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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.
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The Reply to the Comment consists of the following re-functions of both reagents determines the probability of a
marks, in order of importance. reaction. If the active site on the cavity wall is movable
(1) In Ref.[1], we noted that the number of angular statesradially, in proportion to densityp,(t), then the reaction
of a molecular rotator, in an idealized protein cavity, popu-probability varies directly with exp(a/pf), wherea is a
lated at room temperature approache$ aid we considered positive coefficient. In this version of the theory, the relative
that only the lowest states could result in the magnetic effectyagnetic effect may be set maximally at 100%, at anly

We assumed thereby thi) higher states do not contrib-  fying a Similar parameters appear in other scenarios that
ute to the effecwhich then maximally equals Ii2 wheren o, yjicitly allow for the loss of contribution to MBE with

is the number of states taken into accountf@<n), growingm. However, those parameters cannot be determined
) . from comparison with experimental data, because an end
p=1- &Z 1|1+ |0 mm(0)| 2(h) %iﬁ(h') biological effect also depends on a numper of _|rreIevant fac-
S ) 1 2n1t ' tors. On the other hand, we cannot avoid having such a pa-
; |omm(O)] rameter appear in the theory. Therefore, we used the version
(1) of the theory where such a model parameter appeared just
implicitly: it is n, the number of accountable low-lying

if n states are equipopulatedtat +0. This assumption was states. . ) _
justified by the observed convincing consistency between the (2 30 A cavities are stated in the Comment to be impos-
theory and many experiments. sible in a biological system. No physical reasons were pro-

In the Comment, it was assumed, in contrast, tfgt  Vvided for that statement. We cannot see why empty cavities
higher states with values of m up 16° contribute to mag-  With molecular rotators cannot appear in the course of slow
netobiological effects (MBENaturally, given that, an MBE protein conformational changdg]. It does not contradict
of the order of 102 was found. That implicit assumption is physical laws, at least until the opposite is proven. Therefore,
based only on the possibility of formally using large valuesit is an error to state that the aforementioned cavities are
for nin the theory. However, the theory, as presented in Refimpossible in biology.

[1], has been developed for the case of several low-lying (3) It is stated also thafi) the cavities must have almost
states. perfect symmetry, correct to 16, in order for the eigen-

It is now seen that MBE magnitude, as estimated in thestates of angular momentum to be stationary states and the
Comment, was built on an additional assumption and waterference to occur angi) the potential we used would
not related to the original mechanism. It is a logical error, adestroy the interference. There are two errors in these state-
kind of thesis substitution: criticizable in fact was mmir ~ ments.
theory, but a theory developémm ours by the replacement The cavity potential for thescillator may be presented as
of postulatesA and B; in that, deductions were ascribed to a sum of the axially symmetric part and the part having no
the original theory. such symmetry. The latter is a small perturbation and we

The logically correct question would be which of the two assume it to be less than about Qalsmall parametgrfor
assumptionsA or B, is closer to reality. Assumptiof, being  the idealization of axial symmetry to make sense. Every per-
in agreement with experiments, is, of course, more vulnerturbed eigenfunctiofia sum of exgfme) and a small com-
able from a theoretical viewpoint. However, it provides theponent is stationary and suitable for calculating different
simplest form of our theory. We would like to specify this observables that now decline from their unperturbed values
with more detalils. as well, the declination being approximately less than 0.1.

