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Abstract Recent discoveries of superconducting phases in the samples of meteorites suggest
the possibility of a natural occurrence of superconducting state in space. Superconductors are
known to exhibit interesting behaviours when subjected to external magnetic fields, such as
levitation. Similar force may act on a superconducting bit in space. The goal of this paper is
to quantify this force and assess its effects. Several scenarios in which a superconducting bit
can be produced and interact with a magnetic field in space are suggested. The force acting
on a superconductor in different conditions is calculated with numerical simulations. The
dependence on a magnetic flux density, its gradient, and the geometry and the properties of
the superconductor are found. The empirical formulas are derived and used to calculate a
magnetic force. The resultant force is extremely weak in all analysed scenarios. It is found that
its strength decreases rapidly with the distance from the source of the magnetic flux. Its effect
on trajectory of the superconductor is almost negligible. Some possibilities of increasing its
strength and the effects are considered.

1 Introduction

Naturally occurring superconducting phases were recently found by Wampler et al. [1] in the
samples from two meteorites—iron meteorite Mundrabilla and ureilite GRA 95205 using
magnetic field modulated microwave spectroscopy [2]. Some other hints were observed
earlier by Guenon et al. [3]. This discovery prompts to analyse the possible effect of super-
conductivity on the behaviour of celestial bodies and quantify the strength of a magnetic
force acting on possible superconducting bodies in space.

The presence of natural superconductors on Earth is rare, and the search for them yielded
mixed results [4]. Superconductivity in natural terrestrial minerals was observed in covellite
by di Benedetto et al. [5] cooled down below its Tc of 1.63 K, and in miassite, with Tc of
5.4 K [6]. Some elements naturally present in native form are superconductors too. Notably,
Tc of tin is 3.72 K and of lead is 7.19 K [7]. It was the alloy of these elements (along
with indium), which was detected by Wampler et al. [1]. Another candidate for a space
superconductor are some types of diamonds. They are quite abundant, both in stardust with
sizes of approximately 2 nm [8] and as larger grains, up to 100 μm [9]. Boron-doped diamonds
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were found to be superconducting at 4 K by Ekimov et al. [10]. Typical temperatures of grains
in space were estimated as 5–15 K by Greenberg [11]. This is in line with values of 8–20 K
expected in cold dark clouds by Bergin and Tafalla [12]. These temperatures are higher
than Tc of most of the mentioned superconducting materials, rendering the chances of them
exhibiting superconductivity in natural conditions slim. Tc of more complex compounds can
be significantly higher. Doped C60 was observed to be superconducting at 40K [13], and the
presence of similar structures in space was described by Maier and Campbell [14].

The most prominent example of a compound superconductor with relatively simple struc-
ture and high Tc of 39 K is magnesium diboride, which properties were discovered by
Nagamatsu et al. [15]. Nanoparticles of MgB2 can be formed from elemental powders at
temperatures above 750 K [16,17]. The effect of impurities on the quality of a superconduc-
tor is non-negligible and was shown by Glowacki et al. [18] to decrease Tc even to 22 K. The
possibility of formation of MgB2 during a meteorite impact and subsequent ejection to space
cannot be ruled out [19,20], especially given the presence of both magnesium and boron on
the planetary surfaces [21,22]. Therefore, the existence of a superconducting state in space,
while still hypothetical, is possible.

A magnetic force is exerted on a superconductor when it interacts with the external mag-
netic fluxes. In terms of the experimental and numerical analysis, the most relevant data come
from the investigations of magnetic levitation [23]. Significant differences were observed
between field cooling (FC) and zero-field cooling (ZFC) conditions [24]. It was also found
that the increase of temperature, leading to the decrease of critical current Jc, negatively
affects the strength of levitation force, as shown by Bernstein et al. [25]. The results of
numerical modelling of levitation systems were published by Anischenko et al. [26] and Qin
et al. [27]. While providing a useful point of reference, the research on levitation is mostly
performed using small-scale systems with permanent magnets serving as the sources of the
magnetic flux. The results obtained with such setups are susceptible to the geometry of the
magnet and the superconductor, as shown by Yang et al. [28].

