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Abstract

Electric sails are propulsion systems that generate momentum via the deflection of stellar wind
particles through electric forces. Here, we investigate the relative merits of electric sails and light
sails driven by stellar radiation pressure for F-, G-, K- and M-type stellar systems. We show that
electric sails originating near M-dwarfs could attain terminal speeds of & 500 km/s for minimal
payload masses. In contrast, light sails are typically rendered ineffective for late-type M-dwarfs
because the radiation pressure is not sufficiently high to overcome the gravitational acceleration.
Our analysis indicates that electric sails are better propulsion systems than light sails in proximity
to most stars. We also propose a method by which repeated encounters with stellar winds might
cumulatively boost the speeds of electric sails to & 0.1 c. This process can be effectuated by
reaching ∼ 104 stars over the span of ∼ 1 Myr.

1 Introduction

The past decade has witnessed many advances in space exploration, planetary science and astrobiology.
They include a rapid growth in the number of detected exoplanets (Perryman, 2018) as well as
improvements in our understanding of potentially habitable worlds within our Solar system (de Pater
and Lissauer, 2015). There has also been a renewed interest in space exploration on different fronts.
Aside from the upcoming robotic missions to various objects in our Solar system, there are plans
underway in both the public and private sectors to dispatch humans to the Moon and Mars within
the next decade.1 Looking beyond our Solar system neighborhood, the ambitious goal of the recently
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initiated Breakthrough Starshot project is to send a gram-scale spacecraft to Proxima Centauri at the
speed of 0.2 c (Merali, 2016; Manchester and Loeb, 2017; Atwater et al., 2018; Parkin, 2018).2

Space exploration has been argued to confer a number of concrete and intangible benefits in the
context of both interplanetary and interstellar travel (Crawford, 2009, 2010). There has been much
debate as to which propulsion systems are well-suited for space exploration, especially of the interstellar
kind (Mallove and Matloff, 1989; Gilster, 2004; Long, 2012). Due to the constraints imposed by the
rocket equation, the focus has been increasingly shifting toward propulsion systems that do not have
to carry their fuel onboard the spacecraft. The best known examples in this category are light sails
propelled by electromagnetic radiation, either derived from the host star (i.e., black body radiation)
or using laser arrays (McInnes, 1999; Fu et al., 2016; Macchi et al., 2017). Over the past few decades,
however, promising alternatives such as magnetic sails (Zubrin and Andrews, 1991) and electric sails
(Janhunen, 2004) have been formulated.

In this paper, we address the characteristics of electric sails and light sails powered by stars as
a function of stellar parameters (mass and rotation rate). Although ignored here, the effectiveness
of magnetic sails might be comparable to electric sails in certain respects (Perakis and Hein, 2016).
Broadly speaking, the electric sail propulsion system relies upon electric forces (distributed over a
wire mesh) to deflect stellar wind protons, and this process consequently imparts momentum to the
spacecraft and accelerates it in the direction of the wind. The concept of electric sails was first
elucidated by Janhunen (2004) and this field has progressed on both the experimental and theoretical
fronts in the ensuing years (Janhunen et al., 2010; Quarta and Mengali, 2010; Seppänen et al., 2013;
Janhunen et al., 2015; Toivanen and Janhunen, 2017; Bassetto et al., 2019).

The outline of the paper is as follows. We begin by describing how the basic features of electric
sails are regulated by stellar parameters in Sec. 2. We follow this up in Sec. 3 by comparing the
characteristics of electric sails and light sails for stars of different masses. We also describe how electric
sails may enable the attainment of relativistic speeds and how they can be utilized for interstellar travel
and exploration. Finally, we summarize our central conclusions in Sec. 4.

2 Deploying electric sails near other stars

We will begin by exploring how the basic characteristics of electric sails are dependent on the properties
of their host star.

2.1 Preliminary considerations

We begin by introducing some essential nomenclature. The distance from the star where the stellar
flux equals the solar flux incident upon the Earth is denoted by d?. In terms of the stellar luminosity
(L?), it is thus given by

d? = 1 AU

√
L?
L�

, (1)

and we utilize the simple mass-luminosity relationship L? ∝ M3
? for low-mass stars with M? . 2M�

(Böhm-Vitense, 1992), which allows us to express d? in terms of the stellar mass (M?). For example,
if we consider Proxima Centauri, this scaling yields L? ≈ 1.8 × 10−3 L�, which is very close to
L? = 1.55× 10−3 L� inferred from observations (Boyajian et al., 2012).

