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Proposed is a general physical mechanism of magnetoreception of weak magnetic fields (MFs).
The mechanism is based on classical precessional dynamics of a magnetic moment in a thermally
disturbed environment and includes a minimum of necessary parameters—the gyromagnetic ratio,
thermal relaxation time, and rate of downstream events generated by changes in the state of the
magnetic moment. The mechanism imposes general restrictions on the probability of initial
biophysical magnetic transduction event before the involvement of specific biophysical and
biochemical mechanisms—i.e., regardless of the nature of an MF target and the subsequent cascade
of events. It is shown that biological effects of weak MFs have, in certain cases, nonlinear and
frequency selective properties. The observation of these characteristics provides information not
only on the target’s gyromagnetic ratio, but also on the parameters of its interaction with the
immediate environment. This enables one to develop experimental strategies for identifying the
biophysical mechanisms of magnetoreception including the specific case of effects of a near-zero
MF exposure. The mechanism is universally applicable to magnetic moments of different nature, in
particular, of electron and proton orbital motion and of spins. Experimental exposure conditions are
derived which would lead to validation of the proposed mechanism. Bioelectromagnetics. 38:41–
52, 2017. © 2016 Wiley Periodicals, Inc.
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INTRODUCTION

The effect of weak magnetic fields (MFs) on
biological systems is now well established. Five
research areas have provided extensive data: a variety
of laboratory studies [Jeong et al., 2000; Del Seppia
et al., 2007; Nishimura et al., 2010; Prato et al., 2013],
the magnetic navigation of some migratory species
[Wu and Dickman, 2012; Engels et al., 2014],
observational studies [Burda et al., 2009], epidemio-
logical observations [Lewis et al., 2016], and geomag-
netic biospheric correlations [Ossenkopp et al., 1983;
Cornelissen et al., 2002; Breus et al., 2015]. The last
three areas do not prove a direct biological action of
very weak variable MFs, but they also do not exclude
it. All this indicates a general character of magnetic
biological effects; however, their nature remains
unclear [Binhi et al., 2006; Prato, 2015].

Following the initial transduction event, wherein
some energy in the MF associated with the exposure
is transferred, there remains the cascade of biophysi-
cal and biochemical events that result in a physiologi-
cal and/or behavioral observable. The coupling of the
initial event to a specific cascade path probably differs
for different observables, and hence, it should not be

surprising that an MF-dependence of one outcome
(e.g., nociceptive response) compared to another
outcome (e.g., avian orientation) are different.

The problem is explaining amplitude and fre-
quency dependencies of biological reaction to the
external MF. Such dependencies often take compli-
cated multipeak forms [e.g., Prato et al., 2000]. They
may be poorly reproducible in independent laborato-
ries, casting doubt on the existence of nonthermal
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effects of weak MFs. A way forward, therefore, would
be to offer an approach that would be independent of
the selective bias of the coupling to different biologi-
cal outcomes.

So far only mechanisms of the biophysical level
have been suggested; a specific biophysical receptor
structure being the necessary part. For example,
Solov’yov et al. [2010] studied the action of an MF on
a spin-correlated biradical in the cryptochrome of the
retina of birds, and Binhi and Savin [2002] investigated
quantum dynamics of an amino-acid group in the
protein cavity; non-uniform rotational dynamics of
an ion in the protein-binding site has been proposed in
Bingi [1997], and bistable magnetic nanoparticles
in the cytoskeleton have been considered in Binhi
[2006]; a combined action of magnetic nanoparticles
and biradicals has been studied in Binhi [2008]. These
models often contain undefined idealizations, which
makes it difficult or impossible to verify MF targets.
Many other mechanisms have been proposed to
explain frequency and amplitude windows. However,
they are specific in that they involve essentially a
biophysical milieu; see for example, the extensive
review in Muehsam and Pilla [2009].

In this article, we draw attention to the fact that,
in a row of consecutive stages, or steps, in which an
MF signal transforms to the biological response, there
is a purely physical stage which has largely been
ignored and corresponds to the initial transduction
event. It precedes any biophysical/biochemical mech-
anism and largely determines the nonlinear and
frequency selective properties of the biological re-
sponse.

Presented below is a mechanism of the physical
stage that contains three unknown parameters defined
in the next section: gyromagnetic ratio g, thermal
relaxation time t, and the rate b of biophysical/
biochemical events that follow changes in the Larmor
precessional dynamics of the primary target. The
mechanism describes various types of MF biological
responses that occur in different combinations of these
three parameters and those of the MF. The primary
precessional dynamics is coupled, through parameter
b, to a biophysical/biochemical process and then to
the physiological and systemic biological observable.
This general mechanism results in an observable if no
secondary downstream processes disturb MF depen-
dence of the initial transduction event.

The mechanism is based on features of the
magnetic moment motion in an MF. There are two
types of such motion, depending on the MF configura-
tion. Fundamentally different dynamics occur when
an alternating (AC) MF is either perpendicular or
parallel to an existing static (DC) MF. Magnetic

resonance is an excellent example of a well-
understood and characterized phenomenon when the
AC field is perpendicular to the DC field. With respect
to magnetobiology, various resonances occurring in
perpendicular fields and their estimated contribution to
the rate of radical pair reactions have been considered
in Barnes and Greenebaum [2015]. However, there
has been considerably less investigation if these fields
are parallel [Muehsam and Pilla, 2009].

We would like to outline that these two MF
exposures—with AC MF perpendicular or parallel to
DC MF—are basic ones. The case of AC and DC
MFs that are neither parallel nor perpendicular is not
of interest when developing a theory for the purposes
of predicting experimental outcomes. It is practically
impossible to extract useful information from the
experimental data obtained under exposure to such
inclined fields [Binhi, 2002]: the number of MF
parameters contributing to the effect reaches five.
This makes it problematic to untangle the mechanisms
involved in the reception of the MF in its two basic
configurations. Hence, only the case of parallel AC/
DC fields is investigated here.

If AC and DC MFs are parallel, a nonuniform
precession takes place with no quantum transitions.
This mode is different from the spatially inhomoge-
neous precession of interacting magnetic moments, or
spin waves, in ordered magnetic materials. In the
ensemble of non-interacting magnetic moments, their
nonuniform precession are randomly distributed and
often considered as not observable and, hence, having
no practical significance. However, it has been shown
that a nonuniform precession of nuclear magnetic
moments can be related to magnetobiological phe-
nomena [Binhi, 2002].

