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Reply to ‘‘Comment on ‘Molecular gyroscopes and biological effects of weak extremely
low-frequency magnetic fields’ ’’
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General Physics Institute, Russian Academy of Sciences, 38 Vavilova St., 119991 Moscow, Russian Federation

~Received 4 May 2003; revised manuscript received 20 May 2003; published 20 August 2003!

It is stated in the Comment that the interference mechanism, which hypothetically drives some magnetobio-
logical effects, occurs only in circumstances that are implausible and does not lead to a detectable magneto-
biological effect. The reasoning underlying such a statement was analyzed. The statement is shown to be
unsubstantiated.

DOI: 10.1103/PhysRevE.68.023902 PACS number~s!: 87.50.Mn, 87.15.2v, 82.30.Fi
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The Reply to the Comment consists of the following r
marks, in order of importance.

~1! In Ref. @1#, we noted that the number of angular sta
of a molecular rotator, in an idealized protein cavity, pop
lated at room temperature approaches 103 and we considered
that only the lowest states could result in the magnetic eff

We assumed thereby that~A! higher states do not contrib
ute to the effect, which then maximally equals 1/2n, wheren
is the number of states taken into account (0<m<n),
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if n states are equipopulated att510. This assumption was
justified by the observed convincing consistency between
theory and many experiments.

In the Comment, it was assumed, in contrast, that~B!
higher states with values of m up to103 contribute to mag-
netobiological effects (MBE). Naturally, given that, an MBE
of the order of 1023 was found. That implicit assumption i
based only on the possibility of formally using large valu
for n in the theory. However, the theory, as presented in R
@1#, has been developed for the case of several low-ly
states.

It is now seen that MBE magnitude, as estimated in
Comment, was built on an additional assumption and w
not related to the original mechanism. It is a logical error
kind of thesis substitution: criticizable in fact was notour
theory, but a theory developedfrom ours by the replacemen
of postulatesA and B; in that, deductions were ascribed
the original theory.

The logically correct question would be which of the tw
assumptions,A or B, is closer to reality. AssumptionA, being
in agreement with experiments, is, of course, more vuln
able from a theoretical viewpoint. However, it provides t
simplest form of our theory. We would like to specify th
with more details.

There are different ways to account for why the high
states would not contribute to the reaction. For example,
overlapping of the exponential tails of the electron wa
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functions of both reagents determines the probability o
reaction. If the active site on the cavity wall is movab
radially, in proportion to densitypt(t), then the reaction
probability varies directly with exp(2a/pt

2), where a is a
positive coefficient. In this version of the theory, the relati
magnetic effect may be set maximally at 100%, at anyn, by
fitting a. Similar parameters appear in other scenarios t
explicitly allow for the loss of contribution to MBE with
growingm. However, those parameters cannot be determi
from comparison with experimental data, because an
biological effect also depends on a number of irrelevant f
tors. On the other hand, we cannot avoid having such a
rameter appear in the theory. Therefore, we used the ver
of the theory where such a model parameter appeared
implicitly: it is n, the number of accountable low-lyingm
states.

~2! 30 Å cavities are stated in the Comment to be imp
sible in a biological system. No physical reasons were p
vided for that statement. We cannot see why empty cavi
with molecular rotators cannot appear in the course of s
protein conformational changes@2#. It does not contradict
physical laws, at least until the opposite is proven. Therefo
it is an error to state that the aforementioned cavities
impossible in biology.

~3! It is stated also that~i! the cavities must have almos
perfect symmetry, correct to 1028, in order for the eigen-
states of angular momentum to be stationary states and
interference to occur and~ii ! the potential we used would
destroy the interference. There are two errors in these s
ments.

The cavity potential for theoscillator may be presented a
a sum of the axially symmetric part and the part having
such symmetry. The latter is a small perturbation and
assume it to be less than about 0.1~a small parameter!, for
the idealization of axial symmetry to make sense. Every p
turbed eigenfunction@a sum of exp(imw) and a small com-
ponent# is stationary and suitable for calculating differe
observables that now decline from their unperturbed val
as well, the declination being approximately less than 0
The perturbation of any rotational symmetry does not s
the degenerated~at zero magnetic field! statesm,2m @3#. It
means that the Zeeman doublet shifts synchronously, a
whole, under such a perturbation. Thus, the interference
tween the Zeeman states remains unperturbed and only
accuracy of our calculations can be discussed, 0.1 being
©2003 The American Physical Society02-1
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ficient since we compare them with biological data featur
a large variance.