Compared to the magnetic fields used during the mentioned experiments, the magnetic
fields in space are of much larger scale and generally more uniform in terms of local gradients
[29]. Stars can be sources of considerable magnetic fluxes. Typical magnetic flux density on
the surface of the Sun ranges from 1.5 × 10−3 T to 2.5 × 10−3 T, in sunspots it reaches
1.5×10−1 T [30]. Even stronger fluxes (with densities estimated as 1.5×10−1 T) are produced
by smaller, rapidly rotating M dwarfs [31]. The strongest known sources of magnetic flux
in the Universe are magnetars, with magnetic flux density of more than 1010 T [32]. In the
context of superconductivity, stars and star-related objects are problematic due to their high
surface temperature (in the case of magnetars it is more than 106 K, as estimated by Gao et
al. [33]), and high energy output, leading to high equilibrium temperatures in their vicinity,
dropping below Tc only at large distances.

Planetary magnetic fields range greatly in size and strength. In most cases, the source of
their magnetic flux is convection in liquid or metallic cores, an effect known as a planetary
dynamo [34]. Gas giants can have large magnetospheres and generate relatively strong mag-
netic fluxes [35]. Equatorial magnetic flux density of Jupiter is reported as 4.17 × 10−4 T,
with maximum values on the surface reaching 2 × 10−3 T [36]. Rocky planets, if a liquid
core is present and sufficiently active, also can have magnetospheres. Magnetic flux density
on the surface of the Earth ranges from approximately 2.3 × 10−5 T to 6.6 × 10−5 T and is a
subject to constant change [37]. Thus, it is stronger than Saturn’s. Equilibrium temperatures
close to the Earth, however, are significantly higher than Tc of any known superconductor.

An interesting possibility of interaction between a planetary dynamo and a supercon-
ducting bit arises when considering unbound and wide-orbit planets. Stevenson [38] gave
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an example of a planet ejected from a planetary system and maintaining bodies of water on
its surface. Due to the thick atmosphere, such a hypothetical planet would have an effective
temperature of approximately 30 K, giving equilibrium temperature around it well below
Tc of MgB2. Meanwhile, high temperature on the surface would be kept thanks to dense
and thick atmosphere, nuclear reactions in its interior and residual heat from the time of its
formation. The latter implies the presence of the convective currents, which could lead to
the generation of a magnetic flux. Another possibility of heating the interior are tidal forces
possibly acting on moons of unbound planets [39]. Brown dwarfs also can act as unbound
sources of strong magnetic fluxes (with densities up 4.1×10−1 T) with relatively low surface
temperatures estimated as slightly above 800 K [40].

The goal of this paper is to analyse the behaviour of a small superconducting bit in a
magnetic flux that could be generated by a larger celestial body. In order to achieve this goal,
a number of numerical simulations are performed to develop simple empirical formulas for
a magnetic force acting on a superconductor interacting with a magnetic flux with a given
density and its gradient. The formula should also take into consideration the properties of
a superconducting material, such as critical current density Jc and Tc, its geometry. For
continuity, the results from numerical calculations used to find the formulas for magnetic
force are presented along its formulation in methods. Then, the magnetic force acting on
a superconducting bit is calculated in different scenarios. The analysed scenarios include
orbiting around a Sun-like star, a magnetar, a brown dwarf, and a rogue planet exhibiting an
Earth-like magnetosphere.

2 Methods

To calculate a magnetic force acting on a superconductor in different conditions, a numer-
ical model is developed in COMSOL Multiphysics. Magnetic field formulation package is
employed, which uses H-formulation for calculation of the magnetic fields and current den-
sities, as described further. Several assumptions are made to simplify the numerical model
and ease the extraction of dependencies on several factors. The calculations are performed in
2D with circular and rectangular geometries presented schematically in Fig. 1. In the actual
model, the environment region is much larger than a superconducting region. It is modelled
as a vacuum with relative magnetic permeability μr equal to 1. Because of that, the magnetic
induction B on the edges of the modelled region can be found as μ0H , where μ0 is magnetic
permeability of vacuum and H is magnetic field.