In this paper, we will posit that technological entities, irrespective of whether they are extrater-
restrial technological intelligences (ETIs) or H. sapiens, may prefer to launch or maneuver interstellar

2https://breakthroughinitiatives.org/initiative/3
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spacecrafts from locations close to d?. A similar hypothesis was advanced by Lingam and Loeb (2018b)
while studying the feasibility of chemical propulsion around low-mass stars. There are several reasons
as to why d? could constitute an optimal choice. First, at distances much closer than d?, the space-
crafts will be subject to higher heating as well as more susceptible to deleterious space weather events
such as coronal mass ejections (CMEs). Second, as we shall see later, distances far greater than d? will
yield weaker accelerations and lower terminal speeds for certain spacecrafts. Lastly, if any exoplanets
exist in the habitable zone - which would be situated at distances similar to d? (Dole, 1964; Kasting
et al., 1993; Kopparapu et al., 2013; Ramirez et al., 2019) - they are well-suited to serve as “natural”
bases for launching these spacecrafts.

2.2 Stellar wind pressure and radiation pressure

Before embarking on our analysis, it is instructive to compare the ratio of the dynamical pressure ex-
erted by the stellar wind (Pwind) and the stellar radiation pressure (Prad). For a spherically symmetric
stellar wind, we have

ρ =
Ṁ?

4πr2v
, (2)

where Ṁ? is the stellar mass-loss rate, whereas ρ and v are the mass density and the velocity of the
solar wind, respectively, at the distance r. In this paper, we shall consider the deployment of electric
(or solar) sails at distances comparable to d? or larger. At such distances, the stellar wind can be
assumed to have approximately constant speed (Gombosi et al., 2018). Furthermore, the value of
this asymptotic speed is close to the escape speed from the star (Cranmer and Saar, 2011), which
coincidentally does not vary greatly across stars (Johnstone et al., 2015b). Hence, we shall henceforth
adopt v ≈ v0 = 500 km/s because it lies within a factor of 2 with respect to the observed fast and
slow solar wind velocities (Marsch, 2006; Schunk and Nagy, 2009), as well as the values of v for the
TRAPPIST-1 planets and Proxima b predicted by numerical simulations (Garraffo et al., 2016; Dong
et al., 2017, 2018).

With this simplification, we note that the dynamical pressure of the stellar wind is Pwind = ρv2,
whereas the stellar radiation pressure is (McInnes, 1999):

Prad =
L?

4πr2c
. (3)

Thus, the ratio of these two pressures (δP ) is expressible as

δP =
Pwind

Prad
≈ Ṁ?v0c

L?
. (4)

In order to complete this expression, we must determine Ṁ? as a function of basic stellar parameters.
However, this is not easy to undertake for the following reasons: (i) the stellar mass-loss rate is
predicted to change substantially over time (Wood et al., 2005; O’Fionnagáin and Vidotto, 2018;
Linsky, 2019), and (ii) the mass-loss rate scalings for low- and high-mass stars are still subject to
debate (Schröder and Cuntz, 2005; Cranmer and Saar, 2011). In order to address (ii), we will restrict
our attention to F-, G-, K- and M-type stars as they collectively constitute over 90% of all stars in
the Milky Way (Kroupa, 2001). For these stars, we will use the mass-loss rate obtained via numerical
simulations by Johnstone et al. (2015a):

Ṁ?

Ṁ�
≈
(

Ω?
Ω�

)1.33(
M?

M�

)−1.76

, (5)
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Figure 1: The ratio of the stellar wind dynamical pressure and the stellar radiation pressure as a
function of the stellar mass M? (in units of M�). The horizontal red line corresponds to the scenario
wherein the two pressures are equal to one another.

where Ṁ� ≈ 2 × 10−14M� yr−1 is the current solar mass-loss rate, while Ω? and Ω0 denote the
rotation rate of the star and the Sun, respectively. Note, however, that (5) is predicted to be accurate
in the range 0.4 < M?/M� < 1.1 (Johnstone et al., 2015a).

For late-type M-dwarfs, which are fully convective, the validity of this model is not guaranteed. For
instance, if we substitute the parameters for Proxima Centauri (whose mass is M? = 0.12M�) into (5),
we find that Ṁ? ≈ 5Ṁ� (Lingam and Loeb, 2018a). This estimate is compatible with the 3σ upper
limit of Ṁ? ≈ 14Ṁ� for this star based on X-ray constraints (Wargelin and Drake, 2002). On the
other hand, numerical simulations of the mass-loss rate have yielded Ṁ? ≈ Ṁ� (Garraffo et al., 2016).
It is important to recognize that the presence of Ω? in (5) implies that Ṁ? is implicitly dependent on
the stellar age because Ω? evolves with time. Moreover, the issue of calculating the time-dependent
mass-loss rate is complicated by the fact that active young stars may lose a non-negligible fraction of
their mass via CMEs (Drake et al., 2013; Lingam and Loeb, 2019).

