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Abstract: The effects of ultralow-frequency or static magnetic and electric fields on biological processes is of huge
interest for researchers due to the resonant change of the intensity of biochemical reactions, despite the
energy in such fields being small in comparison with the characteristic energy kBT of the chemical reactions.
In the present work, a simplified model to study the effects of weak static magnetic fields on fluctuations of
the random ionic currents in blood is presented with a view to solving the kBT problem in magnetobiology.
An analytic expression for the kinetic energy of the molecules dissolved in certain liquid media is obtained.
The values of the magnetic field leading to resonant effects in capillaries are then estimated. The numerical
estimates show that the resonant values of the energy of molecules in capillaries and the aorta are different.
These estimates prove that under identical conditions, a molecule in the aorta gets 10−9 times less energy
than the molecules in blood capillaries. Therefore, the capillaries are very sensitive to the resonant effect.
As the magnetic field approaches the resonant value, the average energy of a molecule localized in a
capillary is increased by several orders of magnitude as compared to its thermal energy. This amount of
energy is sufficient to cause deterioration of certain chemical bonds.
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1. Introduction

One of the key problems in magnetobiology is the ex-planation of the mechanism which causes weak magneticfields to influence biological systems. Experimental data
∗E-mail: zokirjon@yandex.ru

show that the influence of weak magnetic fields on test-systems (both of animal [1–3] and botanical [4–7] origin) iscaused by the same mechanism. As a consequence, similareffects are likely to be of significance for human beings. Alarge spectrum of data is known [8–10], accumulated in bi-ology, biophysics, ecology, and medicine, showing that allranges of the spectrum of electromagnetic radiation mayinfluence health and working ability of people.Human organs are not capable of physically feeling an
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electromagnetic field surrounding the body; however, elec-tromagnetic fields may cause a decrease in the immunityand working ability of a person. Under its influence, syn-dromes of chronic weariness may develop and the risk ofdiseases increases. The action of electromagnetic radia-tion on children, teenagers, pregnant women and personswith weakened health is especially dangerous [8]. Thenegative influence of electromagnetic fields on human be-ings and other biological systems is directly proportionalto the field intensity and irradiation time. A negative ef-fect of the electromagnetic field on humans appears atfield strengths of 1000 V/m. In particular, the endocrinesystem, metabolic processes, functioning of head and aspinal cord etc. of people may be affected [8].The absence of a theoretical explanation of the mechanismof action of weak magnetic fields on biological objects isconnected mainly with the so-called kBT problem. Here
kB is the Boltzmann constant and T is the temperature ofthe medium. As it is noted in the review of Binhi [9, 10], atpresent, a comprehensive understanding from the point ofview of physics of how weak low-frequency magnetic fieldsmay affect living systems does not exist. In particular, itis not clear how low-frequency weak magnetic fields canlead to the resonant change of the rate of biochemicalreactions despite the impact energy being ten orders ofmagnitude less then kBT .At the same time, up until now, there has been no theoryin the framework of the general physical concepts under-lying magnetobiology and heliobiology, i.e. in the fieldof a science where effects of the weak and super-weakmagnetic fields are studied, giving an answer to thesequestions. There are even no qualitative theoretical mod-els explaining the interaction mechanisms of fields withbiological objects. From the point of view of physics, thissituation is connected with the complexity of macroscopicopen systems when the concepts of physics, biology, andchemistry are applied. This complexity is caused by thefact that being macroscopic they consist of many differentobjects being the elements of structure formation.In connection with the absence of any standard theoreti-cal interpretation on the interaction mechanisms of weakand super-weak external fields on biological systems and,especially with ”the kBT -problem”, in the papers [11, 12]we proposed a simplified model to study the influence ofweak external magnetic and electric fields on the fluctu-ations of a stochastic ionic current in blood vessels. Thisapproach lead to a new method of solution of the kBTproblem in magnetobiology. The present work is writ-ten on the basis of results of works [11, 12] extending theanalysis performed there.The aim of the present work is to estimate the energy ofmolecules near to resonant value of a magnetic field.