Prescribed value of B is applied as boundary condition on the edges. It is assumed that
it has only one nonzero component By . Analyses are performed for different combinations
of background magnetic induction Bb and its gradient along axis x , ∇By(x) The example
value of By versus time is presented in Fig. 2a. Initially By is 0 on both edges. During the
first 0.25 s, it is increased to the value Bb used at a given modelling run, resulting in uniform
applied By across all boundaries. It is maintained as such for 0.75 s to allow for relaxation.
Then, ∇By(x) is gradually increased. After each increase, the applied By is constant for the
period of 1 s and the total value of magnetic force is read at the end of this time. ∇By(x) is
changed to have positive and negative values as shown in Fig. 2b to account for the possible
hysteretic effects.

μ0
∂H
∂t

+ ∇ × E (J) = 0 (1)
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Fig. 1 General geometry of the numerical model for finding the formulas for magnetic force acting on a
superconductor, and the applied boundary conditions

(a) (b)

Fig. 2 Boundary conditions in the numerical model versus time. a Values of By in T prescribed on the edges
of a 5-m-wide model region versus time, with the background magnetic induction Bb of 0.1 T and maximum
gradient along axis x By(x) of 0.01 T. Bl is the value prescribed on the left edge, Br is the value prescribed on
the right edge. b ∇By(x) in T/m at the same conditions

H-formulation is based on the work by Pecher et al. [41], which in turn is based on Maxwell’s
formulas. H-formulation is widely used in modelling of superconductors [42], and it has been
successfully applied to model the levitation behaviour of a superconductor by Sass et al. [43].
While applying the formulation, it is assumed that the excitation frequencies are low, allowing
to use the quasi-static electromagnetic model. With these assumptions, Faraday’s equation
takes form of formula 1. The magnetic field is denoted as H, the electric field is E, t is time,
μ0 is magnetic permeability of vacuum and J is electric current density.

J = ∇ × H (2)

To satisfy Ampere’s law, J is expressed with formula 2, also being a quasi-static approxima-
tion.

E = J
σ

(3)

Two different formulas are used to find E in different regions of a model, as shown in
Fig. 1. In a non-superconducting environment region, representing vacuum surrounding a
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superconductor,E is found with formula 3. σ here is electrical conductivity. In H-formulation,
slightly unphysically, a very small value (less than 1000 S/m) of σ has to be attributed to the
environment region to maintain a numerical stability.

E =
{
E0

( |J|−Jc
Jc

)n
J

|J | when |J| ≥ Jc

0 when |J| < Jc

(4)

Current–voltage characteristics of a superconductor is highly nonlinear. To account for that
in a superconducting region, E is calculated depending on a current density J with the power
law (formula 4). In this formula, Jc is a critical current density. During the calculations of the
magnetic force, it is assumed as constant for a given case, to ease the extraction of the effect
of its value on the force. In further calculations, the dependence on the magnetic induction
and temperature is introduced. Similarly, the exponent of power law n is assumed to have a
constant value of 40. Threshold electric field E0 is assumed as 100 μV m−1 [44]. To account
for the finite size of the superconducting bit, a constraint setting the total value of the electric
current in the superconducting region to 0 is imposed. The numerical mesh used in the model
is very dense in the region close to the surface of superconductor, where the shielding electric
currents are expected to appear.

fL = J × B (5)

Lorentz force density fL is calculated using formula 5. Since a 2D model is used, only a total
force per unit length Fm/L can be found. This value is the integral of fL over the surface of
superconducting region. In order to find the total value of the magnetic force Fm , Fm/L has
to be multiplied by L , taking into consideration the shape changes along z axis, perpendicular
to the xy plane shown in Fig. 1.