In our subsequent analysis, to simplify the inherent complexity, we will adopt Ω? ∼ Ω� and assume
that (5) is applicable over the broader mass range of 0.075 ≤M?/M� ≤ 2. After implementing these
scalings, we find that (4) reduces to

δP ∼ 4.9× 10−4

(
M?

M�

)−4.76

. (6)

By inverting this expression, it is straightforward to verify that δP & 1 is attained when M? . 0.2M�.
Thus, for late-type M-dwarfs, it is conceivable that the dynamical pressure from the stellar wind
exceeds the radiation pressure. Note that (6) does not exhibit any dependence on the distance from
the star and the stellar age (or equivalently Ω?) due to the simplifications introduced earlier. We
have plotted δP as a function of M? in Fig. 1; it is evident that this ratio varies by several orders of
magnitude across the stellar mass range studied in this paper.
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2.3 Properties of electric sails

Now, we turn our attention to the feasibility of using electric sails for propulsion. The force per unit
length (dF/dz) has been estimated by Janhunen and Sandroos (2007) to be

dF

dz
=

Kmpnv
2r0√

exp
[
mpv2

eV0
ln(r0/rw)

]
− 1

, (7)

where K ≈ 3.09 is a dimensionless constant determined via numerical simulations, mp is the proton
mass, n is the number density of the stellar wind, V0 is the potential at which the wires comprising
the light sail are maintained, rw is the wire radius and r0 is defined as follows:

r0 = 2

√
ε0kBTe
ne2

, (8)

where Te represents the electron temperature of the stellar wind and ε0 is the permittivity of free space;
note that the term inside the square root in (8) is the Debye length. As we have chosen to work with
the ansatz v ≈ v0, we see that the factor κ = mpv

2/(eV0) in the denominator of (7) is independent of
the stellar properties. After substituting the appropriate values from Janhunen and Sandroos (2007),
it is found that κ ≈ 0.15. Given that the denominator in (7) is expressible as

√
(r0/rw)κ − 1, we

see that the dependence on r0 is rather weak and this factor is close to unity. Hence, in the spirit of
Janhunen and Sandroos (2007), we are free to drop this term without much loss of generality.

In order to proceed with our calculations, we must determine how n and Te scale with the distance
from the star and the stellar mass. With regards to the former, we observe that n ∝ ρ and make use
of (2), (5) and v ∼ v0 to arrive at

n ∼ 8× 106 m−3

(
M?

M�

)−1.76 ( r

1 AU

)−2

, (9)

where the normalization has been adopted from Schunk and Nagy (2009). At distances of d? and
higher, the scaling n ∝ r−2 appears to be quite robust as per Ulysses spacecraft measurements (Le
Chat et al., 2011), and numerical simulations of the stellar wind for the TRAPPIST-1 system (Dong
et al., 2018). The dependence on M?, on the other hand, emerges through the evolving mass-loss
rate given by (5). Hence, it is conceivable that (9) overestimates the number density by an order
of magnitude or more when it comes to M-dwarfs because the accuracy of (5) remains uncertain for
M? < 0.4M�.

Next, we make use of the following ansatz for the electron temperature:

Te ∼ 1.4× 105 K
( r

1 AU

)−0.5

, (10)

where the scaling with respect to r has been adopted from measurements performed by the Ulysses
mission (Le Chat et al., 2011) and the normalization has been taken from Newbury et al. (1998).
We have not introduced any mass dependence in the above equation since numerical models indicate
that the wind temperature has a weak dependence on the stellar mass (See et al., 2014; Johnstone
et al., 2015a). Furthermore, if we apply the above ansatz to the TRAPPIST-1 planetary system and
Proxima b, we obtain values for Te that are only a factor of . 2 different from numerical simulations;
see Table 2 of Dong et al. (2017) and Table S2 of Dong et al. (2018). After substituting (9) and (10)
into (8), we end up with

r0 ∼ 18.3 m

(
M?

M�

)0.88 ( r

1 AU

)0.75

. (11)
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We have now assembled the various components necessary for calculating the force per unit length
by utilizing (7). We are, however, more interested in two quantities: (i) the acceleration at distance
d?, and (ii) the terminal velocity v∞,E achievable by the electric sail. In order to calculate (i), we
begin by estimating dF/dz. After neglecting the denominator in the right-hand-side of (7) for reasons
elucidated earlier, we obtain

dF

dz
∼ 1.9× 10−7 N/m

(
M?