The study below is focused only on weak
extremely low frequency MFs with amplitudes less
than 0.1mT, and frequencies less than about 100Hz.
Then, the effects of induced electric fields are
infinitesimally small as compared to the direct effects
of variable MFs that induce those electric fields.
Hence, one can safely assert that any possible biologi-
cal magnetic effect in such MFs, if not due to
magnetic nanoparticles, is only by means of the MF
influence on precessing magnetic moments.

The aim of this study was to provide a way of
reasoning that is free of untestable hypotheses, and
effective enough to give a predictive model that
could bind all necessary variables; this would allow
one to extract information on MF targets in
organisms from biological experiments. We intend
to show that observable forms of complicated MF-
dependencies in magnetic biology are controlled, on
the whole, by primary physical motion, though they
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can be distorted, in particular cases, by subsequent
downstream processes.

NONUNIFORM PRECESSION AND
MAGNETORECEPTION

A close link between magnetoreception and the
precession of magnetic moments seems inevitable.
However, this theme has not yet been developed in
the form of a workable mathematical model. For
example, Edmonds [1993] and Muehsam and Pilla
[2009] studied a classical charged oscillator (a bound
ion) in an MF and noted that its oscillation polariza-
tion slowly rotates in a precession-like manner.
However, no simple mathematical formulas that
would incorporate all necessary variables and modes
of MF exposure have been derived as described in
these reports. In addition, a classical charged oscilla-
tor cannot model many relevant cases of precession,
such as the orbital precession of a quantum oscillator
and that of spin magnetic moments. The elaboration
of a model with higher scope of applicability is,
therefore, critical; an initial formulation has recently
been published [Binhi, 2016]. Here we significantly
extend and analyze this model and suggest how it can
be experimentally validated.

Foundational Aspects

The present molecular mechanism is based on a
few facts, an inference, and a plausible assumption.
The facts are that (i) an MF acts on the magnetic
moment; (ii) magnetic moment precesses; and (iii)
there is a thermal relaxation of magnetic moments in
the medium.

The inference is that an MF biological effect is a
consequence of MF action on magnetic moments
since it is reasonable to expect that it cannot be
anything else. It is now well established that very
weak MFs that may still cause a biological effect are
certainly far below levels needed to elicit induced
currents that would not be lost in the thermal noise of
warm and wet biological systems [Prato et al., 2013;
Engels et al., 2014]. The biological effect occurs if the
MF adds a significant disturbance to the dynamics of
magnetic moments within a maximum time of the
order of the relaxation time. A measure of the
disturbance is the deviation of the magnetic moment
vector from its undisturbed dynamic state. The
assumption is that the biological effect is greatest
when this deviation is maximum.

If all this is true, then theoretical MF-dependen-
cies of the effect have features that distinguish this
mechanism from the thermal or inductive action of
MF. Let us consider the mechanism in more detail.

Fact 1. It is known that MF interacts with magnetic
moments only—just as the gravitational field interacts
with the mass, and the electric field with the charge.
The action of the Lorentz force on a moving charge
can also be described through the energy of the
magnetic moment of this charge. We do not yet know
what the primary MF target is in the body; however,
we do know that this target has a magnetic moment,
and that it is this moment that is affected by the
external MF.

Fact 2. The precession of the magnetic moments in
the geomagnetic field Hgeo is the natural background
that underlies all microscopic events in organisms.
This unperturbed precession always takes place, and it
is natural to expect that organisms have adapted to its
presence and show no observable biological effects
unless precession is somehow disturbed. Turning on
an additional AC MF or reducing the DC MF to zero
causes the natural precession of moments to be
disturbed, and here we argue that it is this disturbance
that can be associated with a subsequent biological
effect. Deviations from the natural precession provide
a signal that can result in a measurable biological
outcome.

Possible reversible effects of biophysical/bio-
chemical reaction events on the magnetic moment are,
in this analysis, not taken into account. If such effects
were taken into account, i.e., if one considered the
primary target and object of the secondary reaction
together, it would be a biophysical/biochemical spe-
cific model that necessarily specifies the nature of the
target. However, this is exactly what we set out to
avoid. Here we have chosen a more idealized and
general model, rather than a specific model.

Fact 3. Thermal relaxation of the magnetic moment
does not mean a motion stop. Precession is continu-
ing; however, due to the thermalizing effect, random
changes occur in the direction of the magnetic
moment vector—particularly, in the precession phase.
This means that history that is distant from the current
time by more than relaxation time does not affect the
direction of the magnetic moment, and it should not
be taken into account at time averaging. Usually, this
circumstance is given proper weight by averaging
together with the relaxation exponent or by means of
the so-called moving average over relaxation time
period t. Note that even if elementary magnetic
moments interact with each other, no collective effects
are anticipated. This means that the action of local
MFs, where they exist, on a magnetic moment is
assumed random and thus included in the thermal
relaxation constant.
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Based on these facts, consider the dynamics of a
particle’s magnetic moment m in the MF H tð Þ ¼
H þ hcosðVtþ xÞ directed along the z axis, where H
is the DC MF value and h and V are amplitude and
frequency of the AC MF. Further, we will omit the
initial MF phase x, because subsequent averaging
over time effectively zeros this phase term. Such a
field does not cause quantum transitions in states of
the magnetic moment; therefore, it is sufficient to use
the equation of associated classical dynamics. The
equation of motion of the magnetic moment, _m ¼
gm�H; is that on which Bloch equations are based.
In this equation, g is the gyromagnetic ratio, or ratio
of the magnetic dipole moment of a particle to its
angular momentum. This quantity generalizes a
charge-to-mass ratio, a parameter that is related to
orbital motion and well-known in mechanistic models
of magnetoreception. Some physical particles, for
example, an electron, possess their own spin magnetic
moments that can precess without orbital motion.
Although g is a parameter, as are two other target
parameters that will appear below (t and b), we have
treated them as variables in our development for
mathematical convenience and ease of analysis.
However, it is important to clarify that as parameters,
their values cannot be freely changed.

