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Near-zero magnetic fields, called hypomagnetic fields, are known to impact
biological phenomena, including developmental processes, the circadian system,
neuronal and brain activities, DNA methylation, calcium balance in cells, and many
more. However, the exact mechanism underlying such effects is still elusive, as the
corresponding energies are far smaller than thermal energies. It is known that
chemical reactions involving radical pairs can be magnetic field dependent at
very low intensities comparable to or less than the geomagnetic field. Here, we
review in detail hypomagnetic field effects from the perspective of the radical pair
mechanism, pointing out that under certain conditions, they can be comparable or
even stronger than the effects of increasing the magnetic field. We suggest that
hypomagnetic field effects are an interesting avenue for testing the radical pair
mechanism in biology.
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1 Introduction

Weak magnetic field effects are widespread in biology [1]. The strength of the magnetic field
in such phenomena can go below the magnitude of the geomagnetic field. Hypomagnetic fields,
which are near-zero fields and can be produced by shielding the Earth’s magnetic field, are also
known to impact biological functions [2-9], such as plants’ growth, development, and evolution
[2, 3, 8-10], reactive oxygen species [5], circadian rhythm [7], learning and memory [11] and so
on. Such effects, which are also often referred to as low field effects (LFEs), have been observed
in genetics, developmental processes, the circadian clock, neurons and the brain, and so forth. It
has also been suggested that extinction events on Earth [12] may be related to the changes in
geomagnetic field [13]. Early studies, motivated by the concerns around the health of astronauts
in outer space, concluded that exposure to hypomagnetic fields had adverse effects on human
health [14-17]. Apart from hypomagnetic field effects on animal and human cells and tissues,
deprivation in the geomagnetic field can influence the development of plants as well [8, 9]. It,
therefore, seems pertinent to conclude that the geomagnetic field may play essential roles in
living organisms, and diminishing it or making it disappear could result in adverse
consequences.

Earth’s magnetic field, depending on latitude, ranges from ~24 to ~66 yT [18], which is
hundreds of times smaller than the strength of a typical refrigerator magnet. Remarkably, the
scale of energies corresponding to the geomagnetic field is about a million times smaller than
thermal energies, kT (kg and T are the Boltzmann constant and temperature, respectively), at
biologically relevant temperatures. This makes any classical interpretation of hypomagnetic
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field effects in biology highly challenging. Thus far, the mechanisms
behind such effects remain elusive [19, 20]. It must also be noted that
classical models based on stochastic resonance [21], ion channels [22],
and magnetic induction [23] have also been proposed for weak
magnetic field effects in biology. However, for instance, in Ref.
[24], the authors show that the experimental observation supports
the radical pair mechanism based on cryptochrome for avian
magnetoreception.

It is known that applied magnetic fields can influence reaction
rates and vyields in certain chemical reactions [25-28]. The key
elements of radicals-transient

in these processes are pairs

molecules with an odd number of electrons in their outer
shell-that carry quantum spins. Electrons possess spins of S =1
Spin also has a magnetic feature, meaning that any other spins and
magnetic field around can influence the particle’s spin state (radical).
A pair of radicals can be formed by electron transfer between two
molecules or by breaking a chemical bond. A radical pair can be in a
singlet or triplet state, depending on the donor and acceptor
molecule’s spin configuration [29]. Spin is usually a conserved
quantity in reactions involving organic molecules, which is
essential for magnetic field effects in biochemical reactions
involving radical pairs [30]. In other words, depending on the spin
state of the radical pair, the chemical process will take either singlet or
triplet paths, resulting in different chemical yields.

It has been proposed that the radical pair mechanism underlies
many magnetic field effects across biology [1]. Radical pair models
have been proposed for LFEs [28], including avian magnetoreception
[31, 32], isotope effects on xenon anesthesia [33] and lithium effects on
mania [34], and magnetic field effects on the circadian clock [35]. In
recent studies, it is also suggested that radical pairs may explain
hypomagnetic field effects on hippocampal neurogenesis [36] and
microtubule reorganization [37]. The LFEs on radical pair reactions
have been extensively studied experimentally and theoretically
[38-43]. Here, based on the radical pair mechanism, we show that
changing the magnetic field experienced by a biological system from
the geomagnetic field to near zero can, under certain conditions, lead
to stronger effects than changing it from the geomagnetic field to a
much stronger field (Figure 2). We hence suggest that hypomagnetic
field effects are an interesting way of testing radical pair models.