M�

)−0.88 ( r

1 AU

)−1.25

. (12)

In order to determine the acceleration, we must next account for the mass per unit length (denoted
by dm/dz). There are two essential components in the electric sail: (i) the wire mesh and (ii) the
electron gun (Janhunen et al., 2010). The role of the wire mesh is to deflect stellar wind protons,
and thereby transfer momentum to the electric sail. However, as the wind also contains electrons,
the purpose of the electron gun is to “pump” out these electrons and maintain the wires at a positive
potential. For the wire mesh, we have

dm

dz
= πr2

wρw ≈ 1.3× 10−6 kg/m, (13)

where ρw is the mass density of the wire, and the last equality follows after adopting the parameters
from Janhunen and Sandroos (2007). Next, for the electron gun, the corresponding value of dm/dz
was derived in Janhunen and Sandroos (2007):

dm

dz
=

2enrwV0

ζ

√
2eV0

me

∼ 2× 10−6 kg/m

(
ζ

10 W/kg

)−1(
M?

M�

)−1.76 ( r

1 AU

)−2

, (14)

where ζ is the power per unit mass associated with the electron gun and the last equality follows after
using (9) and the other input parameters from Janhunen and Sandroos (2007).

There are two points that deserve to be highlighted at this juncture. First, by inspecting the
above expression, we see that dm/dz ∝ r−2. Hence, at sufficiently large distances, the required value
of dm/dz for the electron gun will fall below (13). Second, it was estimated in Janhunen (2004) that
an electron gun at 1 AU could function at a power per unit mass of ∼ 0.3 W/kg, which is small in
comparison to ζ ∼ 100 W/kg achievable by cars. If another energy source (e.g., nuclear fission) is
used for powering the electron gun, it might be feasible to achieve sufficiently high values of ζ even
at r ≈ d? to permit the neglect of this term. As our eventual goal is to compare the performance of
light sails and electric sails, it makes sense to compare the same setup (viewed sensu lato) for both
propulsion systems. We will, therefore, tackle the scenario wherein the payload mass is comparable
or negligible with respect to the mass of the electric or light sail.

In this particular limit, the acceleration experienced by an electric sail (aE) is found by dividing
(12) with (13), which subsequently yields

aE ∼ 0.15 m/s2

(
M?

M�

)−0.88 ( r

1 AU

)−1.25

. (15)

The acceleration at 1 AU for M? = M� is higher than the corresponding estimate in Janhunen and
Sandroos (2007) by roughly an order of magnitude because we neglected the denominator in the right-
hand-side of (7) and the payload mass resulting from the electron gun, and we specified slightly higher
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values for the solar wind parameters at 1 AU. For r = d?, the location at which the electric sail is
launched, the corresponding acceleration (denoted by a0,E) becomes

a0,E ∼ 0.15 m/s2

(
M?

M�

)−2.755

(16)

From this formula, it is apparent that the initial acceleration experienced by the electric sail exhibits
a strong dependence on M?.

Lastly, we can estimate the terminal velocity achieved by the electric sail by following the procedure
described in Janhunen and Sandroos (2007). The equation of motion for any object subjected to
a spherically symmetric potential in the presence of gravity comprises three distinct contributions
(Vallado, 2001; Prussing and Conway, 2012); for the electric sail, we have

d2r

dt2
= a0,E

(
d?
r

)1.25

− g?
(
d?
r

)2

+
L2

r3
, (17)

where L2 = g?d
3
? is the specific angular momentum, while g? represents the gravitational acceleration

at d? and is therefore expressible as

g? =
GM?

d2
?

= 5.9× 10−3 m/s2

(
M?

M�

)−2

. (18)

After multiplying with ṙ and integrating (17) from r = d? to r →∞, we end up with

v∞,E =
√
v2
i + (8a0,E − g?) d?, (19)

where vi is the initial velocity imparted to the electric sail at r = d?. We will set vi = 0 for the time
being, although we will later address the possibility of vi 6= 0. In this limit, we find that the terminal
velocity of the electric sail becomes

v∞,E ∼ 424 km/s

(
M?

M�

)−0.63
√

1− 4.9× 10−3

(
M?

M�

)0.755

. (20)

This result is higher by a factor of 3.5 with respect to Janhunen and Sandroos (2007) for reasons
explained in the paragraph immediately after (15).