In spherical coordinates, the above equation is
reduced to an equation _w ¼ gHðtÞ, where w is azimuth
angle, or the precession phase. Figure 1 shows the
relation between these variables. The equation has the
following solution:

wðH; h;V; g; tÞ ¼ gHt þ gh
V

sin Vtð Þ ð1Þ

As is seen, in the absence of the alternating MF
component, i.e., at h¼ 0, there is a uniform preces-

sion, w(t)¼ gHt, where gH is the Larmor frequency.
This is the natural physical process that serves as the
background for biophysical/biochemical and further
biological events. This would suggest that for a weak
MF effect to result in a biological observable, this
background precession would have to be effectively
disturbed.

Stopping the Magnetic Moment Precession

It is known that a static MF causes a marked
change in the speed of some rare biradical reactions,
but these have been shown to be effective usually in
applied DC fields that exceed approximately 1–10mT
[e.g., Steiner and Ulrich, 1989]. However, here we
will only consider much weaker MFs (of the order of
the geomagnetic field), and such effects on biradicals
shall not be considered. Rather, an effective distur-
bance, as is shown below, can be achieved in only
two other ways: by a significant decrease in the DC
MF and by modulating the DC field with an AC one.

In the first case, there is a drastic change in the
natural precession: it is a precession stop, _w ¼ 0,
achieved by simply zeroing the MF H(t). By zero, we
imply low in relationship to the geomagnetic field
Hgeo of about 40000 nT. Many publications confirm
the biological efficacy of such weak MFs [e.g.,
Choleris et al., 2002; Sarimov et al., 2008; Burger
et al., 2010; Jia et al., 2014].

Interestingly, h¼H¼ 0 is not the only magnetic
mode for significant changes in the natural precession.
A precession stop can also be caused by the AC MF.
In this case, it becomes a periodic temporary slowing:
the magnetic moment is almost not moving for a
relatively large proportion of the precession half-
period, that is, hovers in a certain angular position, and
then quickly makes a complete revolution, then rests
again, etc., as shown in Figure 2a. We will refer to this
specific and significant slowing as “stop” for brevity.

It is seen that two conditions define the periodic
motion stop. First, the rate of precession at moments
of time corresponding to every second inflection point
of w(t) must be equal to zero, that is _w ¼ 0 for Vt ¼
p� 2pn (note that we have omitted H, h, V, g, and t
variables of w here and selectively below to simplify
the notation where possible). Second, during the
period of MF oscillation, the magnetic moment vector
must rotate exactly one turn, that is,
wðtþ TÞ � wðtÞ ¼ 2p, where T ¼ 2p=V is the MF
period. From equation (1), it is easy to find that the
first condition requires h/H¼ 1, while the second one
is reduced to V¼ gH. Thus, we have estimated AC
MF parameters, amplitude, and frequency, that pro-
vide significant perturbation in the natural uniform
precession of the magnetic moment, that is, itsFig. 1. Precession of a magnetic moment in uniaxial MF.
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periodic stopping. This is a prerequisite for any
significant perturbations induced by a uniaxial MF in
the subsequent stages.

Despite the fact that the stop of precession at
optimal MF parameters always takes place, the
magnetic biological effect may not appear. More
generally, we would expect that primary events of
magnetoreception would become distorted by the
“noise” associated with biochemical fluctuations. This
is equally valid with respect to any mechanistic model
of magnetoreception.

It is useful to find frequency and amplitude
dependence of the probability of the MF effect. To
achieve this, one needs to formalize the concept of
“perturbation” in a mathematical sense. To do this, we
define the conditions of a periodic temporary stop in
terms of a density distribution d(w) of the angular
position of the magnetic moment vector and the speed
v of the distribution shift. Density distribution is

dðwÞ � 1
T

ZT
0

1
j _wðtÞj d w� wðtÞ½ �dt

where d(x) is the Dirac delta function, and w, in
contrast to function w(t), is an independent variable.
This integral does not have an analytic representation
and is, hence, evaluated numerically with results
shown in Figure 2b. Since w(t) depends on many
variables, see equation (1); d(w) is also a function of
h/H, gH, and V.

As seen, distribution becomes highly nonuni-
form with increasing MF amplitude. If MF fre-
quency V is somewhat different from gH,
distribution slowly rotates as a whole. Speed of

rotation v is determined by possible deviation of the
magnetic moment rotation angle from the full angle
2p for the MF period T. One can easily show that
v ¼ ðgH �VÞ=2p and that density distribution,
besides h/H, gH, and V, also depends on time:
dðw; tÞ � dðw� vtÞ. Distribution nonuniformity (at
h/H> 0) and rotation (at n 6¼ 0 or V 6¼ gH) are the
factors of distinction from the case of perfect
natural precession, when distribution is uniform,
that is, constant, or independent of w and t. A
temporary stop means the greatest nonuniformity of
distribution. It is evident that nonuniformity is even
stronger for MF amplitudes h slightly greater than
H. In what follows, we will find mathematically
exact terms for the periodic temporary stop and
conditions under which this causes most noticeable
changes.

Connectivity to the Biophysical/Biochemical
Level

Here we define a concept of “reaction” that is the
flow of events that are caused by the temporary stop
and consists of changes in the next biophysical or
biochemical level. Let reaction events form a nonho-
mogeneous Poisson process linked to the statistical
ensemble of a certain type of magnetic moment. The
probability that a reaction will occur in the time
interval ½t� t=2; t þ t=2� is equal to [e.g., Ross, 1996]

pðt; tÞ ¼ 1� exp½�
Ztþt=2

t�t=2

lðuÞdu� ð2Þ

where l(t) represents density of the flow of events.
Considering the exponent small, we expand this

Fig. 2. a: Time dependence of magnetic moment rotation angle at different MF parameters,
gH ¼ 1. b: Density distribution dðwÞ of magnetic moment angular position at V ¼ gH and
different MF amplitudes.
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expression as a Taylor series and restrict ourselves to
the first two terms (contribution of the remaining
terms is about 10–15% [Binhi, 2002]):

p t; tð Þ ¼ tlt � 1
2
t2l2t þ ::; ltðtÞ � 1

t

Ztþt=2

t�t=2

lðuÞdu ð3Þ

where index t in notation lt(t) stands for the moving
average over relaxation time t; see Fact 3 above.
Expansion is valid at tlt � 1.

