states in conjunction with the considerable damping of electric currents then 
imposes on them a limit cycle condition, which recently has been invest.i- 
gated [14]. This model requires large regions to oscillate coherently as has 
actually been found [15]. 

6.  - E x p e r i m e n t a l  e v i d e n c e .  

In  active biological systems experimental  evidence for the existence of coher- 
ent electric oscill'~tions in the 1011 .t2[z region would require methods which have 
not ye t  been fully developed (el., however, Note added in proofs). Evidence 
does exist, however, tha t  ra(li~tion ill this f requency region may have very  
strong effects on such systems. The most comprehensive report  on such effects 
has been presented in a meeting of the USSg  Academy of Science [16]. Prop- 
erties of a great var ic ty  of objects havre been found to 1)e strongly influenced 
by  coherent electroma~'netic waves in the ( 5 - - 7 ) m m  (vacuum) wave-length 
region. Ahnost all experimental  results have in common: 

i) That  they  very strongly depend on frequency in a region in which 
the optical constants h:~ve the appearance of broad bands;  often the biological 
effects showed typical  resonance character.  

it) The dependence on intensity exhibits a threshold below which no 

biological effects occur and above uhieh they .~re nearly independent  of intensity. 

To interpret  these results [17], we assume tha t  these biological efi'ects are 
initiated by a first step which is sensitive to a radintion followed by  a chain 
of other possibly very complicated effects which axe insensitive to it. The 
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first step might  be connected with a long-range interact ion arising f rom coherent  

exci ta t ion of a molecule, e.g. an enzyme which could be a t t r ac ted  to its sub- 

strate.  Le t  the t ime  required for this be tl(s), where s represents  the r~diat ive 

supply of energy to it. According to sect. 3, exci ta t ion of the  coherent  mode 

requires a threshold So. Wi th  growing s ( >  So) the t ime tl(s) will decrease, so 

t h a t  the to ta l  t ime for the  whole process 

(6.1) t -= tl(s) + t~ -+ t~ 

will approach the  s- independent  t ime t2 required for the  s- independent  chain 

of fu r ther  biological steps. Thus in these exper iments  we find 

] 
(6.2) v . . .~  1011Hz, Av - - < < 1 ,  S ~ S o ,  

as predicted in (3.24). 
We note  t ha t  the  resonaneelike f requency dependence in a region in which 

the  optical  constants  show little f requency dependence is the  best  proof t h a t  

we arc not  dealing with t he rma l  effects. 
The magni tude  of So has been es t imated theoret ical ly [18] f rom calculations 

using methods  of laser physics and found of the order 0.04 m W / e m  ~, which 

agrees with some of the exper imenta l  results (*). 
The Russian exper iments  range f rom various effects on bacter ia ,  growth 

of yeas t  cultures, influence on h u m a n  and animal  cells to effects on var ious 

genetic properties.  Depending on the t y p e  of process s t imula ted  by  the  radia- 
tion, a certain biological ac t iv i ty  might  be increased or decreased. Independen t ly ,  

on a smaller scale and wi thout  extensive f requency resolution, biological effects 
near  0.7-1011 Hz and 1.4.1011 t t z  have  been found b y  other invest igators [19, 20]. 

In  some of the  Russian exper iments  [21], the biological resonance has been 
found as narrow as 2.10 s Hz. This can be unders tood on the  assumpt ion  t ha t  

the  only broadening of the excited giant-dipole v ibra t ion  arises f rom its electric 

coupling to the  thin layers of s t ructured water  whose dielectric absorpt ion 

lies in this region [22, 23]. The remarkab le  absence of other frictional effects 

reminds one, of course, of the  various suggestions of the existence of room 

t empera tu re  superconduct ive regions in biological systems.  So far  no definite 

exper imenta l  proof for their  existence has been found. These narrow resonances 

are mos t  l ikely to occur when the level which is excited b y  the radia t ion is 

identical  with the level which is s t rongly popula ted  in Bose condensation,  

(*) I t  should be mentioned that in [18] the presentation of a quadratic Hamiltonian 
is misleading, though the results are correct. For, as required, the authors do use the 
influence of a heat bath which in terms of a Hamiltonian would require at least 4th 
order terms to obtain their eq. (8a)--as can be seen from our eq. (3.2) which is responsible 
for the occurrence of a chemical potential p. 
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i .e .  when in (3.21) this is the level Ko. ]3roader bands mus t  be expected when 

this is not the case. 