For the sake of completeness, we can also calculate the terminal speed achievable if the electric sail
is launched from 1 AU, irrespective of the star’s spectral type. While this approach is disadvantageous
from the standpoint of attaining higher final velocities, it gives rise to one major benefit - the mass of
the spacecraft that must be expended on the electron gun will be reduced significantly for M-dwarfs;
this can be verified by substituting r = 1 AU and r = d? into (14). In turn, this renders our assumption
concerning the payload (being negligible or comparable to sail mass) much more reasonable. In this
event, after repeating the same procedure starting with the equation of motion, we obtain

v∞,E ∼ 424 km/s

(
M?

M�

)−0.44
√

1− 4.9× 10−3

(
M?

M�

)1.88

. (21)

Upon comparing (21) and (20), we see that the two expressions are similar, although the latter displays
a stronger dependence on M? than the former. Let us consider, for instance, a star with M? ≈ 0.5M�
and assume that an electric sail is launched from r = d? and r = 1 AU. Using (20) and (21), we
estimate the respective terminal speeds to be ∼ 655 km/s and ∼ 575 km/s. Thus, not only are
final velocities greater than 0.001 c attainable by electric sails in principle, but also the location (i.e.,
distance) of the launch site has an ostensibly weak effect on the resulting speeds.
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Figure 2: The initial acceleration experienced by the two propulsion systems as a function of the
stellar mass M? (in units of M�). The parameters for the electric sail were adopted from Janhunen
and Sandroos (2007), while the corresponding choices for the light sail were chosen from Parkin (2018).

3 Effectiveness of electric sails as propulsion systems

Here, we will delve into some of the primary pros and cons of electric sails, especially in comparison
to light sails propelled by stellar radiation.

3.1 Electric sails versus solar sails

Hitherto, we have not undertaken any direct comparison with light sails propelled by stellar radiation.
The force exerted by the stellar radiation on the light sail is F = 2PradA, where A signifies the area of
the light sail, and the factor of 2 accounts for an ideal light sail with a reflectance of unity (McInnes,
1999). Hence, the acceleration experienced by the light sail (aL) is

aL =
L?

2πr2cσ
∼ 4.5× 10−2 m/s2

(
M?

M�

)3 ( r

1 AU

)−2
(
σ

σ0

)−1

, (22)

where σ represents the mass per unit area of the light sail. We have introduced the characteristic value
of σ0 ≈ 2× 10−4 kg/m2 based on the parameters for the Breakthrough Starshot system delineated in
Table 1 of Parkin (2018). As noted before, we have supposed that the payload mass is negligible (or
comparable at most) relative to that of the sail. At the distance r = d?, we find that the corresponding
acceleration (denoted by a0,L) simplifies to

a0,L ∼ 4.5× 10−2 m/s2

(
σ

σ0

)−1

. (23)

Note that a0,L is independent of M? because of the scaling d? ∝ L
1/2
? introduced in (1). The initial

accelerations imparted to the electric sail and the light sail have been plotted in Fig. 2. From this
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Figure 3: The terminal speed attained by the two propulsion systems as a function of the stellar mass
M? (in units of M�) assuming they were launched from the distance d? given by (1). The parameters
for the electric sail were adopted from Janhunen and Sandroos (2007), while the corresponding choices
for the light sail were chosen from Parkin (2018).

plot, it is seen that the light sail attains a higher acceleration than the light sail when M? & 1.55M�.
For smaller masses, our model suggests that electric sails are more suitable for achieving a higher
acceleration at the initial location.

We will now calculate the terminal speed attained by the light sail, which is represented by v∞,L.
The corresponding equation of motion is

d2r

dt2
= a0,L

(
d?
r

)2

− g?
(
d?
r

)2

+
L2

r3
. (24)

By repeating the same procedure undertaken for the electric sail previously, the terminal speed v∞,L
is found to be

v∞,L =
√
v2
i + (2a0,L − g?) d?. (25)

As before, after supposing that the light sail is launched from rest (vi = 0), we end up with

v∞,L ∼ 116 km/s

(
M?

M�

)0.75
√(

σ

σ0

)−1

− 0.066

(
M?

M�

)−2

. (26)

This expression yields an interesting result. If we specify σ ≈ σ0, it is found that the square root
becomes imaginary when M? . 0.26M�. Hence, for M-dwarfs in this mass range, light sails driven
by stellar radiation are seemingly not practical in most instances. One can, however, bypass this
bottleneck either by launching the light sail from a closer distance than the fiducial choice of d?,

3

imparting a sufficiently high initial velocity vi, or by utilizing materials with σ < σ0.