2 Results
2.1 Spin dynamics

Starting from a singlet state, the initial spin density matrix for the
radical pair reads as follows:

1
0(0) = —P, 1
pO) =+ @
and for triplet initial state:
1 .7
) =—P, 2
p(0) i (2)
where
P =18y ® (S| ® 1, (3)
AT N
P ={IT.) & (Tl +|To) ®<To| +IT-) T} ®Tw, (4
- (5)
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M = ﬁ(ZI,« +1). (6)

Here P° and P' are the singlet and triplet projection operators,
respectively, M is the nuclear spin multiplicity, I; is the spin angular
momentum of i-th nucleus, and T,, is the n x n identity matrix.

For studying the spin dynamics of the radical pairs, it is essential to
consider the interactions between the unpaired electron spins on each
radical with each other, surrounding nuclear spins, and external
magnetic fields. All these interactions can be included in the
Hamiltonian of the system, H. The next step is solving the density
matrix equation:

dp(ty i

dt h

™)
where p(t) and H are the spin density and Hamiltonian operators,
respectively, i is the imaginary unit and % is the reduced Planck
constant. [, - ] denotes the commutator.

For simplicity, let us consider only the isotropic hyperfine (H ;)
and Zeeman (Hy) interactions. We neglect dipolar and exchange
interactions; it should be noted that including these terms in the model
can reduce the magnetic field sensitivity [36, 44]. However, this may be
compensated by potential amplification effects in the biological
systems [35, 45]. Of note, the anisotropic components of the
hyperfine interactions are only relevant when the radicals are
aligned and immobilised [46]. The Hamiltonian for this system
reads as follows:

Na N
H=Hz;+Hyp = _yeh(SA + SB) B+ Za,»ASAIiA + Za,«BSB - Ls,

®)

where y,, h, S/ B, aiasm Liasp, and Ny p are the electron magnetogyric
ratio, the Planck constant, the spin operators of electron A/B, the
magnetic field, the isotropic hyperfine coupling constants for electron
A/B, nuclear spin of i-th nucleus for electron A/B, and the number of
nuclear spins coupled to electron A/B, respectively.

Let us consider a minimal model comprising two electron spins, A
and B, where A is coupled to a spin-1/2 nucleus, §A ® iA ® SB, and the
magnetic field has only z component, B,. In this case, the Hamiltonian
has the following form:

'%+Bzoo o 0o 0o 0o 0 ]
a
o 2 o0 0 0 0 0 0
4
a
0 0-5+B. 0 % 0 0 0
000——BZ0§00
H= ©9)
a a
o0 2 o 2 0o o0 o
2 1
a
o 0o o 2 o-2-Bo o
2
a
0 0 0 o 0 o 2 o
1
a
0 0 0 0 0 0o 0%-B

where a is the hyperfine coupling constant. The normalized eigenstates
of this system, y;, are the following:
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FIGURE 1

Dependence of the eigenenergies on B. Eigenenergies of three
states that overlap with the singlet initial state as a function of the applied
magnetic field with a hyperfine coupling constant of 1,000 uT.
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Vs = 2E|T>A QN5 — |l>A TN ®I1T)5s

v = ﬁmA ® |Lon ® 105 - Sg%”)lm &My @ 15
v, =10a® 1y @ 5

v =Da®|Dn®]LDs

where a = B-4, £ = |(x|2+‘1—2,5= \/m,andn:4B—3a.

In this simple model, we assume the radical pairs are initially in a
singlet state and the nuclear spin is up. In the rest of this paper and the
expression for the singlet yield in this section, the initial nuclear states
are averaged over:

% (IDaels=-1ae D) @Dn

=%(|T>A®|T>N®|l>3—|l>A® Tn ® 175). (11)

This initial state overlaps with three out of eight eigenstates of the
system, ¥, y3, and ys. At extremely low fields, two of these three states
are degenerate. The third one is split from the other two by the
hyperfine interaction, as shown in Figure 1. Due to this, even in
hypomagnetic conditions, this energy difference results in S-T mixing.