In  exper iments  of this type ,  one must  be prepared  for unexpected  non- 
linear effects of the imposed r~diation. Thus,  within the  range in which the 

radiat ion is absorbed,  in the first place coherent  exci ta t ion of some molecules 

is expected.  I f  the same type  of molecules is present  at  greater  depth,  then  

they  in turn  mt~y become excited by  t ransfer  of the excitat ion energy f rom 

the outside molecules. Thus the exci tat ion m a y  be expected to move beyond 

the  penet ra t ion  depth of the imposed radiation. 
Now, in turning to the exci tat ion of the  strongly polar  metas tab le  state,  

one would, of course, a t t e m p t  to excite this s tate by bringing the  molecule 
in question into a s trong electric field. I t  shonht be of interest in this context  
t ha t  investigations on nerve membranes  have  led to the conclusion tha t  the 

electric fiehl in the m em brane  makes  it nearly impermeable  to Na + and K + 
ions, whereas the absence of the field leads to :~ much higher permeabi l i ty  presum- 

ably through proteins dissolved in the m e m b r a n e ;  it is suggestive to a t t r ibu te  

these two different propert ies  to the  two states in the proteins. 
More direct evidence for conformat ional  changes of certain molecules in 

membranes  due to changes of the electric field is a~:ailable [24]. 

A number  of other possibilities has been discussed in [4], including results 

found with the electrct  method  [251 and with laser-induced s t imulat ion of 
enzyme act ivi ty  at  very high dilution [26]. 

Thus,  while exi)erimcnts available at  present  seem to support  the theo- 
retical predictions, in a t~'eneral way much greater  ref inement  of tile exper imenta l  

methods  is desirable to obtain more specific exl)crimental  results. This in 
turn  should s t imulate  theoretical  investigatious of a more specific nature.  

7 .  - C a n c e r .  

The problem of cancer is one of the control of cell division. While bacte- 
rial cells under  appropr ia te  conditions keep on dividing, cells in a fully grown 
differentiated tissue or orga~t divide relat ively rarely,  though they  divide more 

rapidly  in growing tissues and organs. \Ve shall assmne tha t  a controlling 

agency belonging to the whole organ, i .e .  a collective proper ty ,  exists and t ha t  

individual  cells respond to it. 

The nuclei of these cells contain a DNA-prote in  complex, whose detailed 

s t ructure  is not  well known, though it seems reasonable to assume tha t  its 

spacial a r rangement  (lifters in different organs and depends on the type  of 

differentiation t ha t  ha.s taken place. :Now we shall :~ssume tha t  these m~terials 
~re capable  of electric vibrations which can be excited coherently in tile sense 
of our model (cf. sect. 3). Thus mct~bolic energy would be used to excite these 

vibrat ions at  a well-defined frequency (or frequencies) which would be char- 
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acteristic for the part icular  organ or tissue. Note tha t  experiments discussed 
in sect. 6 confirm the existence of such vibrations in some biological materials. 

This then implies tha t  a coherent electric vibrat ion carried collectively 

by  the individual nuclei extends through the whole tissue (organ), and tha t  
the vibrations of each individual cell respond to it and are thus held in the 
appropriate  phase, such tha t  the to ta l  electric energy is a minimum. In  general, 
this vibrat ing polarization field will form a complicated spacial pat tern .  

Now, preceding cell division, the DNA-protein  complex of the  nucleus 
of a cell must  unfold and may  then be expected to change some of its physical  
characteristics, such tha t  it looses its resonance with the collective mode. 
This implies tha t  its energy of interaction with the collective mode is increased, 
i.e. energy has to be spent to perform this change (apart  from changes in the 
internal  energy). This energy may not  always be available and, as a conse- 
quence, the interact ion of an individual cell with the collective mode acts 
as an inhibition on cell division. The strength of this inhibition depends on 
the magnitude of exci tat ion of the collective mode. This exci tat ion ma y  well 

depend on the size of the tissue because of the long range of the interactions 
as discussed in sect. S. The possibility of a size-dependent inhibition on cell 
division thus exists. 

A situation thus prevails which in some respects corresponds to order in 
physical systems described in terms of an order parameter  as, for instance, in 
lasers (ef. also [27]). In our case, the collective vibrat ion represents the order 
parameter .  I t  is built up of the contributions of the relevant  vibrations of 
the individual cells, and they  in tu rn  obey the instruction of the order para- 
meter,  namely not  to divide. 