3If the launch site is closer to the star, the sail incurs the cost of being subject to relatively intense heating. Additional
orbital maneuvers may also be necessary in order to position the light sail at the initial distance of r < d?.
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Figure 4: The terminal speed attained by the two propulsion systems as a function of the stellar mass
M? (in units of M�) assuming they were launched from a fixed distance of 1 AU. The parameters for
the electric sail were adopted from Janhunen and Sandroos (2007), while the corresponding choices
for the light sail were chosen from Parkin (2018).

We have plotted the terminal speeds achievable by electric sails and light sails as a function of M?

in Fig. 3. It is apparent from the figure that electric sails permit final speeds of ∼ 103 km/s to be
attained if the stars under question are characterized by M? . 0.3M�. We also find that light sails are
rendered more effective than electric sails in terms of reaching higher velocities across the entire mass
range addressed in this paper. Hence, our analysis suggests that electric sails might represent more
efficient alternatives to light sails for F-, G-, K- and M-type stars insofar as achieving high terminal
speeds is concerned.

For the sake of comparison with (21), let us suppose that all light sails are launched from a fixed
distance of 1 AU. Upon calculating the terminal velocity following the same procedure as earlier, we
arrive at

v∞,L ∼ 116 km/s

(
M?

M�

)1.5
√(

σ

σ0

)−1

− 0.066

(
M?

M�

)−2

. (27)

We see that (27) and (26) are akin to each other, except for the fact that the former has a stronger
dependence on M? than the latter. We have plotted the terminal speeds for electric and light sails,
assuming that they are launched from 1 AU, in Fig. 4. From this figure, we determine that final
velocities of ∼ 103 km/s may be achievable by electric sails provided that M? . 0.2M� is satisfied.
We also observe that light sails become faster than electric sails only across the relatively narrow
range of M? & 1.95M�. Thus, even in the scenario where the launch distance is held fixed, electric
sails are ostensibly more effective, in terms of achieving higher terminal speeds, than light sails for
the majority of F-, G-, K- and M-type stars.
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3.2 Using electric sails for interstellar travel

After the electric sail has attained its terminal velocity at a distance far away from the star, it will
need to traverse the interstellar medium (ISM). There are two distinct possibilities at play here: (i)
the ISM can be used for the purposes of deceleration such that the spacecraft is slowed down by the
time it reaches the destination, and (ii) the electric sail can be shut down, thus preventing the ISM
from decelerating the spacecraft. The first scenario was explored by Perakis and Hein (2016), who
showed that a spacecraft of mass 8250 kg could be slowed down from 0.05 c to interplanetary speeds
in a span of 35 years by utilizing an electric sail.

We will focus instead on the second outcome, where the electric sail is shut down once it enters
the ISM. Before doing so, it is instructive to gain a rough estimate of the deceleration that would be
experienced by the electric sail in the event that it was functional. As the ISM has multiple phases
and is markedly heterogeneous, it is not easy to chose fiducial values for n and Te (Draine, 2011).
Nonetheless, we will adopt n ∼ 106 m−3 and Te ∼ 104 K for the warm ISM. After substituting these
values in (7) and using the previous simplifications, we obtain

dF

dz
∼ −1.8× 10−8 N/m

(
vs
v0,s

)2

, (28)

where vs is the instantaneous sail velocity and v0,s signifies the initial sail velocity; the negative sign
accounts for the existence of deceleration. As the initial velocity of the sail when it enters the ISM is
roughly the same as the terminal velocity when it exits the star’s heliosphere, we can set v0,s = v∞,E .
If we divide the above equation by (13) and neglect the payload mass (i.e., the electron gun) to
maintain consistency with our prior analysis, the ensuing deceleration (aISM) is given by

aISM ∼ −1.4× 10−2 m/s2

(
vs
v0,s

)2

. (29)

By integrating this equation, we can determine the time (τ) taken for the spacecraft to slow down
until it reaches a state of rest. After some simplification, we end up with

τ ∼ 57 yr

(
v∞,E

500 km/s

)2(
vfin

10 km/s

)−1

, (30)

where vfin is the desired final velocity of the electric sail after it has slowed down; the normalization
corresponds to the typical values of ∆v for interplanetary maneuvers. Hence, at first glimpse, it would
seem as though the deployment of an electric sail is efficient at decelerating a spacecraft with negligible
payload. There is, however, an important caveat that needs to be recognized here. As the velocity of
the sail declines due to momentum exchange with the ISM, the denominator in the right-hand-side of
(7), which was hitherto neglected, will play an increasingly important role. A more detailed treatment
of the deceleration that accounts for a finite payload mass and the denominator from (7) can be found
in Perakis and Hein (2016).