The origin of net Fm acting on a superconductor is the inhomogeneity of the density of
electric current, which arises from the inhomogeneity of Bb. Thus, the net Fm appears only in
a non-uniform background magnetic flux. The strength of Fm is affected by several factors.
The ones considered in this paper are strength and degree of non-uniformity of Bb, material
properties of the superconductor represented by Jc, and the geometry of the superconducting
bit. To quantify their effect, the numerical computations are performed in the wide range
of possible values and the resulting Fm is calculated. The base values in the computations
are: background magnetic flux density of 1 mT, diameter of superconductor (for circular
geometry) or side length (for rectangular geometry) of 0.02 m and critical current density Jc

of 2 × 108 A/m2.
Dependence of Fm on Bb and its gradient is presented in Fig. 3. For a given Bb, the

strength of Fm rises linearly with its gradient, as shown in Fig. 3a. No significant dependence
of strength and direction of Fm on an angle between Bb and ∇Bb is observed. It is important
in the considerations of the effect of geometry—different formulas apply for the dimensions
in different orientations, as shown further. The net Fm always acts towards decreasing Bb. In
further analysis, the values of Fm obtained for a given parameter are collectively considered
in terms of a linear coefficient a to help in the representation of dependencies. a of Fm

L (∇B)

increases linearly with Bb in a wide range of its strength.
Some deviations from the linear dependence of a on Bb can be seen in Fig. 3b for very

low and high values of Bb. The source of the deviation in the lower range of Bb is the
reversal of direction of By occurring in the superconductor region even a when a very small
gradient is applied. Additionally, in such conditions the shielding currents flow in the layer
much thinner than the resolution of a numerical mesh. Thus, it can be safely assumed that
the validity of linear fit extends into the low Bb range. In the case of high Bb, a magnetic
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(a) (b)

Fig. 3 Dependence of |Fm |/L onBb and ∇Bb . a |Fm |/L as the function of ∇B for differentBb , b dependence
of directional coefficient a—the slope of |Fm |/L on Bb . The dependence appears to become nonlinear for
very low and high values of Bb

(a) (b)

Fig. 4 Dependence of |Fm |/L on critical current density Jc. a |Fm |/L as the function of ∇Bb for different
Jc, b directional coefficient a of |Fm |/L versus ∇Bb with a hyperbolic tangent fit

flux can penetrate the superconductor beyond the surface layer, leading to more complex
patterns of the shielding currents. The values of Bb, in which the deviation is significant, are
higher than the ones realistically encountered in space by a superconductor. Thus, the linear
fit is sufficient for the purpose of the analysis carried out in this paper. Hysteretic effects are
negligible in every analysed case.

|a| = b1 · (tanh (b2 · Jc + b3))
b4 (6)

Values of |Fm |/L versus critical current density Jc are presented in Fig. 4. The effect of
changing Jc even by several orders of magnitude appears to be rather weak in Fig. 4a, but the
analysis of the directional coefficients reveals a clear dependence shown in Fig. 4b. A good
fit is obtained with formula 6.

The values of fitting parameters for b1 to b4, respectively, are: 0.248, 7.95 × 10−9, -
0.075 and 1.48 × 10−2 for Jc given in A/m2. The observed dependence comes from lower
local J and the deeper penetration of a superconductor by the magnetic flux, resulting in the
lower local values of fL acting on superconductor and, ultimately, a smaller net Fm . It can
be expected that with Jc approaching 0, Fm will disappear whatsoever, as there will be no
shielding currents.

The effect of the superconductor geometry onFm is analysed for two geometries—circular
and rectangular. Dependence of Fm on radius r of a circular superconductor is presented in

123



Eur. Phys. J. Plus         (2021) 136:730 Page 7 of 15   730 

(a) (b)

Fig. 5 Dependence of |Fm |/L on r . a |Fm |/L as the function of ∇Bb for different r , b directional coefficient
a of |Fm |/L versus ∇Bb with a quadratic fit

Fig. 5. Figure 5a shows the results of numerical calculations for different values of r . The
value of directional coefficient increases with the square of r , as can be seen in Fig. 5b. In a
magnetic field with a constant gradient, the total difference of magnetic flux density across
the superconductor rises linearly with increasing r . Similarly, the circumference of the ring
in which the shielding currents are flowing also increases linearly, as it is proportional to
radius of a circle. The combined effect of these factors gives rise to the observed quadratic
dependence.