Now assume tha t  changes have taken  place in a part icular  cell such t h a t  
its f requency is Mtered. This cell no longer contributes to the coherent  collec- 
t ive vibration,  whose intensi ty will thus be slightly reduced, nor does this cell 
obey the instruction of the coherent  mode, i .e. the inhibition to divide disappears. 
The slight reduction of intensi ty of the coherent  mode due to the change of 
proper ty  of a single cell should have a minute  effect on other cells. A critical 
intensi ty should exist, however, below which the control of cell division no 
longer is effective. I t  is feasible, therefore, tha t  something like a phase 

transit ion takes place from the controlled to the uncontrolled state once a 

critical number  of cells has been affected. 
Such un approach requires tha t - -whi le  the controlling vibrat ion is strong 

enough- -a  cell in the tissue will be induced to transfer into the correct ly 
vibrat ing state provided it possesses such a state, for only thus can the system 
exhibit  stability. 

This may  have two types of consequences: 

i) Differentiation may  be expected to consist in rearrangements  of the 
DNA-protein complex, such tha t  it obtains relevant  frequencies assumed 
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absent  before differentiation. Under  the influence of the coherently excited 

mode(s) of tile par t icular  tissue (organ), this t ransi t ion is energetically f,~vour- 

able and hence is s t imulated [~8]. The differentiated celt then gets subjected 

to the control. 

ii) Mutat ions which lead to al terat ions in the re levant  frequency(cies) 

are energetically less favourable  than  those which do not  al ter  them and which 

thus still respond to the control and are, therefore, stat ist ically less likely. 

Thus, in our model,  the sufficiently excited collective v ibra t ion exerts  an 
influence on individual cells which inhibits bo th  cell division and (( unfavour-  

able ~) muta t ions  (which wouhl not react  to control) and, at the same t ime,  
tends to bring cells which do not respond to the control into states in which 
they  do react  to it. 

I f  by  externa,1 influences some cells are changed such tha t  their  re levant  
frequencies are altered, then  a) these cells no longer respond to the control 

and b) the s t rength of the controlling vibrat ion is reduced. Both  these effects 

are rectified by  the above-ment ioned stabilizing influence provided they  are 

not  too large. If, however,  the number  of al tered cells is so large tha t  the 

exci ta t ion of the collective mode is reduced beh)w a critical value, then  the 
control becomes ineffective. As a consequence, all cells divide more frequently,  
and s imultaneously (( unfavourable  ~) muta t ions  (having (( wrong )) frequencies) 

become possible, i .e .  a phase t ransi t ion f rom order to disorder (cancer) has 
t aken  place. 

I t  should be noted here tha t  the frequencies of the changed cells will differ 

h 'om each other;  thus no (,ollective mode with sharp f requency will arise: 
the  ordered st.~te has ,~ sharp frequency,  the disordered one a broad  frequency 
band.  

Which are the external  influences tha t  can lead to a change in frequencies? 

I t  has been shown [2] tha t  supply of unat t~ched electrons couhl have  such an 
influence. Such electrons might  occur in the, conduction band of various mole- 
cules. They are then capable of long-wave electric vibrations,  p lasma waves, 
whose frequencies increase l)roportional to the square root of the electron 
density.  These vibrat ions will interact  with the coherent vibrat ions of our 

sys tem and under t~pprol)riate circumstances c:m significantly al ter  the frequency. 

Such electrons might  be suI)plied by  excitat ion through ul traviolet  light. 

Or they  might  be SUl)l)lied by foreign molecules which are electron donors. 

A eh~mge of frequency might,  of course, also arise f rom an invasion by foreign 

molecules into the re levant  l )NA-prote in  complex. 

Other  possibilities m a y  arise, however,  if we assume tha t  the frequency 

sharpness found in sonic of the exper iments  discussed in sect. 6 is a feature  
of the proposed eollecl;ive vibrations.  It, ht~s been previously indicated t ha t  
electric coupling with s t ruclured water  would account  for the measured fre- 
quency width indicating absence of all other types  of friction. Some s t ructural  
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changes might be sufficient to eliminate this proper ty  and with it the  effective- 
ness of control. The affected cells could then still have frequencies in the region 

of the nonaffected one, but  exhibit  greater  width. 
The model described here can without  difficulty be presented in mathe- 

matical  form by  using well-known techniques developed, e.g., in connection with 
laser physics [29]. Even  without  doing so, it will be noticed tha t  the t e rm 
(~ collective mode ~) might be given a different physical in terpreta t ion from the 
one suggested here, provided individual cells have selective properties which 
enable them to react  to the collective mode and which could be destroyed by  
external  influences. 