As stated by Fact 1, if magnetic effects exist and
are not due to big magnetic nanoparticles, magnetic
moments at the atomic-molecular level are involved
in magnetoreception. In other words, magnetic
moments somehow transfer their motion to their
environment, or they influence downstream reactions.
Then, it is a logical inference that if magnetic
moments precess, as Fact 2 states, their oscillatory
motion converts to an oscillatory rate of the down-
stream reaction, that is, density l oscillates. The
question is how to represent this “Fact 4” correctly
mathematically. We use the simplest form,

l ¼ b 1þ cos wðH; h;V; g; tÞ � j½ �f g ð4Þ

where l is a function of all its arguments
H; h;V; g; t;b; j, and where we introduce proportion-
ality factor b which has the dimension of frequency.
As is seen, the density of the flow of reaction events
is determined by projection of the magnetic moment
on a selected azimuthal direction j, Figure 1, so that
the density is maximal when the two directions
coincide, and minimal when they are opposite.
Idealization (4) is well substantiated; it is logically
justified, and, as shown below, it provides a straight-
forward result possessing a rich predictive power.
Another possible choice for the link between the
density and precession phase would be l ¼
2bcos2 w� jð Þ however, it can be shown that the
conclusions of this paper would not change with this
choice.

As follows from Figure 1, the value of projection
of the magnetic moment on a selected azimuthal
direction j depends also on the polar angle u. When
AC and DC MFs are parallel, this angle is a random
variable allowing it to be averaged when an ensemble
is being considered. When these fields are perpendic-
ular, this angle is subject to not only random thermal
fluctuations but also to regular Rabi oscillations, the
amplitude of which may be significant under magnetic
resonance conditions, that is, V¼ gH. However, for
reasons that are stated in the Introduction, our analysis

here is limited to parallel AC and DC fields and
independent of the polar angle.

Expected Effect Size

Substituting l from equation (4) in (3), one can
derive the averaged reaction probability
P H; h;V; g; t;bð Þ of the secondary downstream
events—the probability that is averaged over time and
the random variable j. AC MF-induced effect is
obviously a change DP in this probability when an
AC MF is turned on, that is, the difference between
P H; h;V; g; t;bð Þ and P H; 0;V; g; t;bð Þ. Using some
algebra (see Appendix) we obtain the following
formula:

DP ¼ 1
4
b2t2e�bt sinc2

gHt

2

� ��

�
X
n

J2n
gh
V

� �
sinc2

ðgH þ nVÞt
2

� �)
ð5Þ

This dependence DP H; h;V; g; t;bð Þ is complicated.
As we have already established, maximum magnetic
effects occur near MF amplitudes and frequencies that
are determined by equalities h/H¼ 1 (more precisely,
as we shall see, h/H¼ 1.8) and V¼ gH. We, there-
fore, consider dependence of DP H; h;V; g; t;bð Þ on t
and b with these values of h/H and V. Dependence on
t (thermal relaxation time) is shown in Figure 3 for
different values of b (mean rate of biophysical/
biochemical events).

There are ranges of positive and negative
magnetic effects, the positions of which are dependent

Fig. 3. Change in probability of secondary events in an AC
MF versus relaxation product gHt at V ¼ gH, h=H ¼ 1:8 at
different values of b. Dotted curves are direct numerical calcu-
lation of DP using equation (2) with subsequent time/ensem-
ble averaging, for respective curves. Differences between
curves within each color correspond to approximation intro-
duced byTaylor expansion (3).
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on b. For small bt the effect decreases as btð Þ2. For
large bt � 1=2 no magnetic effect is possible (see
Appendix). Besides this, for small values gHt the
effect decreases as ðgHtÞ2. This means that there is a
relatively small range of parameters where any
sensible amplitude and frequency selective magnetic
effect could reside: within an order of magnitude, this
is when 0:1 < bt < 10 and gHt > 0:1.

An interesting case is available for magnetic
effect in the range where it is negative. As follows
from equation (5), and can be seen in Figure 3, its
values do not exceed a few percent, broadly in line
with the majority of empirical observations. A typical
dependence of P H; h;V; g; t;bð Þ on MF amplitude
and frequency is shown in Figure 4.

This dependence involves a number of peaks.
The main peak, about 6% of P H; 0;V; g; 12; 1=6ð Þ, is
near h=H ¼ 1:8 and V ¼ gH. In the vicinity of this
main negative peak, the relation (5) can be approxi-
mated by a simple formula that differs from (5) by
less than about 3% of the peak height within the range
0:75 < V < 2, 0 < h=H < 10, and t ¼ 12, b ¼ 1=6:

DP ¼ � 1
4
b2t2e�btJ21

gh
V

� �
sinc2

gH �Vð Þt
2

� �
ð6Þ

If frequency of the peak is fixed, that is, V ¼ gH,
amplitude dependence is proportional to J21 h=Hð Þ; as
shown in Figure 5. This kind of dependence has been
observed in many experiments; see for review Binhi
[2002]. Hence, the theory provides a conceptual
framework to understand the behavior of experimen-
tally observed variables with respect to the ratio h=H.

The fact that a biological response appears to be
a function of h/H rather than h confirms this theory. In
addition, since a greater h should induce a greater
eddy current, experimental results similar to Figure 5

provide evidence that the initial transduction
mechanism is magnetic, not electric, and involves
interaction with magnetic dipoles.

Effect of a Hypo DC MF at Zero AC MF

Another case is the effect of a DC MF,
a probability change that occurs as H is
decreased from the geomagnetic field under the
condition that h ¼ 0. Obviously, the magnetic
effect of reducing H to zero cannot follow relation
(5) and should be defined differently, that is,
DPDC ¼ P H; 0;V; g; t; bð Þ � P Hgeo; 0;V; g; t; b

� �
.