Following the work of Timmel et al. [28, 43], the chemical fate of
the radical pair can be modelled by separating spin-selective reactions
of the singlet and triplet pairs. For simplicity, it is assumed that k = kg =
kr, where ks and ky are the singlet and triplet reaction rates,
respectively. The final singlet yield, ®*, for periods much greater
than the radical pair lifetime reads as follows:

O k[ By (et
0

4M 4M
1

51 2 2 [omP

|2 k(k + r)
(k+1)" + (@ = wp)”
(12)

"2 4(k+r)
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FIGURE 2

Dependence of the fractional singlet yield on B. Dependence of the
fractional singlet yield for (a) singlet-born (®°°) radical pair on the
external magnetic field B with one isotropic hyperfine coupling of
1,000 uT for different relaxation rate, r, and reaction rates, k. There

is a peak in the hypomagnetic field range for most values of k and r. The
peak diminishes when the reaction rate is slower than the spin relaxation
rate. One can also see that there is a dip at intermediate field values, then
a rise at higher fields, but this rise is not as high as the peak for the
hypomagnetic field range (see the inset).

where the fractional triplet yield can be calculated as @' =1 — @59,
Similarly, if the radical pairs start off in triplet states, the singlet yield
fraction reads as follows:

4M 4M

Z 2 [<ml? i of

1 k
12(k+r) 3M

k(k+r)
(k+7) + (0 — @,)"
(13)

oS =

Applied magnetic fields can alter the fractional singlet/triplet yield.
Figure 2 shows the dependence of the fractional singlet yield for
singlet-born radical pairs for different sets of relaxation rate, r, reaction
rate, k, and one isotropic hyperfine coupling constant. It is clear that
there is a peak in the hypomagnetic field range for most values of k and
r. It is noteworthy that the peak diminishes when the reaction rate is
slower than the spin relaxation rate. One can also see that there is a dip
at intermediate field values, then a rise at higher fields, but this rise is
not as high as the peak for the hypomagnetic field range. In the
considered parameter range, the radical pair mechanism thus predicts
quite significant hypomagnetic field effects. It should also be noted
that the case of triplet-born and singlet-born radical pairs have the
same behavior, but with peaks and dips exchanged.

2.2 Hypomagnetic field effect

One can define hypomagnetic field effects, A® gy r.Gmr (similar
to previous works on LFEs, e.g., Ref. [28]), as the absolute value of the
ratio of the difference between the singlet (triplet) yield at near zero
magnetic fields (1 4T) and at the geomagnetic field range (50 4 T) over
the singlet yield at near-zero magnetic field:

o) _ il

HMF GMF

o)

HMF

A®;1(1{/1)FHGMF > (14)
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FIGURE 3

Dependence of A@i‘j}%w ona, r, k. One of the radicals is coupled to

a nucleus with %—spin and the other one with no hyperfine interaction. The
hypomagnetic field effects are more evident when the hyperfine coupling
is larger than the spin relaxation and reaction rates. This is even more
pronounced when the spin relaxation is slower than the reaction rate. If the
hyperfine coupling constant is much larger than the reaction and spin
relaxation rate, the hypomagnetic field effects can reach considerable
values (say >10%) for a < 20,000 uT (e.g., Blue curve). y. = 1.76 X

10% s T is the electron magnetogyric ratio. Due to the dominance of the
hyperfine interaction over the Zeeman interaction, for too high values of
the hyperfine coupling constant, there are no hypomagnetic field effects;
this depends on the relaxation and reaction rates.

S(S)

AB; e s cnes a=10004T

log (v/s™")

10.3389/fphy.2023.1026460

where i, j = {S, T}.

We numerically explore the hypomagnetic field effects for the
radical pair model using Eq. 14. This is particularly relevant for
experiments based on screening the geomagnetic field (of which
there are quite many) [1].

Figure 3 shows the dependence of the hypomagnetic field effect on
the hyperfine coupling constant for different sets of relaxation and
reaction rates. It is worth noting that the hypomagnetic field effects are
more evident when the hyperfine coupling is larger than the spin
relaxation and reaction rates. This is even more pronounced when the
spin relaxation is slower than the reaction rate. It is also worth
mentioning that if the hyperfine coupling constant is much larger
than the reaction and spin relaxation rate, the hypomagnetic field
effects can reach considerable values (say >10%) for a < 20,000 uT.
For too high values of the hyperfine coupling constant, there are no
hypomagnetic field effects. This is due to the fact that, for all different
rates, at far too large hyperfine couplings, the hyperfine interaction
dominates the Zeeman interaction, and hence there are no quantum
beats.