As noted in the previous paragraph, we opt to focus on electric sails that are not operational
during the passage through the ISM. In this case, because of the tenuous nature of the ISM and the
fact that the sail is primarily a wire mesh, the frictional force is probably minimal, i.e., the amount of
slowing down can be neglected (Bialy and Loeb, 2018). We will now carry out a heuristic calculation
for the following scenario. An electric sail is launched from star #1 and enters the ISM. It continues
to move at ∼ v∞,1, the terminal velocity upon exiting star #1, until it navigates toward a second star
(labelled star #2). Let us assume that the electric sail is turned on when the electric sail is close to
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d? associated with star #2. By doing so, it will be subject to acceleration as outlined in Sec. 2.3. It
will thus acquire a final velocity v′∞ that is estimated using (19), thus yielding

v′2∞ = v2
∞,1 + v2

∞,2, (31)

with the terms on the right-hand-side defined to be

v2
∞,i = (8ai − gi) di (32)

where ai, gi and di are calculated by substituting the stellar parameters of the i-th star into (16),
(18) and (1), respectively; in this equation, note that i = {1, 2}. Alternatively, we can choose a fixed
launch distance (such as 1 AU), in which case the values of ai, gi and di should be recalculated along
the lines described in Sec. 2.3.

In principle, this mode of operation can be repeated ad infinitum. Let us suppose that the total
number of “kicks” from the winds of stars encountered by the spacecraft, equipped with an onboard
navigation mechanism to accomplish the desired functions, is N . The cumulative terminal velocity
(vc) after these N kicks becomes

v2
c =

N∑
i=1

v2
∞,i. (33)

This process shares some resemblance with the mechanism of Fermi acceleration that has been posited
to accelerate cosmic rays at collisionless shocks (Blandford and Eichler, 1987; Longair, 2011). Since
stellar masses vary, implying that different terminal velocities are associated with each star, analyzing
the above expression further is complicated. However, upon inspecting Fig. 3 and Fig. 4, we notice
that the terminal velocity is & 500 km/s for M-type stars, as they satisfy M? . 0.5M�. Moreover,
it should be noted that M-dwarfs comprise approximately 75% of all stars in the Milky Way (Tarter
et al., 2007). Thus, we will combine these two facts and assume that all stars reached by the electric sail
spacecraft impart a similar terminal speed; in quantitative terms, this amounts to selecting v∞,i ∼ 500
km/s. With this simplification, the cumulative speed is expressible as

vc ∼
√
Nv∞,i ∼ 0.17 c

(
N

104

)1/2(
v∞,i

500 km/s

)
(34)

Thus, in order to achieve relativistic speeds, the spacecraft would need to reach the vicinity of ∼ 104

stars as per the above equation. At this juncture, we note that the electric sail can be decelerated to
low speeds over short timescales whenever necessary by activating the propulsion system in the ISM
as described earlier.

We can also estimate the total travel time (tc) taken for this final speed to be reached. As per (33),
the velocity after exiting the first star is v∞,i ∼ 500 km/s, the velocity after exiting the second star is√

2v∞,i, and so on. Let us employ ` to denote the average spacing between uniformly distributed stars.
Strictly speaking, it should represent the average distance between two M-dwarfs, but the majority
of stars in the Milky Way are M-dwarfs, as pointed out earlier. The mid-plane stellar number density
in the Milky Way is η? ∼ 0.1 pc−3, which is derivable from the stellar mass density (Bovy, 2017).4

Hence, ` is determined by demanding that 4πη?`
3/3 ∼ 1, which yields ` ∼ 2.9 pc after simplification.

Thus, in accordance with the above assumptions, the total travel time will be

tc ≈
`

v∞,i
+

`√
2v∞,i

+ . . .
`√

N − 1v∞,i
≈ `

v∞,i
H

(1/2)
N−1 , (35)

4http://www.pas.rochester.edu/~emamajek/memo_star_dens.html
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where H
(m)
n is the n-th generalized harmonic number of order m, whose properties are well understood

(Srivastava and Choi, 2001). As we are typically interested in large N , the above formula is simplified

by making use of the asymptotic expansion H
(1/2)
n ∼ 2

√
n for large n, which emerges upon applying the

EulerMaclaurin formula (Abramowitz and Stegun, 1965). Thus, when the limit N � 1 is calculated
for the above equation, we obtain

tc ∼ 1.1 Myr

(
N

104

)1/2(
v∞,i

500 km/s

)−1

. (36)