I f  the interpreta t ion of the collective mode as a vibrat ion is correct, then 
one would wish to know the order of magni tude of re levant  frequencies. The 
1011 Hz region is, of course, a first candidate both  for theoretical  and experi- 
mental  reasons (sect. 3 and sect. 6). I t  might  well be, however,  t ha t  quite dif- 

ferent  f requency regions are also of importance,  and it will in the first place 

be a task for experiments to find these frequencies. 
Most desirable would, of course, be experiments which measure the excita- 

tions of the biological material  in  vivo. For  frequencies near or above 
101~ g z  laser l~aman effect would be suitable. For  frequencies near or below 
1011 Hz, this becomes inefficient because of the broadening of the pr imary  
line through water. Thus the frequencies for which selective biological effects 
have been discovered (sect. 6) are beyond the available range. New methods 
(corresponding to Brillouin scattering) are being developed, bu t  must  still 

be adapted  for use in biological materials. 
I t  should be emphasized in this context  tha t  vibrations in this f requency 

range m ay  very  sensitively depend on details of the arrangements and on the 
conformation of relevant  molecules including s t ructured water  and ions, which 
must  both  be considered an integral par t  of the system. Invest igat ions on 
molecules, e.g. proteins, outside their  natural  surroundings may  bu t  need not  
give relevant  results. Something similar holds of the measurement  of absorp- 
t ion of electromagnetic waves by  the biological material.  We have mentioned 
above tha t  the excited collective mode might have a complicated spacial 
pat tern.  This will probably not  be optically active. Optically active modes 

are, however, to be expected in the neighbourhood of each (, relevant  ~ fre- 
quency;  they ~¥ould show up as a band ra ther  than  ~s the relatively sharp 

line we expect  from the collective mode, except  in cases in which the spacial 

pa t te rn  is homogeneous in the range of penetrat ion of the electromagnetic 
wave- -as  might  hold for thin layers of the material .  I t  should be emphasized 
in this context  tha t  some of the experiments mentioned in sect. 6 exhibit  
ext remely  sharp frequency response for biological effects, whereas broad bands 
are found in optical measurements.  51evertheless changes found in the optical 
spectra would certainly indicate major  changes and could thus provide valuable 

information. 
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One might  in par t icular  wish to measure  the changes arising f rom the 

exci ta t ion of electrons into the  conduction b~nds discussed above.  I t  mus t  

be pointed out in this context  tha t  p lasma waves are not  optically act ive 

except  th rough  the influence of surfi~ces. The same is likely to hold of the 

collective mode with which they  interact .  For  optical detection, therefore,  

one would use biological samples which are small compared  with the wave- 

length of the electromagnet ic  radiat ion with the re levant  frequency.  When  

using a thin layer,  then the electric vector  should have  a component  perpen- 

dicular to the surface. In te rna l  surfaces may ,  however,  also be effective which 

to some extent  m~y  relax these conditions. 
Final ly  biological effects of the electromagnet ic  radiat ion are most  likely 

to  provide significant results. I f  we can learn f rom the exper iments  ment ioned 

in sect. 6, then  we might  expect  sharp frequency resommees in the biological 

response. As a consequence, a tunable  source will be required. 
In  the first place, we wouht expect  the natura l ly  excited mode to be in its 

most  favourable  state. E x t e r m d  exci tat ion of modes with the same frequency,  

though  probably  with different spaei,~l pa t te rn ,  would thus interfere with tile 

efficiency of the collective controlling mode. In  ~ grown mater ia l  this would 

then  increase tim ra te  of cell division, while in a growing sys tem it shouht 

decrease it. 
Final ly,  when under  the influence of external  agencies a sufficient number  

of cells have  undergone changes in f requency to the ex ten t  tha t  the controll ing 

collective mode has become ineffective, then a stronger external ly  imposed 
v ibra t ion  of the correct f requency (though possibly with different spaeial pa t -  

tern) might  still be able to restore the original order. This, of course, would 
be the  mos t  s tar t l ing influence of electromagnet ic  waves on biological systems.  

2Vote added in proo/s on 27/9/1977. 

Conclusive evidence for tile metabolic excitation of vibrational states in bacteria 
has now been obtained by Raman effect. WVBB and STONEIIAM (Phys. Lelt., 60 A, 
267 (1977)) show that, while resting bacteria exhibit only bands in the (100-; 200) cm J 
region, active bacteria show strong tildes. 3Ioreover (S. J. WVB~, :~I. E. STONEH/,~t 
and It. FR01rLICII: Phys. Lett., A, in print), the intensity ratio of anti-Stokes to Stokes 
lines in thermal equilibrium shouhl be about 0.5, whereas it is found clese to 1.0, evidence 
for strong nonthermal excitation. 
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