Figure 4 shows the hypomagnetic field effects based on the singlet
yield ratio with singlet initial states, ©*, where that one of the radicals
is coupled to one nuclear spin-1 with a hyperfine coupling of 1,000 yT.
The effect is higher than 10% when k € [10°-10”] s' and r < 10°s™".
The maximum value for hypomagnetic field effects for singlet-born
radical pairs reaches ~40%.

%

T

30

20

log (k/s™")

FIGURE 4

Dependence of A@ff,\f,’FHGMF onk and r. The hypomagnetic field effect is based on the singlet yield ratio of 1 uT (HMF) over 50 uT (GMF) with singlet initial
states. In this model, one of the radicals has no hyperfine interaction, and the other one is coupled to one nucleus with an isotropic hyperfine coupling
constant of a = 1,000 uT. The hypomagnetic field effects are significant when r < 10° s, k € [10%®, 10%°] s, and k < r.
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FIGURE 5

Comparing different signs for the hyperfine couplings in the case of multiple nuclei. Dependence of A@HMFHGMF on k, r, and signs of the hyperfine
coupling constants. The hypomagnetic field effect is based on the singlet yield ratio of 1 uT (HMF) over uT (GMF) with initial singlet states. In this model, one of
the radicals has no hyperfine interaction and the other one is coupled to two nuclei with these isotropic hyperfine coupling constants: (A) a;, = { + 500, +
500}uT, (B) aiso = { + 500, — 500}uT, (C) aeiso = 500V2uT. The signs of the hyperfine couplings have a negligible impact on the fractional yield for the

Most organic radicals possess several nuclei carrying spin with
positive or negative isotropic hyperfine coupling constant. Figure 5
shows the dependence of the hypomagnetic field effect on spin
relaxation rate and reaction rate for these sets of isotropic
hyperfine coupling constants: a;, = { + 500, + 500}uT, a;, = { +
500, — 500}uT, and a.s, = 500v2uT. The signs of the hyperfine
couplings have a minor impact on the fractional yield for the
hypomagnetic field effects. Here, one of the radicals is coupled to
two nuclei, and the other radical has no hyperfine interaction. a,;, is
the effective hyperfine coupling constant:

Frontiers in Physics

hypomagnetic field effects. The effective coupling constant has a stronger effect than the other coupling constants.

Aeiso = (15)

4 N
g zaiin (I, + 1).
i

The effect is higher than 10% when k € [10°-107] s and r <
10°s7". In this range of parameters, the effective hyperfine coupling
constant shows stronger effects relative to the other sets of couplings.

In the present work, the second nuclear spin was considered to be
on the same radical as the first one, and the other radical had no
hyperfine interaction. It should also be noted that when the second
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(triplet) yield with triplet (singlet) initial states, ®°7 (®™).
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Impact of the initial state of the radical pairs (singlet or triplet) on the hypomagnetic field effects. The hypomagnetic field effect is based on the singlet
yield ratio with initial singlet states (A), the triplet yield ratio with initial singlet states (B), the singlet yield ratio with initial triplet states (C), and the triplet yield
ratio with initial triplet states (D). In this model, one of the radicals has no hyperfine interaction, and the other one is coupled to an isotropic hyperfine coupling
constant of @eiso = 1,000 uT. The effect is evident when k € [10°-107] s"*and r < 10° s~ However, the effect is more pronounced when is based on singlet

10.3389/fphy.2023.1026460

nucleus is not in the same radical as the first one, the hypomagnetic
field effect should be extremely small [28].

We also investigate how the initial state of the radical pairs (singlet or
triplet) impacts the hypomagnetic field effects. Figure 6 shows the
hypomagnetic field effects based on singlet/triplet yield with singlet/
triplet initial states. The effect is evident when k € [10>-107] s and r <
10° s™". However, the effect is more pronounced when it is based on singlet
(triplet) yield with triplet (singlet) initial states, @™ (®""), whereas the
effect based on triplet yield with triplet initial states, ®", is less than 10%.

We also considered the effects of the exchange interaction:
H;=JS,-Ss (16)

where J is the exchange coupling. Figure 7 shows that coupling
of =50 uT can significantly attenuate the hypomagnetic field effects.

Frontiers in Physics

A priori for low field effects inter-radical spin-spin interactions would
need to be < 50 4T, which requires >3.5 nm distance between the
radicals. This challenges the radical pair mechanism because electron
transfer may be slower than spin relaxation for relatively large
distances. However, Ref. [47] showed that LFEs can be significant
for much smaller separation of order 2 nm where the effects of
exchange and dipolar interactions partially cancel.