There are different ways to account for why the higherThe perturbation of any rotational symmetry does not split
states would not contribute to the reaction. For example, théhe degenerate@t zero magnetic fie)dstatesm, —m [3]. It
overlapping of the exponential tails of the electron wavemeans that the Zeeman doublet shifts synchronously, as a

whole, under such a perturbation. Thus, the interference be-
tween the Zeeman states remains unperturbed and only the
*Electronic address: info@biomag.info; http://www.biomag.info accuracy of our calculations can be discussed, 0.1 being suf-

1063-651X/2003/6€)/0239023)/$20.00 68 023902-1 ©2003 The American Physical Society



COMMENTS PHYSICAL REVIEW E 68, 023902 (2003

ficient since we compare them with biological data featuringthat depends one and should be averaged ovep
a large variance. e[0,27]:

This is even more true for th®tator, whose unperturbed
eigenstates exply) are formed by the condition of free ro-

tation. A small parameter here is the ratio of the perturbation, p_ W sinh7 S o (0)
i.e., the characteristic potential vallig to the rotation en- r m '
ergy scalen?/21~10 8kgT. It may be derived from the as-
sessment
Uu We conclude that the linear term does not contribute to an
T 7~1O‘10, MBE, however, it contributes to the field-independent part of
B

the reaction probability and decreases, generally speaking,
whererp is Debye relaxation time, andis gyroscope relax- the relativemagnitudeof MBE. Given this, we note, tha)
ation time gained in our numerical computations. Then, thge|ative weights of the linear and quadratic terms are un-
small parameter is about 18 and our analysis, with  ynown and(ii) comparison of theoretical and experimental
exp(me) as approximations to eigenstates, is correct. MBE magnitudesgives no information. The only thing we

In numerical computations, we used a potential of themay do is compardorms (amplitude dependenciesf re-

fourth order rotatignal symmetry. S?nce van der Waals force%ponses. The linear term does not change the form and gives
are We?"‘ gnd quickly dr_op_wnh _dlstance, that pmef“'a' nothing essential. This discussion returns us to it@mof
even with its thermal agitation, did not destroy rotation CO- e Reply.

e 0L o 30 ot o e K0otng (5 A simpifed methon s used in the Comment wae

MBE, since actual biological cavit,ies are likely to be morefunchon formalism mstgad .Of the density matrix approach.

symrﬁetric Even in that case, we obtained a positive result rAs_ _a_result, th_e reasoning, In pgrt, lacks a relationship to the

means ag.ain the rotational ’numtmelis a “good” quantum ) énuazaple ot_)]ect. The smqothlng qonsta:ﬂker)ters aII_ the

numbe,r and i'ts eigenfunctions eip() are suitable for dy- expressions in our theory in combination with the inverse
! lifetime I', as a producty=TI"r. Analysis given in the Com-

namic description. ment cannot take into account this context since it fails ex-

ten%gln ﬁqe;ues?t%}ii(;rnﬁn (Ij\/EI}I?:IIiEn? f:glr(ne e(fr?g(t:’t t:)iatlzas\”%rﬁg_' plicitly to allow for I". As we have shown, the product has to
Y si9 Y b Y fulfill inequality I'7<<1 in order to manifest an interference.

try, since perturbations of the potential do not affect the en- N the other hands has to be large enoudh to ensure
ergy gap of the Zeeman sublevels, nor do eigenfunctionsc,) . e arg 9

: L Smoothing of fast oscillations. This gives
exp(me) become unsuitable within the adopted accuracy:
The bad low-symmetric potential we used retained rotational
coherence within the limits required by an MBE. Hence,
both statement§) and (ii) are wrong.

(4) The reaction probability taken in our work was pro-

portional to the squared, smoothed, probability densftyf  the inequalities that provide a rather free choicedfolt was

the rotator to be in a certain angular position as an approxia mistaken statement in the Comment thamnust be of a
mation of general dependence. It is stated in the Commerdertain value.

that the dismissal of the linear term is a mistake. We do not (6) With regard to formula18) in [1], it should read
agree with this. Consider the contributiongaf linear term
p.(t), which is equal tdcorrect to a multiplier