Given that gHgeot � 1, and hence sinc gHgeot
� � 	 0,

one can derive from equation (a4) and what follows
after equation (a5) in the Appendix the change in the
reaction probability to be:

DPDC ¼ � 1
4
b2t2e�btsinc2

gHt

2

� �
ð7Þ

which is plotted in Figure 6. As is seen from
Figure 6a, the effect can be more than twice that in
the case of an alternating MF. A similar relationship
was observed, for example, in Bogatina et al. [2006],
where a gravitropic reaction of watercress roots has
been studied in a hypomagnetic field, and the
threshold of this reaction has been found to occur at
about 20-fold suppression of the geomagnetic field.
The MF value H0 at which an abrupt drop occurs
depends on the gyromagnetic ratio and parameter of
thermal interaction of a magnetic moment with the
environment, H0 
 1=gt. The magnitude of the effect
depends on parameters t and b of the thermal and
“signal” interaction, respectively, as shown in
Figure 6b.

In alternating MF, a periodic temporary stop
at the optimum frequency V ¼ gH holds only for
some species of magnetic moments. Obviously, a

Fig. 4. Dependence �DP H; h;V; g; 12; 1=6ð Þ in range h=H
½0; 10� and V 0; 2½ �; main peak is at MF amplitude h=H ¼ 1:8
and frequency V ¼ gH ¼ 1.

Fig. 5. A square of first order Bessel function of first kind.
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precession temporary stopping would occur only for
targets with gyromagnetic factor g ¼ V=H. In
contrast to this case, a precession stop really occurs
for all MF targets while H ¼ 0; regardless of their
gyromagnetic factor. In other words, the experi-
menter has a much better chance of observing
magnetic biological effect in a zero MF than in an
alternating MF for the same biological assay.
Constraints that are imposed by factor bt on the
magnitude of the magnetic effect are the same in
both cases, as seen from inspection of formulas (6)
and (7).

This theory predicts a close “genetic” link
between magnetic effects in parallel AC/DC MFs and
in a zero MF given by equations (5) and (7),
respectively. Based on this, one could deduce that the
fact of sensitivity of organisms to a zero MF is
perhaps the best evidence that the nature of effects in
AC/DC MFs is magnetic, not electric. It can be shown
also that equations (5) and (7) in conjunction predict a
specific experiment that allows one to determine the
values of the gyromagnetic ratio and thermal relaxa-
tion time simultaneously, hence, to better understand
the nature of the MF target.

Barnes and Greenebaum [2015] proposed an-
other scenario for magnetic effect in a zero MF. The
scenario maintains that splitting of magnetic levels in
this case is smaller than their natural line width, hence
spontaneous transitions among quantum states and
downstream biological reactions. This proposal,
which is based on general spectroscopy, would be
significantly enhanced if further developed as a
mathematical model that allowed predictions of
experimental outcomes from which characteristics of
MF targets could be derived.

DISCUSSION

Here we argue that this proposed physical
mechanism relies only on the most general facts about
magnetoreception in weak MFs. Accordingly, this

mechanism is of a general characterization indepen-
dent of specifics of the biological effect.

Formula (5) for DP H; h;V; g; t;bð Þ contains six
independent physical variables. Three variables are
MF parameters that may be selected in the experiment
and include the DC MF magnitude and an AC MF
amplitude and frequency. The values of the other
three variables are not known in advance. The
gyromagnetic ratio g is the property of a target
magnetic moment. Relaxation time t and rate of
induced biophysical/biochemical events b are, respec-
tively, characteristics of the thermal interaction and
signal interaction of the target with its immediate
environment.

Equations (2) and (4) and the physics behind
them are straight forward and represent a compact
formalism of the incorporation of six independent
variables in the final formulas (6) and (7).

From compliance of this model’s predictions
with experimental data, one could determine the
unknown gyromagnetic ratio and characteristic times,
and thus identify the physical MF target, even without
knowing the nature of its interaction with the immedi-
ate biophysical environment.

The theory considered is mathematically similar
to the quantum dynamics of a nuclear magnetic
moment shown in Binhi [2002], but it is more general
because (i) it does not regard the nature of the MF
targets, and (ii) takes into account the basic properties
of interaction with the environment. Thus, frequency
and amplitude dependencies of an MF biological
effect that are observed in many experiments can be
explained. The explanation is based on general physi-
cal considerations that do not require biophysical
approximations, and hence, is more transparent to
interpretation.

This theory by no means negates specific
biophysical mechanisms that explicitly consider the
nature of MF targets. It only reveals the most basic
features of magnetoreception—those manifested in
any particular mechanism in one form or another.

Fig. 6. (a) Change in probability of primary reaction with a decrease in constant MF, i.e.,
zero-field effect, bt ¼ 2; (b) dependence of this effect on bt at gHt ¼ 0:1.
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This generalized physical mechanism is a necessary
component of any molecular mechanism of magneto-
reception.

The basis of the generalized mechanism are
dynamics of magnetic moments that are widely
represented at levels below the cell level. In
biological cells, objects that have a magnetic
moment are free radicals, or their unpaired elec-
trons, paramagnetic ions, triplet states, and protons
and other magnetic nuclei. There may also be a
virtual magnetic moment associated with ions
bound in proteins and with rotating molecular
amino-acid groups having a distributed electric
charge. This theory is not limited only by consider-
ing magnetic moments of isolated objects. A
precessing magnetic moment can also be a quantum
sum of magnetic moments of a few particles in a
system through mutual interactions, as, for example,
in the case of two electrons and a magnetic nucleon
within the radical pair mechanism. Thus, the
mechanism presented is valid for any precessing
and thermally relaxing ensemble of magnetic
moments, irrespective of their nature.

Note that predicted primary magnetic effects are
small, 10–15% at best in a rather narrow range of the
involved parameters: 0:1 < bt < 10 and gHt > 0:1.
In these circumstances, it seems that biological effects
of weak magnetic effects should be mostly rare and
by chance, even at the level of primary biophysical/
biochemical effects. Where they are regular, for
example, in animal magnetic orientation and naviga-
tion, the above constraints seem not to be satisfied,
and some kind of a subsequent “biological amplifica-
tion” seems inevitable. Perhaps it is the case of spin-
correlated biradicals in retina cryptochromes of the
eye, where conceivably magnetosensitive photorecep-
tors are ordered in a big array, so that amplification is
possible.