We also explored the effects of small fluctuations on the
hypomagnetic field. We considered an oscillating magnetic field

with field with a low frequency and intensity:
B =By + B, cosa,

17)

where B, is the small fluctuating field. As the lifetime of radical pairs is
much shorter than the frequency of the applied magnetic field, the
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FIGURE 7
Effect of exchange interaction on the hypomagnetic field effects. The hypomagnetic field effect is based on the singlet yield ratio with initial singlet states
without (A) and with (B) the exchange interaction. The exchange interaction coupling is =50 uT. In this model, one of the radicals has no hyperfine interaction,
and the other is coupled to an isotropic hyperfine coupling constant of ag;so = 1,000 uT. The exchange interaction significantly attenuates the hypomagnetic
field effects.
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FIGURE 8
Effect of small fluctuation on the hypomagnetic field effects. The hypomagnetic field effect is based on the singlet yield ratio with initial singlet states
without (A) and with (B) fluctuating magnetic field of 5 uT with low frequency. In this model, one of the radicals has no hyperfine interaction, and the other one
is coupled to an isotropic hyperfine coupling constant of ae;so = 1,000 uT. The fluctuating field does not change the hypomagnetic field effects significantly.

effect of the fluctuation can be treated as static during the lifetime of a 3 Discussion
radical pair [43, 48].

In the present work, we aimed to show the hypomagnetic field
@5 (By, B1) = —J @5 (B)da. (18)  effects may be an interesting platform for testing the radical pairs
models as the underlying mechanism behind the weak magnetic fields in
Figure 8 shows the effect of 5 yT fluctuating magnetic field with  biology. The results indicate that the response of biological systems
low frequency on the hypomagnetic field effect, where including this ~ going from the geomagnetic field strength to the hypomagnetic field
does not change the results significantly. regime may be more pronounced than going from the geomagnetic field
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to higher fields, as shown in Figure 2, which shows clearly that the peak
at the low field can be higher than the effect of strong fields. The peak
diminishes when the reaction rate is slower than the spin relaxation rate.
The hypomagnetic field effects are also more evident when the hyperfine
coupling is larger than the spin relaxation and reaction rates. The effects
exhibit negligible dependence on the signs of the hyperfine coupling
constants, where the effective coupling constant has a larger effective
size relative to the individual hyperfine interactions for multi-nuclei
interaction. We also explored the impact of the initial state of the radical
pairs (singlet or triplet) on the hypomagnetic field effects. We concluded
that the effect is more pronounced when it is based on singlet (triplet)
yield with triplet (singlet) initial states. We also showed that the
exchange interaction can significantly attenuate the hypomagnetic
field effects. The effect of small fluctuating magnetic fields on the
hypomagnetic field effect was insignificant.

It should be noted that the radical pair model considered in the
present work is simplified, where the reaction rates for singlet and
triplet yields and the spin relaxation for both radicals are assumed
equal. More realistic models of the radical pairs may provide further
insight into the underlying mechanism behind these phenomena, e.g.,
solving the master equation and considering the role of entanglement,
dipolar, and exchange interactions in the models.

It should also be noted that an extended version of the radical
pair mechanism, the radical triad mechanism [49-51], has been
proposed as an explanation for weak magnetic field effects. Radical
triads may provide more sensitivity and circumvent issues such
as weakening effects from dipolar interactions and fast spin
relaxation of superoxide. There are several pieces of evidence that
radical pairs or triads may be involved in the response of biological
systems to weak magnetic fields [32, 52]. However, both approaches
demand more supporting evidence, and this question is under active
investigation.

A considerable amount of evidence shows that shielding the
geomagnetic field has direct biological consequences, which in
some cases could be detrimental. This could also be pertinent for
the quest for life on other planets with different magnetic fields,
including Mars, which has zero magnetic fields [53, 54].

Studies suggest the Laschamp excursion-the most intense
geomagnetic event occurring over the last 50 kyr, with a quasi-
reversed polarity of the geomagnetic field-in combination with the
Grand Solar
concentration and circulation of the atmospheric ozone, increased

Minima, initiated substantial changes in the
atmospheric ionisation and ultraviolet radiation levels, leading to
global climate shifts that caused major environmental changes [55].
They concluded the excursions of the geomagnetic field could be
potentially harmful to life. In other words, they proposed an indirect
impact of the geomagnetic field deprivation on the mass extinction

indirectly via the atmosphere.
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