; 1
Sin } ' -1
HIBT) e—|(m7m )(pei'gtJn(me’)- p—l 1 2
1+ >J%(h")
4 1

)

wg <T<I'71,

pT(t): 2 O-mm’(o) 1]

mm'n BT

Integration gives the mean reaction probability

t as follows from the above general expressibn we thank J.
P,=wlim J p(t—t")dt’ C. Gill for having pointed out that inaccuracy.
f—ocd —0 In conclusion, the main statement of the Comment “the
. mechanism proposed by BS would not lead to any detectable
sinhB7 . L1 . . - L .
=W >, oy (0) e MM 23 (Zmw), MBE” is not substantiated in view of the reasoning listed in
mm'n BT B this Reply.
[1] V.N. Binhi and A.V. Savin, Phys. Rev. B5, 051912(2002. [3] For that splitting a perturbation must include differentiation
[2] V.N. Binhi, Magnetobiology: Underlying Physical Problems over the angular variable, which obviously is not so for the
(Academic Press, San Diego, 2002 discussed cavity deformations of some symmetry group. Under
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such a deformation each Zeeman sublevel appears to be split as magnetic splittingit is likely much stronger than magnetic
once more in accordance with an irreducible representation of  splitting). Therefore, several similar Zeeman multiplets appear
the symmetry group of the perturbation. However, it would be instead of the one unperturbed. This does not influence the
quite improbable that new splitting is exactly of the same value interference.
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Comment on “Molecular gyroscopes and biological effects of weak extremely
low-frequency magnetic fields”
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A mechanism whereby reaction rates may be influenced by weak alternating magnetic fields has been
suggested by Binhi and Sav[Phys. Rev. E65, 051912(2002] to account for certain magnetobiological
effects. It is proposed that the fields influence the probability of reaction of molecular ra@yooscopesby
inducing interference between eigenstates of angular momentum superposed in their wave functions. The
predicted variation of reaction rate with the amplitude of the alternating field is found to be qualitatively
consistent with observation. It is commented that the required interference occurs only in circumstances which
are quite implausible, and that even if it were possible, the interference would not lead to a detectable
magnetobiological effect.

DOI: 10.1103/PhysRevE.68.023901 PACS nun)er87.50.Mn, 87.15-v, 82.30.Fi

In a recent papdrl], Binhi and SavinBS hereaftersug- manded by the BS model to occur in biological systems. The
gest how biological reaction rates might be influenced bynecessary lifetimes require cavities of diameter 30 A, empty
alternating magnetic fields with strength of the same order asxcept for the molecular rotator. Further, as in the IPR
the geomagnetic field, and frequency in the range 10—10€nhodel, the cavities must have almost perfect axial symmetry
Hz. They consider an ensemble in which each molecule i§ the required interference is to occur between the super-
constrained to rotate about a fixed axis in a protein cavityposed eigenstates of angular momentum. If the rotators are
and reacts with a fixed site on the cavity wall. It is shownsubjected to the Lennard-Jones potentials quoted by BS, then
that if the cavity is large enough, the rotational states havéhe interference would be destroyed by a departure from
lifetimes of the order of 10? s at ordinary temperatures. The symmetry of the order of 1 part in £0as the eigenstates of
long lifetime allows such molecular rotataf'gyroscopes”), angular momentum would no longer be stationary states. In
when created in a superposition of eigenstates of angulahe BS model, the active site on the cavity wall makes such
momentum, to exhibit quantum interference when subjected departure from symmetry seemingly inevitable.
to a weak magnetic field. BS propose that the influence of Although it is clear from this that the BS model cannot be
this on the probability of reaction accounts for the biologicalexpected to represent a real biological system, it is still use-
effects of weak alternating magnetic fields, and obtain arful to enquire whether an ensemble of ideal rotators, as pro-
expression for the field dependence of reaction rate, whicposed by BS, would, in fact, exhibit a detectable MBE. This
agrees qualitatively with experimental evidence presented. is discussed in the remainder of the Comment. It is found

In this Comment, it is pointed out that the quantum inter-that the alternating field has an appreciable effect on the
ference is possible only in conditions which are most un+eaction rate only of rotators occupying a few low-lying ro-
likely to exist in a biological system, and that even if the tational states, and then only if further restrictive conditions
interference were to occur, it would not lead to a detectablare met. As a result, any MBE is far smaller than could be
magnetobiological effeqtMBE). detected.