2. The Langevin equation and its so-
lution

2.1. Basic equation

More than 90% of biological tissues consist of polarmolecules of fibers, nucleinic acids, lipids, fats, carbohy-drates and water. The blood of the human being is amulti-component system consisting of plasma and bloodcells. As is known from the physiology of cardiovascularsystem of people [13, 14], blood plasma is a water solutionof electrolytes, nutrients, metabolites, fibers and vitamins.The electrolyte structure of plasma is somewhat similar tothat of sea water and is connected to the evolution of lifefrom the sea.Concentrations of ions like Na+, Ca2+ and Cl− in bloodplasma are larger than in cytoplasm. On the contrary, theconcentration of ions K+, Mg2+ and phosphate in bloodplasma are lower than that found in cells. These factsallow us to consider the blood in blood vessels as a con-ductor of an ionic electric current.It is well known that in all conductors, fluctuations of acurrent occur because of their molecular structure. Sucheffects have been measured experimentally by Johnson in1928 and it is denoted as the Johnson noise [15]. Thespectral density of the Johnson noise does not dependon frequency and, therefore, it represents white electricnoise. Johnson noise is observed in systems which are in,or close to, equilibrium states.The concrete microscopic mechanisms for the occurrenceof Johnson noise can be different. However, in all cases,the Johnson noise is caused by a chaotic Brownian mo-tion of the charged particles which possess two importantproperties: fast casual changes of the direction and thebasic opportunity of carrying a large charge through thesection of a conductor. Thus, the geometrical shape of thesystem considered is of no relevance for the process. TheBrownian character of the charge carriers’ motion remainsthe same. As the Brownian motion of ions is very poorlyconnected with fluctuations of their numbers, a disappear-ance of sone particles and the creation of others does notchange the essence of the process analyzed. An arbitrar-ily large number of charge can be transferred by any paththrough the given section inside a conductor [16, 17].This process is a stationary, Gaussian and Marko-vian, process. The random ionic current satisfies a lin-ear stochastic differential equation, namely the Langevinequation. An element of the vascular system with a weakrandom current is assumed to be described as a line el-ement of random current with the length, L, located in aweak external static magnetic field, B. As it is well-known,in this case the force acting on the element of random cur-
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rent is F (t) = i(t)LB sin(α), where α is the angle betweendirections of the current element −→L and magnetic field−→B [18].In the subsequent analysis, we consider fluctuations of ascalar quantity - the magnitude of the random current.The mentioned circumstances allow us to formulate thebasic equations in the following form [11, 12]
di(t)
dt = −Λi(t) + f(t). (1)

Here, Λ = λ− qnch
m B sin α , where m, q, nch are the mass,charge and number of ions, respectively, in the volume V ;

B is the induction of an external magnetic field,
λ = kBT

mD (2)
is the friction coefficient,

D = kBT6πηr (3)
is the diffusion coefficient, r is the ionic radius and η isthe viscosity;

f(t) = q
mL

∑
i
fi(t) , (4)

where fi(t) is the random force acting on the correspondingparticle. It is the same for any atom of the same type andit is not correlated with the random forces acting on othertypes of ions [17, 19]:
〈f(t)〉 = 0 , 〈f(t)f(t′)〉 = γδ(t − t′) , (5)

where
γ = 2kBTq2nchλ

mL2 (6)
is the intensity of the Langevin source.
2.2. Solution of the basic equation and gen-
eral analysis
As shown above, the random electric current may be de-scribed by a linear stochastic differential equation withwhite noise as the random source. The process under con-sideration is a process of Ornstein-Uhlenbeck type andthe formal solution of Eq. (1) may be presented in theform [11, 12, 17]

i(t) = e−Λti(0) + ∫ t

0 e−Λ(t−τ)f(τ)dτ . (7)

The average value of the current may be determined fromEqs. (5) and (7) as
〈i(t)〉 = e−Λt〈i(0)〉 . (8)

One can also easily compute the dispersion of the ran-dom current fluctuations, i.e. σ (t) = 〈i2(t)〉 − 〈i(t)〉2. Thisquantity is given by
σ (t) = e−2Λt ∫ t

0 e2Λτγdτ . (9)
Taking the derivative of Eq. (9) with respect to time, weobtain

dσ (t)
dt = −2Λσ (t) + γ . (10)

The solution of Eq. (10) with the initial condition, σ (0) = 0gets the form
σ (t) = σ (∞) (1− e−2Λt) , (11)

where
σ (∞) = lim

t→∞
σ (t) = γ2(λ− qnchB sin α

m

) . (12)
As is evident from Eq. (12), the fluctuations of the randomionic electric current have a resonant character at

λ = qnchB sin α
m . (13)

The corresponding magnetic induction B is determined byexpression
B = λm

qnch sin α . (14)
3. Resonant energy of molecules
3.1. Basic formulas
For any stochastic process i(t) the power spectrum i2(t) isdefined as a function of the spectral density S(ω) by therelation [17, 19]

〈
i2(t)〉 = 12π

∫ ∞
−∞

S(ω)dω . (15)
For a scalar process with the real part of the relaxationrate Λ, the spectral density has the following form

S(ω) = γ
ω2 + Λ2 . (16)
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For the fluctuation of a random ionic current the spectraldensity is connected with the power P disseminated bythe current at the given frequency as
P = 1

π

∫ ∞
0 RS(ω)dω , (17)

where
R = mL2λ

nchq2 (18)
is the electric resistance of a considered element of currentwith a length L [17].We substitute (16) in (17) and after integrating over ω, weobtain

P = Rγ2Λ . (19)
Further, we substitute (18) into (19) and the resulting ex-pression we multiply with the exposition time t before di-viding it by the total number of molecules in the consid-ered volume V , i.e. ntot ≈ N · V (N ≈ 1028 m−3). In thisway, we obtain the average energy of a molecule [11, 12]

ε = Pt
ntot

= kBTλ2
ntotΛ t . (20)

Because i(t) is a stationary Gaussian process, Eqs.(7)and (11) are sufficient to completely determine the condi-tional density of probability P2. It is taken from [17, 19]
P2 (i(0) | i(t), t) =1√2πσ (t) exp[− (i(t)− i(0) exp(−Λt))22σ (t)