In the case of the rectangular geometry, the increase of the dimension of the superconductor
parallel to ∇Bb has a very similar effect, as shown in Fig. 6. In the presented analysis, this
dimension is the width of the sample and is represented as ratio kw = w/h. As in previous
case, the increasing difference of Bb across the superconductor, and of the surface where the
non-symmetric currents appear, combine to form a quadratic dependence (Fig. 6b). The effect
of changing the height of the sample (the dimension perpendicular to ∇Bb) can be described
by a logarithmic function defined with formula 7. The results of fitting and calculations for
changing height are shown in Fig. 7. The fitted parameters c1, c2 and c3 are 0.106, 21.57 and
11.78, respectively.

|a| = c1 · ln

(
c2

kw

+ c3

)
(7)

FS

L
= Cc · |B| · ∇B · r2 · (tanh (b2 · Jc + b3))

b4 (8)

FS

L
= Cr · |B| · ∇B · w2 · (tanh (b2 · Jc + b3))

b4 · ln

(
c2 · h

w
+ c3

)
(9)

Based on the above considerations, formula 8 is used to find |Fm |/L acting on a circular cross-
section of a superconductor. Analogically, formula 9 is used for rectangular cross-sections.
The value of constant Cc is approximately −2.49 × 106 and Cr is −2.67 × 105, when all
parameters are given in SI units.

FS = 2

3
Cc · |B| · ∇B · r3 · (tanh (b2 · Jc + b3))

b4 (10)

FS = Cr · |B| · ∇B · w3 · (tanh (b2 · Jc + b3))
b4 · ln

(
c2 · h

w
+ c3

)
· ln

(
c2 · L

w
+ c3

)
(11)
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(a) (b)

Fig. 6 Dependence |Fm |/L on ratio kw between width and height w/h, with the base height of 0.2 m. a
|Fm |/L as the function of ∇Bb for different kw , b directional coefficient a of |Fm |/L versus ∇Bb with a
quadratic fit

(a) (b)

Fig. 7 Dependence of |Fm |/L acting on a rectangular superconductor on 1/kw , with the base width of 0.2 m.
a |Fm |/L as the function of ∇Bb for different 1/kw , b directional coefficient a of Fx/L versus ∇Bb with a
logarithmic fit

As mentioned, to obtain the formulas for force acting on 3D objects, formulas 8 and 9 have to
be integrated along z axis. In the case of a rectangular prism, the logarithmic dependence has
to be considered as well. The resultant formulas are 10 for a sphere and 11 for a rectangular
prism.

The presented formulas are valid for |Bb| lower than approximately 1 T. They do not
consider the effects of field cooling of a superconductor, and the fitted values of parameters
are only approximations. Nevertheless, the formulas are sufficiently accurate to provide the
realistic values of forces acting on a superconductor in space and to allow the prediction of
its behaviour.

In the view of the reasoning presented in Introduction, the most realistic candidate for a
superconductor naturally present in space is MgB2 and its material properties will be used in
further calculations. Since it is characterised by low anisotropy [45], Jc is assumed to depend
only on magnetic flux density B and temperature T . The values are interpolated based on
experimental results gathered by Buzea and Yamashita [46] and shown in Fig. 8. The analysed
superconductor is assumed to be a spherical piece of pure MgB2 with the radius of 0.02 m.

Teq = Tbody

√
R

2s
(1 − AB)1/4 (12)
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Fig. 8 Values of critical current
density Jc of MgB2, depending
on temperature and magnetic flux
density, used in trajectory model
(based on data from Buzea and
Yamashita [46])

A temperature of a superconducting bit is assumed to be equal to equilibrium temperature
Teq at a given location, found with formula 12. In this formula, Tbody is an average surface
temperature of a celestial body interacting with a superconductor, which is treated as a black
body. R is the celestial body’s radius, s is the distance between the interacting objects and
AB is Bond albedo of a superconductor, assumed as 0.25. The values of Tbody are listed in
Table 1.

Calculation of B is based on a simple numerical model, assuming that a celestial body
is a spherical region with an electric current flowing around its axis in angular direction. In
other words, the body is treated as a spherical electromagnet. Current density is assumed to
be uniform across the volume of the body and its value is selected so the maximum |B| on the
surface matches the assumed one, according to Table 1. Further calculations are performed
only on the surface perpendicular to the axis of the current, where only a single component Bz

of B exists. The obtained values of magnetic flux density are then fitted to find the exact value
at a given distance from a body. Gradient is calculated numerically based on the interpolated
data.