The circumstances in which the quantum interference be- The way in which the proposed MBE arises in an en-
tween rotational states might lead to a MBE have alreadgemble of rotators is now outlined, following BS. In the ab-
been discussed by Addi2] in an analysis of the ion para- sence of field, quantization of angular momentum leads im-
metric resonancéPR) model, in which the states are those mediately to the rotator energy levels:
of an ion constrained by the walls of a spherically symmetric
cavity. Adair identified several unrelated reasons why no de- em=m?%%21, m=0,*1, ..., )
tectable MBE is to be expected from the IPR mechanism in

weak fields. ﬁ/vhere m# is the angular momentum ardthe moment of

The BS proposal avoids some of the problems of the IP : . : )
models. Whereas the rotational states in the IPR model ar'gertla' The wave function corresponding to angular momen

likely to have lifetimes less than 18°s, those of the tm m7 is expressed by
molecular rotators evidently can be sufficiently long lived
to support interference in weak fields, at least in principle.
The problem of correlating the phase of the interference
(which is expected to vary randomly between rotatovgh ~ where the intrinsic time dependence is included and a nor-
that of the applied alternating field is also avoided, by pos-malization factor omitted.

tulating a quadratic relation between reaction rate and prob- The rotator is assumed to carry an effective chagge
ability density. round a path of radiu® When the angular momentum is

It is, however, practically impossible for the cavities de-m#, this is equivalent to a curremfm#/271 encircling an

Im) = embe= (et )
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areawR?, and thus to magnetic momeqR°m#/2l. In an W =Cp|m)+Cp|m’), (4)
axial magnetic fieldH, the energy then becomes

wherec,,= (1/y/2)e %2, ¢, =(1/J2)e"?? andé specifies
the relative phase of the contributions. With now varying
on account ofH ., the intrinsic time dependence ph) is
exd — (i/h) ften(t)dt'], which can be written as

k%, qRPAH
Em= oM T Ty

m, ©)

lifting the degeneracy betwegdm) and|—m), but leaving

their spatial wave functions unchanged. (R, h'
Now suppose that at tinte=0 a rotator is created in some exp ! ( o7 M= Magt — Mg sinit

superposition of statglsn), and subjected to an axial mag-

netic field H=H 4.+ H,sinQt, with an alternating compo- with wgzquHdJZI and h'=H,/Hy.. Probability p(t)

nent. It is sufficient to consider superpositions of two states=W¥* (t,®)W(t,®) of the rotator being found at time>0

of the form at position® of the active site is then

h h’
1+cos{(m—m')<b— 60— E(mz—m’2)t+(m—m’)wgt+(m—m’)wgﬁsinﬂt}, (5)

where a normalizing factor is omitted. BS exprgg$) in is broadened by the inverse lifetinheof the rotators, which,
terms of density matrices rather than wave functions, but thé effect, makeso, uncertain, and a MBE results if the rota-
two formalisms are equivalent here and lead to identical retors have some preferred value ah® — 6. This MBE ap-
sults. pears to be predicted by E¢L4) of Ref.[1], if the lack of

With 1=10"3° gcn?, q being the electronic charge, and any specific mention ofb and 6 is taken to imply that
R=10"' cm, as suggested by BS, one HaRl~10"s'! 2md—9=0. However, as discussed in R¢R], the equa-
and wg~10 s'* whenH=100 uT. As |m|~870 whene,,  tion is intended to apply only whef2mw,—nQ|>T. As
=KkgT at temperaturd =300 K, p(t) may oscillate with a p_(t) then behaves, during successive cycles of(Bin as
frequency up to the microwave region. BS describe the rethough ¢ had changed by an amount incommensurate with
sponse of the active site to variations pift) by a sliding 2, averaging with respect to time becomes equivalent to
average, over time 2>21/#, whose smoothing effect en- averaging also with respect to rand@mAs is expected, if)
sures that such rapid oscillations can be disregarded. Thare distributed randomly, the average is then 1, and no MBE
smoothedp(t), denoted byp,(t), is then equal to 1 except arises.