In particular, the above constraints require
large enough values of t. Many believe that large
values of thermal relaxation time are unlikely.
However, given that appropriate molecular targets
in organisms are currently not known, large t
remains an unproven conjecture. Since non-thermal
magnetic biological effects have now been exten-
sively reported, these may correspond to small
positive primary effects where t < 1=gH; as shown
in Figure 3. In this case, at the level of primary
reception, small amplitude- and frequency nonselec-
tive effects could arise that could be reinforced in
subsequent magnetic signal transduction processes.
Such small nonselective effects could be considered
as an intrinsic component of the radical-pair mecha-
nism that is widely discussed in magnetobiology

[e.g., Barnes and Greenebaum, 2015; Hore and
Mouritsen, 2016].

It will now be important to explore this theory
with experiments designed to check predicted out-
comes. Note that there are very different predictions:
(i) one showing an effect at “zero” AC and DC MFs;
and (ii) another showing effects when a combination
of AC and DC MF magnitudes and frequency meet a
certain criterion. Given the difficulty in the reproduc-
ibility of small effects of MF exposure, it is important
to carefully select exposure conditions for experi-
ments, and these should include control of ambient
fields under which an experiment is undertaken. This
mechanism suggests a novel approach when deciding
on an observable to be used to assess the effects of an
anthropogenic MF exposure: first test for an effect in
a zeroed MF. If no effect is seen, this work predicts
that no effect will be seen using this observable.
However, if a zero MF effect is seen, then it is
possible that an AC MF exposure will result in a
perturbation of this observable with the important
caveat that the effect may not be reproducible unless
care is taken with ambient fields.

We have not compared the theory developed
with results of known experiments on biological
effects of parallel AC/DC MFs. First, because for this
kind of exposure, different theoretical models predict
rather similar MF-dependencies as shown in Figure 5.
Such MF-dependencies originate from the axial
symmetry of the MF and a kind of axial or spherical
symmetry of potential functions used, and do not
depend on biophysical milieu. In these circumstances,
even a good coincidence provides no information on
the MF target nature. The second reason for not
making such a comparative study is that it has already
been done repeatedly [e.g., Binhi, 2002; Muehsam
and Pilla, 2009]. These reviews show that many
theories predict maximum effects from AC/DC MF
when h ¼ 1:8H and V ¼ gH, in agreement with
experiments. Our present theory also does. However,
a particular characteristic of our theory is that it
predicts specific forms of MF-dependencies in the
same biological systems in experiments with two
different exposure conditions. Specifically, these are
experiments (i) under HMF exposure, that is, in a DC-
only MF; and (ii) under AC/DC MF exposure. Let us
refer to these as DC-experiments and AC/DC-
experiments, respectively. The most effective way of
validating the present theory would be to compare
two MF-dependencies obtained in DC- and AC/DC-
experiments. It is interesting and important that there
are relations for such a comparison that, in contrast to
V ¼ gH, are independent of MF target parameters g,
b; and t and, therefore, can be used to directly verify
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the proposed mechanism. Let H, h, and V have values
H0, h0, and V0 that maximize the effect in an AC/DC-
experiment, that is, h0 ¼ 1:8H0 and V0 ¼ gH0. Sup-
pose now that the permanent MF in this experiment
changes around H0 so that H ¼ H0 þ h. Substituting
these values into equation (6), we find that the
probability of reaction varies as:

DP hð Þ ¼ � 1
4
b2t2e�btJ21 1:8ð Þsinc2 ght

2

h i
ð8Þ

By comparing to equation (7), one can conclude that
dependence DP hð Þ in an AC/DC-experiment coin-
cides with dependence DPDC Hð Þ in a DC-experiment
up to a constant coefficient J21 1:8ð Þ 	 0:34. Two
consequences follow. First, the magnitude of the
HMF effect is three times greater than the AC/DC MF
effect in the same organism, which is directly
verifiable:

max DPDC Hð Þ½ � ¼ 3max DP hð Þ½ � ð9Þ

Second, the deflection point that is defined as the
value x0 of the argument x of sinc2 xð Þ, at which this
function changes most rapidly, is the same for both
MF-dependencies. That is, gH0t in the DC-
experiment is the same as gh0t in the AC/DC-
experiment, which is followed by the second
verifiable relation H0 ¼ h0. It can be shown that if
in the AC/DC-experiment frequency and amplitude
simultaneously and proportionally changed so that
V ¼ V0 þ v and h ¼ h0þ h0=V0ð Þv, instead of
changing the DC MF, then the corresponding
verifiable relation would be H0 ¼ v0H0=V0, where
v0 is the frequency deviation at which the AC/DC
MF effect falls most rapidly. Hence, a double
equality follows

H 0 ¼ h0 ¼ H0

V0
v0 ð10Þ

that contains three separate equations of pairwise
comparison of its three terms. Thus, equations (9) and
(10) link observables in DC- and AC/DC-experiments
within the same organism, are independent of MF
target parameters, and thus provide a direct way of
validation of the proposed mechanism. No other
theory of magnetoreception provides such broad
means for experimental verification.

CONCLUSIONS

The observed nonthermal effects of weak MFs
can only be associated with regular changes in the

dynamics of magnetic moments at the stage of
primary reception that precedes processes at biophysi-
cal and biochemical levels.

It has been shown that, as long as non-thermal
magnetic biological effects exist, they can be nonlin-
ear and frequency selective. That is, the biological
effect may decrease with increasing amplitude. Since
the existence of non-thermal biological effects is now
well established, it follows that such effects have
properties that significantly distinguish them from
thermal and induction MF effects. As shown above,
this conclusion does not depend on the nature of
magnetic moments or on the particular structure of
their biophysical environment.