Table 1 lists several feasible scenarios in which a superconducting bit can interact with
bodies generating magnetic flux. Scenario A assumes that a superconductor is interacting
with a Sun-like star with the magnetic flux on its surface chosen as the average of a typical
range. In scenario B, an interaction with a magnetar is considered, including extremely high
magnetic flux densities and temperatures. In scenario C, a relatively low-temperature brown
dwarf is selected as a magnetic flux source. Finally, in scenario D a rogue planet with surface
magnetic flux density similar to Earth is considered, the major difference being significantly
lower effective surface temperature than Earth’s.

FG = G
mB · mS

d2 (13)

In each scenario, the values of Fm obtained with formula 10 are compared with gravitational
force FG . Calculation of FG is performed using a standard formula (13). G is gravitational
constant, d is distance between centre of mass of an orbited body and a superconductor. The
ratio |Fm | / |FG | is calculated at each respective point. At all considered scenarios, the two
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Table 1 Analysed scenarios Parameter Radius Tbody Surface B Mass mB
Unit m K mT kg

A - Yellow dwarf 7·108 6000 2 1.989 · 1030

B - Magnetar 2·104 106 1013 2.5 · 1030

C - Brown dwarf 9·107 800 102 8 · 1028

D - Rogue planet 7·106 35 5·10−2 6 · 1024

Fig. 9 a Equilibrium temperature around a rogue planet, b resultant critical current density

forces are acting in opposite directions—FG pulls a superconducting bit towards a larger
body, while Fm repels it.

3 Results and discussion

The calculated values of Fm acting on a superconductor are very small at each scenario.
The strongest Fm is found with the assumptions from scenario D (rogue planet). The values
obtained with this scenario are presented in the following figures. Equilibrium temperature
and critical current density are shown in Fig. 11. In all scenarios, the strength of B has a
negligible effect on critical current density, and its value is almost completely determined by
temperature.

Critical temperature of bulk MgB2 at the conditions of almost zero magnetic field is 39 K.
However, according to the data from Buzea and Yamashita [46], the temperature at which Jc

of MgB2 reaches the values higher than 5 × 106 A/m2 is 31.05 K. The considerations shown
in Fig. 4 indicate that when Jc is below this value, there is almost no magnetic force present.
Assuming a uniform temperature distribution of a rogue planet surface, a temperature of
31.05 K is achieved at the distance of approximately 7340 km from its centre, approximately
340 km from its surface (Fig. 9a). Critical current density increases with the distance and
decreasing equilibrium temperature, as shown in Fig. 9b.

B and ∇B quickly decrease with the distance from the planet centre—magnetic induction
decreases as 1/d3 and gradient as 1/d4. B is very weak and uniform—maximum strength
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Fig. 10 a Magnetic induction, b gradient of magnetic induction

Fig. 11 a Strength of force due to magnetic interaction between superconductor and a magnetic field of a
rogue planet, b ratio between the strength of magnetic force and gravity

in the considered region is 5 × 10−5 T (Fig. 10a) and maximum ∇B is 1.05 × 10−11 T/m
(Fig. 10b). It leads to extremely small values of Fm .

As shown in Fig. 11a, despite the relatively low critical current density, Fm is strongest
in the region closest to the planet, almost immediately after the equilibrium temperature is
below the critical temperature. The maximum found value of Fm is only 4 × 10−15 N for the
considered sphere of MgB2 with r of 0.02 m. With the used assumptions, both the gravitational
force and the magnetic interaction force depend on r as r3. Thus, the ratio between the
two will remain the same regardless of the size of a superconducting bit. Assuming that
the superconductor is initially on a circular orbit in the region where Fm is maximum, the
operation of the force will increase the circular orbit radius by 50 nm, making it almost
negligible. In the considered geometry, an acceleration due to Fm is dependent only on the
position of a superconductor and not its mass, giving the maximum value of 4.62×10−14 m/s2

The results of calculations for all scenarios are gathered in Table 2. The obtained values
of the magnetic interaction force are even lower for other bodies. With the force decreasing
as 1/d7, the larger distances of superconducting transition present in other scenarios mean
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Table 2 Results of calculations