whenm’= —m, in which case To obtain a MBE with randon#, BS assume a probability
of reaction proportional tqﬁ(t), and suppose also that
h' . 2mwg7 is of the order of 1. These restricted circumstances
pAt)=1+ 004 2m® — 0+ 2Mogt+2Mmwg GsinQt, can hardly be of frequent occurrence: a quadratic dependence

(6) of the probability onp (t) would usually be accompanied by
a (possibly much largerlinear term, and it would be a sur-
prising coincidence if - were roughly the same as
(2mwg)‘1. The estimates of made below, on the basis of
fthese assumptions, are thus the upper limit of what might be

p.(t). For an ensemble of many rotators in a steady state thRossible in the already idealized situation being considered.

reaction rate is proportional to the average of this probability, Ths way tlr:] W?f'Cht af MBE ttr:l_en arlges can be s?en by
with respect to time and. This average will be denoted by considering the effect of smoothing and squaring @ for

S, with Sy being its value in the absence Hf,.. Following _pT(t)._W|th ho extra smoothing one h@’t , after averag
BS, p=1—S,/Sis used as a measure of any MBE. ing with respect tod andt. The smoothing reduces the am-

: : e . litude of the cosine term, but because the periodicity of
Suppose first that the reaction probability depends linearl ) i
on p (IOtIC)) A MBE may then arisepwhenevgnzgmwg/n )E)T(t) is modulated at frequendy, the reductior(and there-

with n being an integer. In that situation, the argument of thefore "S) depen?s om,d leading to a .M%E‘ de b idi
cosine in Eq.(6) increases nonuniformly with, but in the Allowance for randonmy may again be made by avoiding
same way in each cycle of €, and the time average of h€ Singularities(broadened byl") which in occur pi(t)

p,(t) differs from 1 to an extent dependent bh and 6. when{) =2mwg/n or ) =4mwy/n. This leads to
This possibility ofp(t) departing from 1 was noted by
Binhi [3], but dismissed as being of no physical significance w
as in experiments, conditiof =2mwg4/n{) is never satis- S=1+ 1 2 1 2(h,2m‘”9) @
fied exactly. Its dismissal is, however, mistaken: the response 2750 1+ (2meg+ nQ)r*=" Q)

provided that nwyr<1. A factore” !t may be included to
take account of the finite lifetim& ~* of the rotator.
The probability of the rotator reacting is some function o
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when, as is now assumelly<1. Rather than a sliding av- rather weak, wittp being of the order of 0.1denoted bypg
erage, which leads to problems whdir is large, the below. With /27~50 Hz and wy as estimated above,
smoothing has been assumed to be governedpby(p  2Mwg~{ when|m|~15, andp arises mainly from rotators
—p,)/ 7, as in relaxation with time constamt having|m| between perhaps 10 and 25.

Except for the treatment of smoothing, E@) is close to As rotators in other states ha\pf,(t) close to 1, they
that for S given by BS, the appropriate density matrix ele- make field-independent contributions $94], whose effect
ments beiNgo mm= om/m' =|omm|=3. However, it should s to reducep. To estimate the likely value gf, one needs to
be noted that the diagonal elements, not being associatqghow how the rotators are created in superpositions of states.
with any time dependence, contribute the square of theifhe most effective way would be for them to be suddenly set
sum, here §mm+ o m)? whence the initial term 1 in free to rotate, with no immediate change in wave function,
Eq. (7). ) ) , after being subjected to a potential in which they occupy

The behavior ofS as a function ofh’, depends on  qiatignary states having wave functiofissuitably localized

tzm.‘"ng and_tﬂh/ﬁrpwg. (\jNhen Qm“’r?T islsmaII,SftaItI_s rﬂon(\)/;/_th with respect tog. It is not difficult to see that if¥ is re-
onicafly wi » and approaches 1 asymplotically. Wi stricted(improbably to a range 2r of ¢, then half the origi-