Here we have proposed a theoretical approach
for understanding magnetoreception that differs
significantly from current theories. (i) It generalizes
previous mechanisms by removing all biophysical
details, while retaining all specific results; (ii) it
introduces a parameter b that couples precessing
moments with the biophysical environment in such
a way that many biophysical/biochemical details
become unnecessary for the explanation of nonlin-
ear multipeak and frequency selective effects, as
well as the effects of a magnetic vacuum; (iii) it
does not contain physical hypotheses such as a very
long thermal relaxation time; instead, this quantity
becomes directly measurable, as well as the other
crucial parameter, the gyromagnetic factor; (iv) it is
simple and effective, offering, for the first time, a
succinct formula that binds six necessary variables;
(v) there is no other mechanism or model for
magnetoreception that could link, for example, a
deflection point H0 in the H-dependence of a
biological variable at H ! 0 with thermal relaxa-
tion time of relevant target magnetic moments; and
(vi) except the molecular gyroscope model [Binhi
and Savin, 2002] that is conceptually close to this
one but much more complicated, being a quantum
model, the model developed here is the only one
that can compare effects of AC/DC MFs numeri-
cally with those of a zero MF, within the same
organism.

Overall, the mechanism operates with a mini-
mal set of necessary parameters, describes a rich
magnetic moment precessional dynamic, including
that in a zero MF, and allows one to develop
scenarios of experimental identification of MF
targets in organisms.

ACKNOWLEDGMENTS

The authors are grateful to anonymous referees
for helpful comments and suggestions.

50 Binhiand Prato

Bioelectromagnetics



REFERENCES

Barnes FS, Greenebaum B. 2015. The effects of weak magnetic
fields on radical pairs. Bioelectromagnetics 36:45–54.

Bingi VN. 1997. Mechanism of magnetosensitive binding of ions
by certain proteins. Biofizika 42:338–342 (In Russian).

Binhi VN. 2002. Magnetobiology: Underlying Physical Problems.
San Diego, CA: Academic Press, pp 233–238, 253–266,
292–301, 307–314.

Binhi VN. 2006. Stochastic dynamics of magnetosomes and a
mechanism of biological orientation in the geomagnetic
field. Bioelectromagnetics 27:58–63.

Binhi VN. 2008. Do naturally occurring magnetic nanoparticles in
the human body mediate increased risk of childhood leukae-
mia with EMF exposure? Int J Radiat Biol 84:569–579.

Binhi VN, Savin AV. 2002. Molecular gyroscopes and biological
effects of weak extremely low-frequency magnetic fields.
Phys Rev E Stat Nonlin Soft Matter Phys 65:1–10.

Binhi VN, Milyaev VA, Chernavskii DS, Rubin AB. 2006. The
paradox of magnetobiology analysis and prospects for
solution. Biophysics 51:497–503.

Binhi VN. 2016. A primary physical mechanism of the biological
effects of weak magnetic fields. Biophysics 61:170–176.

Bogatina NI, Sheikina NV, Kordyum EL. 2006. Gravitropic
reaction changes caused by static magnetic field. Visnik
of Kharkov National University. Biophysical Visnik 17:
78–82 (In Russian).

Breus TK, Boiko ER, Zenchenko TA. 2015. Magnetic storms and
variations in hormone levels among residents of North
Polar area—Svalbard. Life Sci Space Res 4:17–21.

Burda H, Begall S, Cerven�y J, Neef J, Nemec P. 2009. Extremely
low-frequency electromagnetic fields disrupt magnetic align-
ment of ruminants. Proc Natl Acad Sci USA 106:5708–5713.

Burger T, Lucova M, Moritz RE, Oelschlager HH, Druga R,
Burda H, Wiltschko W, Wiltschko R, Nemec P. 2010.
Changing and shielded magnetic fields suppress c-Fos
expression in the navigation circuit: Input from the
magnetosensory system contributes to the internal represen-
tation of space in a subterranean rodent. J R Soc Interface
7:1275–1292.

Choleris E, Del Seppia C, Thomas AW, Luschi P, Ghione S, Prato
FS. 2002. Shielding, but not zeroing of the ambient
magnetic field reduces stress-induced analgesia in mice.
Proc Roy Soc Lond B 269:193–201.

Cornelissen G, Halberg F, Breus T, Syutkina EV, Baevsky R,
Weydahl A, Watanabe Y, Otsuka K, Siegelova J, Fiser B,
Bakken EE. 2002. Non-photic solar associations of heart rate
variability and myocardial infarction. JASTP 64:707–720.

Del Seppia C, Ghione S, Luschi P, Ossenkopp KP, Choleris E,
Kavaliers M. 2007. Pain perception and electromagnetic
fields. Neurosci Biobehav Rev 31:619–642.

Edmonds DT. 1993. Larmor precession as a mechanism for the
detection of static and alternating magnetic fields. Bioelec-
trochem Bioenerg 30:3–12.

Engels S, Schneider NL, Lefeldt N, Hein CM, Zapka M, Michalik
A, Elbers D, Kittel A, Hore PJ, Mouritsen H. 2014.
Anthropogenic electromagnetic noise disrupts magnetic com-
pass orientation in a migratory bird. Nature 509:353–356.

Hore PJ, Mouritsen H. 2016. The radical-pair mechanism of
magnetoreception. Annu Rev Biophys 45:299–344.

Jeong JH, Choi KB, Yi BC, Chun CH, Sung KY, Sung JY, Gimm
YM, Huh IH, Sohn UD. 2000. Effects of extremely low
frequency magnetic fields on pain thresholds in mice: Roles
of melatonin and opioids. J Auton Pharmacol 20:259–264.

Jia B, Xie L, Zheng Q, Yang PF, Zhang WJ, Ding C, Qian AR,
Shang P. 2014. A hypomagnetic field aggravates bone loss
induced by hindlimb unloading in rat femurs. PLoS ONE 9:
e105604.

Lewis RC, Hauser R, Maynard AD, Neitzel RL, Wang L, Kavet
R, Meeker JD. 2016. Exposure to power-frequency mag-
netic fields and the risk of infertility and adverse pregnancy
outcomes: Update on the human evidence and recommen-
dations for future study designs. J Toxicol Environ Health
B Crit Rev 19:29–45.

Muehsam DJ, Pilla AA. 2009. A Lorentz model for weak
magnetic field bioeffects: Part II—Secondary transduction
mechanisms and measures of reactivity. Bioelectromag-
netics 30:476–478.

Nishimura T, Okano H, Tada H, Nishimura E, Sugimoto K,
Mohri K, Fukushima M. 2010. Lizards respond to an
extremely low-frequency electromagnetic field. J Exp Biol
213:1985–1990.