Parameter Transition distance Fmax Fmax/FG
Unit m N -

A - Yellow dwarf 1.13×1013 1.02×10−42 1.15×10−35

B - Magnetar 8.97×1012 7.47×10−38 4.19×10−31

C - Brown dwarf 2.58×1010 2.86×10−26 4.17×10−23

D - Rogue planet 7.34×106 3.99×10−15 6.26×10−15

that even the extremely strong sources of magnetic flux such as magnetars fail to exert a
meaningful force on a superconductor. On the other hand, such dependence opens some
possibilities to increase the effect of superconductivity on a superconductor trajectory.

One of the assumptions taken during the calculations of Fm is that the temperature of a
superconductor is equal to an equilibrium temperature at a given location. It is not strictly
true, as each body possess a certain thermal inertia. Therefore, it is possible for a sufficiently
large and fast-moving superconductor passing by an object to maintain a superconducting
state in the region with higher magnetic flux density and thus to experience a stronger force.
In the considered example of a rogue planet, the closest possible approach to d equal to an
assumed atmosphere radius leads to a twofold increase of Fm when compared with the case
not considering heat capacity of a superconductor.

The assumed uniform, spherical form of a superconductor is rather unlikely. It can be
expected that a superconducting body, similarly to the one described at Wampler et al. [1],
would contain multiple smaller, disjointed domains with complex shapes. The elongation of
the superconductor interface in the direction of a magnetic field gradient can lead to a larger
effective Fm . Additionally, the presence of multiple domains can lead to more complex
interactions, such as the appearance of a time-varying angular momentum, and cause the
superconductor to rotate in resonance with the changes in magnetic flux. Such effects can be
further strengthened by non-uniformities of the external magnetic flux density.

The effects of superconductivity can become non-negligible at larger time scales when
considering a superconductor orbiting a larger body. Since the force is usually directed away
from the source of magnetic flux, it can be a mechanism counteracting drag and radiation
pressure. Additionally, a superconducting bit may significantly change a magnetic environ-
ment in its vicinity. It could be especially important in affecting the behaviour of space dust
and the formation of larger bodies, if they contained ferromagnetic particles.

Generally, though, the possible presence of natural superconductivity at small bodies
would have a very small effect on their trajectories. The generation of the natural magnetic
fluxes is often connected with the movement of conducting masses and an associated emis-
sion of heat. It leads to the increase of equilibrium temperature above the critical temperature
in the regions where the magnetic fluxes and their gradients are high enough to generate
an appreciable force. This does not exclude the possibility of using artificial cooling and
artificial superconductors to allow for a larger force generation. In the case of the terres-
trial magnetic field, the effect would still be too weak to be practical. On the other hand,
Jupiter’s strong magnetosphere and lower temperatures around the planet may make the use
of superconducting magnetic sails possible.
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4 Conclusion

The natural existence of a superconducting state in space is possible, and it could have some
effect on the behaviour of a small body. However, naturally occurring superconductivity
fails to produce a strong magnetic force in viable scenarios. In most cases, a magnetic flux
generation is connected with a heat emission. It causes an equilibrium temperature in the
vicinity of the magnetic flux source to be above a critical temperature of the superconducting
materials, which may be produced and ejected to space by natural processes.

A magnetic flux density and its gradient decrease rapidly with the increasing distance from
a body. The derived formulas show the dependence of magnetic force on the distance between
the bodies as 1/d7. That makes the force at the regions with sufficiently low equilibrium
temperature extremely small, to the point where it can be neglected. Any significant effect of
superconductivity on the trajectory of a body would require long time scales or a cold source
of strong magnetic flux.

The obtained results do not rule out the possibility of using an artificial cooling and high-
temperature superconductors to obtain higher forces at specific conditions. It is planned to
explore this possibility in the future works on the subject. Superconducting magnetic sails can
find use as the method to maintain an orbit by counteracting drag forces. Superconductivity
can also play some role in the formation of larger bodies and behaviour of space dust by
generating small regions with relatively strong gradients of magnetic field.
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