This is even more true for therotator, whose unperturbed
eigenstates exp(imw) are formed by the condition of free ro
tation. A small parameter here is the ratio of the perturbat
i.e., the characteristic potential valueU, to the rotation en-
ergy scale\2/2I;1028kBT. It may be derived from the as
sessment

U

kBT
;

tD

t
;10210,

wheretD is Debye relaxation time, andt is gyroscope relax-
ation time gained in our numerical computations. Then,
small parameter is about 1022 and our analysis, with
exp(imw) as approximations to eigenstates, is correct.

In numerical computations, we used a potential of
fourth order rotational symmetry. Since van der Waals for
are weak and quickly drop with distance, that potentialU,
even with its thermal agitation, did not destroy rotation c
herence within 0.1 s for 30 Å cavity. Note that we knowing
chose a low-symmetric potential, which is ‘‘bad’’ for a
MBE, since actual biological cavities are likely to be mo
symmetric. Even in that case, we obtained a positive resu
means, again, the rotational numberm is a ‘‘good’’ quantum
number, and its eigenfunctions exp(imw) are suitable for dy-
namic description.

Consequently, for an MBE to take effect, the cavity p
tential may significantly decline from perfect axial symm
try, since perturbations of the potential do not affect the
ergy gap of the Zeeman sublevels, nor do eigenfuncti
exp(imw) become unsuitable within the adopted accura
The bad low-symmetric potential we used retained rotatio
coherence within the limits required by an MBE. Henc
both statements~i! and ~ii ! are wrong.

~4! The reaction probability taken in our work was pr
portional to the squared, smoothed, probability densitypt

2 of
the rotator to be in a certain angular position as an appr
mation of general dependence. It is stated in the Comm
that the dismissal of the linear term is a mistake. We do
agree with this. Consider the contribution tor of linear term
pt(t), which is equal to~correct to a multiplier!

pt~ t !5 (
mm8n

smm8~0!
sinh~bt!

bt
e2 i (m2m8)we2btJn~zmm8!.

~2!

Integration gives the mean reaction probability

Pw5w lim
u→`

E
2u

t

pt~ t2t8!dt8

5w (
mm8n

smm8~0!
sinhbt

bt
e2 i (m2m8)w

1

b
Jn~zmm8!,
s
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that depends onw and should be averaged overw
P@0,2p#:

P5
w
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We conclude that the linear term does not contribute to
MBE, however, it contributes to the field-independent part
the reaction probability and decreases, generally speak
the relativemagnitudeof MBE. Given this, we note, that~i!
relative weights of the linear and quadratic terms are
known and~ii ! comparison of theoretical and experimen
MBE magnitudesgives no information. The only thing we
may do is compareforms ~amplitude dependencies! of re-
sponses. The linear term does not change the form and g
nothing essential. This discussion returns us to item~1! of
the Reply.

~5! A simplified method was used in the Comment: wa
function formalism instead of the density matrix approac
As a result, the reasoning, in part, lacks a relationship to
criticizable object. The smoothing constantt enters all the
expressions in our theory in combination with the inver
lifetime G, as a producth5Gt. Analysis given in the Com-
ment cannot take into account this context since it fails
plicitly to allow for G. As we have shown, the product has
fulfill inequality Gt,1 in order to manifest an interference
On the other hand,t has to be large enough to ensu
smoothing of fast oscillations. This gives

vg
21,t,G21,

the inequalities that provide a rather free choice fort. It was
a mistaken statement in the Comment thatt must be of a
certain value.

~6! With regard to formula~18! in @1#, it should read

r512
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1
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2~h8!

,

as follows from the above general expression~1!; we thank J.
C. Gill for having pointed out that inaccuracy.

In conclusion, the main statement of the Comment ‘‘t
mechanism proposed by BS would not lead to any detect
MBE’’ is not substantiated in view of the reasoning listed
this Reply.
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@3# For that splitting a perturbation must include differentiatio
over the angular variable, which obviously is not so for t
discussed cavity deformations of some symmetry group. Un
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such a deformation each Zeeman sublevel appears to be
once more in accordance with an irreducible representatio
the symmetry group of the perturbation. However, it would
quite improbable that new splitting is exactly of the same va
02390
plit
of

e

as magnetic splitting~it is likely much stronger than magneti
splitting!. Therefore, several similar Zeeman multiplets app
instead of the one unperturbed. This does not influence
interference.
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