Iarger dnagr, oscnlgtory behavior deve!op_s, which is most nal stationary states are the required superpositiorjsnpf
evident when Py is close to(), when it first appears for and |—m) (the others are superpositions of several such
2mowgr~1. When Inwy7 is greater than 23 rises from ) / perpc .

pairs, which make smaller contributionsgdp. If the station-

near 1 wherh’ =0, to a maximum wheh’~2, followed by . ) e
a succession of maxima of decreasing amplitude. This heAly states are occupied as in thermal equilibrium before the

havior, which provides the MBE which BS compared with rotator is created, then the probability that it will appear in
experiment, arises because the smoothing causes the sum@ie Which contributes significantly jpis about 0.02, so that

Eq. (7) to be dominated by the term=—1. p~0.0200~2x10"3. It is most unlikely that a MBE would
The maximum ofS/S, is greatest when Bw,r>1 and be detectable in this situation, despite its already having been
Q=2ma,. One then has idealized in so many way{b].
Still lower estimates op result if, as is more likelyW is
1 initially restricted to a smaller range of, as all the station-
p=1- 1 ' (8) ary states then become superpositions of several pairs of
1+ EJi(h') stategm) and|—m), and occupatiomp,, of each|m) is less

than3. As the contribution ofm) to p is proportional tqazm,

with maximum value 0.145. This, however, is approachedhe effect is to multiplyp by a factor of the order of 2, if
only for Q within 71 of 2mwg. More realistic MBE is  all themlie within the contributing range, and of the order of
found with 2mwy7~5, which gives maximunp about 0.13 4p2 if most lie outside it. In terms of the density matrix, the
when Q/2mwg=1, but greater than 0.07 for all/2mw, field-dependent contributions t& depend on | o |2
between 0.6 and 1.2. =pPmPmr, but the squared sum of the diagonal elements,

Equation(18) of Ref.[1] differs from Eq.(8) in omitting  which provides the constant term, necessarily remains 1. In
the factors from the denominator. The difference is a resultthe (not necessarily extremease whereV occupies a range
of the contribution tcS of the diagonal elements of the den- of ¢ of the order of 2r/m;, wherem;~870 is the value of
sity matrix having been taken aséo, where|0) is intro-  mfor which e, =kgT, then approximatelyn; pairs of states
duced to provide a contribution independenttbf,. How-  are superposed, andis reduced to about 10,

ever, that is not necessary: the diagonal elements and It is clear from this that even if rotators were available
omme » Wrongly omitted in Ref[1], already make a contri- with adequate lifetimes and surroundings of perfect axial
bution (omm+ omm’)? Which is independent ofl . symmetry, and had probability of reaction dependent only on

It is evident that even in this ideal situation, and when thepf(t) and smoothing time constantmatched to (mwg)‘l,
superposition is of the two low-lying states most closelythe mechanism proposed by BS would not lead to any de-
matched td), the MBE arising from quantum interference is tectable MBE in weak alternating fields.

[1] V.N. Binhi and A.V. Savin, Phys. Rev. B5, 051912(2002. given by BS; the extent to which they are present is not en-
[2] R.K. Adair, BioelectromagneticéN.Y.) 19, 181(1998. tirely clear. It is not obvious how a dependence gn-{1)>?
[3] V.N. Binhi, Magnetobiology: Underlying Physical Problems (or, for that matter, one purely quﬁ) could arise.
(Academic Press, London, 2002 [5] While living systems are never exactly in equilibrium, it is not
[4] There would be no field-independent contributionsStid the credible that they support the selective population of levels
probability of reaction were proportional tg{—1)* rather having energy of the order of 16kgT, which is needed if the
than top?. That would be equivalent to the omission of diag- MBE is to be observable.

onal elements of the density matrix from the expressionSfor
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