Ossenkopp KP, Kavaliers M, Hirst M. 1983. Reduced nocturnal
morphine analgesia in mice following a geomagnetic
disturbance. Neurosci Lett 40:321–325.

Prato FS. 2015. Non-thermal extremely low frequency magnetic
field effects on opioid related behaviors: Snails to humans,
mechanisms to therapy. Bioelectromagnetics 36:333–348.

Prato FS, Kavaliers M, Thomas AW. 2000. Extremely low
frequency magnetic fields can either increase or decrease
analgesia in the land snail depending on field and light
conditions. Bioelectromagnetics 21:287–301.

Prato FS, Desjardins-Holmes D, Keenliside L, DeMoor J, Robertson
JA, Thomas AW. 2013. Magnetoreception in laboratory
mice: Sensitivity to extremely low frequency fields exceeds
33 nT at 30Hz. J R Soc Interface 10:20121046.

Ross SM. 1996. Stochastic Processes. New York, NY: Wiley, pp
78–80.

Sarimov RM, Binhi VN, Milyaev VA. 2008. The influence of
geomagnetic field compensation on human cognitive pro-
cesses. Biophysics 53:433–441.

Solov’yov IA, Mouritsen H, Schulten K. 2010. Acuity of a
cryptochrome and vision-based magnetoreception system
in birds. Biophys J 99:40–49.

Steiner UE, Ulrich T. 1989. Magnetic field effects in chemical
kinetics and related phenomena. Chem Rev 89:51–147.

Wu LQ, Dickman JD. 2012. Neural correlates of a magnetic
sense. Science 336:1054–1057.

APPENDIX

Mathematical denotations: g—gyromagnetic ra-
tio, t—thermal relaxation time, b—rate of biophysi-
cal/biochemical events, H—magnetic field vector, t—
time, HðtÞ—time-varying MF magnitude, H—DC MF
strength, h—AC MF amplitude, V—AC MF fre-
quency, m—magnetic moment vector, w—precession
phase, T—MF period, dðwÞ—density distribution,
pðtÞ—reaction probability, lðtÞ—density of flow of
events, ℜ—a real part, Jn—n-th order Bessel function
of the first kind, sincðxÞ—cardinal sine function
x�1sinðxÞ, j—random phase, P—time and ensemble
averaged reaction probability.

Substituting equation (4) in (3) and using
exponential notation for the cosine, we obtain
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lt ¼ bl; l � 1þℜ ei wðtÞ�j½ �
	 


t
ða1Þ

From the Jacobi-Anger identity and relation for
the moving average of an exponential function

eizsinðtÞ �
X1

n¼�1
JnðzÞeint; eidt

� �
t
¼ eidtsinc dt=2ð Þ

one can find, substituting wðtÞ from equation (1) in
(a1), after simple transformations that

l ¼ 1

þ
X
n

Jn
gh
V

� �
sinc½ðgH

þ nVÞt=2�cos gH þ nVð Þt � j½ � ða2Þ

In order to average the reaction probability p over the
ensemble of magnetic moments, or over j, and over
time t, one should, as is seen from (3), average l and
l2. First we write equation (a2) as follows:
l ¼ 1þ

X
n

SnAn, where

Sn � Jn
gh
V

� �
sinc

gH þ nVð Þt
2

� �
;

An � cos gH þ nVð Þt � j½ �

Since j is uniformly distributed in the range 0; 2pð Þ,
the ensemble average hAni j ¼ 0; therefore hli ¼ 1,
where angle brackets denote the full averaging over
both the ensemble and time. For averaging l2; we
write this value as follows:

l2 ¼ 1þ 2
X
n

SnAn þ
X
n

X
m

SnSmAnAm

from which, considering that
hAnAmi j ¼ cos½ðn� mÞVt�=2, one can get

hl2i j ¼ 1þ 1
2

X
n

X
m

SnSmcos½ðn� mÞVt�

In this double sum, only terms with n ¼ m are left
after averaging over time; therefore,

hl2i ¼ 1þ 1
2

X
n

S2n

¼ 1þ 1
2

X
n

J2n
gh
V

� �
sinc2 gH þ nVð Þt=2½ �

Using the above mean values hli and hl2i for
lt ¼ bl, and substituting in (3), we arrive at the
formula that binds all the involved variables together,

P H; h;V; g; t;bð Þ � hpi
¼ bt � 1

2
b2t2

� 1
4
b2t2

X
n

J2n
gh
V

� �
sinc2½ðgH

þ nVÞt=2� ða3Þ

Of interest is the effect of an alternating field,
DP � PðH; h; . . .Þ � PðH; 0; . . .Þ, that is, a probabil-
ity change that is induced by switching on the AC
MF on the background of a DC MF. Taking into
account that

PðH; 0; . . .Þ ¼ bt � 1
2
b2t2 � 1

4
b2t2sinc2 gHt=2ð Þ ða4Þ

we derive

DP ¼ 1
4
b2t2 sinc2 gHt=2ð Þ�

�
X
n

J2n
gh
V

� �
sinc2½ðgH þ nVÞt=2�g ða5Þ

This formula is based on expansion (3), the
condition of which was tlt ¼ tbl � 1, see (a1).
Since l is always less than 2, see (a2); the
condition becomes bt � 1=2. If bt > 1=2; expan-
sion (3) does not apply, and reaction probability
can be directly evaluated by numerical methods.
However, there is no need for this. It follows from
equations (2–4), (a1), and (a2) that
p bt; lð Þ ¼ 1� expð�btlÞ, where we omit inessen-
tial variables. Any magnetic effect is defined by l,
and no magnetic effect is at l ¼ 1, so that an
absolute change in p due to MF does not exceed
p bt; 2ð Þ � p bt; 1ð Þ ¼ expð�btÞ 1� expð�btÞ½ �,
which is about expð�btÞ for bt � 1=2. This
means that no magnetic effect becomes possible at
bt � 1=2. Then, for all practical purposes, one
can combine the cases bt � 1=2 and bt � 1=2
into a unified approximative relation for DP that
works for any bt. Figure 3 gives an indication of
accuracy of the approximation as compared to
exact numerical calculation shown by dotted
curves. Thus equation (a5) gets its final form in
equation (5).
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