]
. (21)

One can see that the width of the conditional probabilitydistribution depends on σ (t) and at the large values of
σ (t) the density of probability tends to zero.
3.2. Numerical estimations
In order to estimate the resonant value of the magnetic in-duction as described by Eq. (14), we employ the followingdata [13, 14]: for a person of 70 kg mass, there is 1.7 kgcalcium, 0.25 kg potassium, 0.07 kg sodium, 0.042 kg mag-nesium, 0.005 kg iron, 0.003 kg zinc. The effect of calciumin the organism of a human being is very significant. Itssalts are a permanent constituent of the blood, of the celland tissue fluids. Calcium is a component part of the cellnucleus and plays a major role in the processes of cellgrowth. 99% of the calcium is concentrated in the bones,the remaining part in the blood system and tissues.

The blood composes about 8.6% of the mass of a humanbody. Approximately 10% of the blood is located in thearteries. A similar fraction of blood is contained in theveins and the remaining 80% is contained in smaller unitslike the microvasculature, arterioles, venues and capillar-ies. The typical values of the viscosity of blood plasma ofa healthy human being at 37°C are 1.2×10−3 Pa·s [13, 14].The density of the blood is of the order ρ = (1.06 ÷1.064) × 103 kg/m3 [13, 14]. Knowing the radius of theions, we may determine the diffusion coefficient which isestimated as D = (1.8 ÷ 2.0) × 10−9 m2/s. The frictioncoefficient is calculated by formula λ = 6πηr/m obtainedfrom formulas (2) and (3). Its value has been obtainedas λ = (3 ÷ 6) × 1013 s−1. For example, for calciumions we used rCa = 10−10 m [20], mCa = 6.6810−26 kgand qCa = 2 · 1.6 × 10−19 C and we have obtained
λ = 3.52 × 1013 s−1. The aorta can be considered asa canal with a diameter of (1.6 ÷ 3.2) × 10−2 m and across section area of (2.0 ÷ 3.5) × 10−4 m2, which splitsof step by step into a network of 109 capillaries each ofthem having a cross section area of about 7.01× 10−12 m2with an average length of about 10−3 m.The number of calcium ions in a volume V = (2 ÷ 3.5) ×10−6 m3 of the aorta is equal to nch = (0.8÷ 1.4)× 1019,in a volume V = 7 × 10−15 m3 of the capillary we have
nch = 2.7× 1010. Substituting these values into Eq. (14),we get, at sin(α) ≈ 1, for the aorta B ≈ 0.5× 10−12 T andfor the capillary B ≈ 270 µT.For numerical estimates of the average energy of amolecule, we express the parameter in the following form

Λ = λ
(1− ω(B)

λ

)
, (22)

where
ω(B) = qnch

m B .

Substituting into Eq. (20) the values of the total numberof molecules in a volume V = 7 × 10−15 m3 for capillary
ntot ≈ 1013 and total number of molecule in a volume
V = (2÷ 3.5)× 10−6 m3 for the aorta ntot ≈ 1022.The energy received by a molecule in a capillary during
t = 1s was calculated for the values of the parametersΛ = 0.5λ, 0.05λ, and 0.005λ which correspond to values ofthe induction of an external magnetic field B = 135 µT,256.5 µT and 268.65 µT, respectively, because as it wasmentioned above B = 270 µT is the resonant value fora capillary. At these values of B we obtain the follow-ing estimates for the energy received by a molecule ina capillary during t = 1 s: ε ≈ 2kBT , ε ≈ 20kBTand ε ≈ 200kBT . Similar estimations for the parametersΛ = 0.5λ, 0.05λ, and 0.005λ for a molecule in the aortaled us to values ε ≈ 2× 10−9kBT , ε ≈ 20× 10−9kBT and
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ε ≈ 200× 10−9kBT . Apparently, it follows from these es-timates that under identical conditions a molecule of theaorta has 10−9 times less energy than the molecules ofcapillaries.At Λ = 0.5 × 10−9λ for the molecule of the aorta we get:
ε ≈ 2kBT , but according to Eq. (21) the probability ofsuch a process is close to zero. These estimates showthat large vasculatures are more sensitive to ultra-weakfield and capillaries are sensitive to weak and moderatemagnetic fields.
4. Conclusions
The numerical estimations show that the resonant valuesof the energy of molecular motion in the capillaries andaorta are different. These estimations prove that underidentical conditions, a molecule of the aorta gets 10−9times less energy than the molecules of the capillaries.The capillaries are very sensitive to the resonant effect,with an approach to the resonant value of the magneticfield strength, the average energy of a molecule localizedin the capillary increases by several orders of magnitudeas compared to its thermal energy. This amount of energyis sufficient for the deterioration of the chemical bonds.Even if the magnetic field has values away from the res-onant values, with an increase in the exposure time to amagnetic field a significant effect can occur.A series of experiments are desirable to be performed inorder to verify the suggested mechanism of the action ofweak magnetic fields on the biological objects, especially,in order to resolve finally “the kBT problem” based on thetheoretical concepts developed here.
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