Although ∼ 1 Myr represents a long timescale from the perspective of the lifetime associated with a
particular species, it is nevertheless small in comparison to the age of the Milky Way. Furthermore,
the average age of terrestrial planets in the Milky Way is a few Gyr older than the Earth (Lineweaver,
2001). Thus, in theory, any putative technological species - irrespective of whether they are biological
or post-biological in nature (Dick, 2008) - that evolved before H. sapiens would have had plenty of
time to undertake the requisite number of encounters to achieve relativistic speeds via electric sails.
Once this objective has been accomplished, interstellar exploration of the remaining regions of the
Milky Way could be undertaken at vc. Alternatively, due to the fact that vc is relativistic, it may be
possible to undertake intergalactic travel and reach other galaxies in the Local Group. Assuming that
humans navigate the existential risks of the Anthropocene and subsequent epochs successfully, it is
conceivable that the descendants of H. sapiens might also opt for this mode of interstellar exploration.

4 Conclusions

We investigated the relative effectiveness of light sails powered by stellar radiation versus electric sails
driven by stellar winds. We analyzed how the basic features of these two propulsion systems depend
on stellar parameters (mass and rotation rate). To simplify our treatment, we chose to vary only the
stellar mass and focused on F-, G-, K- and M-type stars, the last of which are the most abundant in
the Milky Way.

We began by showing that the stellar wind pressure may dominate over the radiation pressure
when the stellar mass obeys M? . 0.2M�. Subsequently, after calculating the initial acceleration and
terminal speeds attained by the two propulsion systems, we showed that electric sails are likely to be
more effective than light sails for the majority of F-, G-, K- and M-type stars. We found that the final
velocities attained by electric sails (with minimal payload masses) do not display a strong dependence
on the initial location from where they are launched, and we also demonstrated that speeds of & 500
km/s are achievable for late-type M-dwarfs. For this class of stars, they have the potential disadvantage
of not having sufficient radiation pressure to counterbalance the gravitational acceleration exerted by
the host star, thus rendering light sails propelled by stellar radiation impractical.

Next, we studied the issue of deceleration engendered by the ISM and showed that it can contribute
significantly to the slowing down of electric sails. However, in the event that the electron gun is turned
off in the ISM, a series of repeated encounters with low-mass stars, and taking advantage of their winds,
will enable the electric sail to achieve progressively higher speeds.5 We showed that sampling ∼ 104

stars could enable electric sails to achieve relativistic speeds of ∼ 0.2 c and that this mechanism would
require ∼ 1 Myr. While this constitutes a long timescale by human standards, it is not particularly
long in comparison to many astronomical and geological timescales. The ensuing relativistic spacecraft
would be well-suited for tackling interstellar and even intergalactic exploration.

5The increments arising from stellar wind interactions may be supplemented by resorting to conventional orbital
maneuvers such as gravitational slingshots and Oberth maneuvers.
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Aside from the advantages outlined until now, there are several other benefits accruing from the
deployment of electric sails. First, as the electric sail comprises a wire mesh, it has a much lower
cross-sectional area with respect to a light sail of the same overall dimensions. Hence, it is relatively
less susceptible to the deleterious effects of CMEs and stellar proton events near the star as well
as dust grains and cosmic rays in the ISM. Second, due to the low cross-sectional area, modest
dimensions of putative electric sails and the natural variability of stellar winds, it seems very unlikely
that their presence will be readily detectable by the same methods proposed for exoplanets, such
as radio emission via the electron-cyclotron maser instability (Zarka, 2007). On the whole, there
are compelling grounds for supposing that technologically sophisticated species might opt to use this
propulsion mechanism, especially if they wish to minimize their likelihood of being detected.6

While our analysis supports the notion that electric sails are more advantageous vis-à-vis light
sails, it is worth emphasizing that we are only dealing with light sails powered by stellar radiation. In
contrast, as the ongoing example of Breakthrough Starshot illustrates, one can instead utilize a laser
array to accelerate light sails to relativistic speeds. Thus, for species with the objective of attaining
relativistic spaceflight over a short time span, thereby obviating the necessity of embarking on a
long-term sequence of velocity boosts, laser-driven light sails may prove to be an optimal solution.
However, the downsides to using lasers to propel light sails are: (i) it is energetically very demanding,
and (ii) it runs the risk of signalling the presence of the technological species in question (Guillochon
and Loeb, 2015; Lingam and Loeb, 2017).

In summary, we studied the feasibility of using electric sails and light sails driven by stellar winds
and radiation, respectively. Our analysis indicated that electric sails represent a more effective and
promising alternative to light sails, especially insofar as interstellar travel is concerned. However,
as our analysis neglected some notable stellar parameters and did not take real-world engineering
specifications and issues into account, further work is necessary in order to investigate and demonstrate
the feasibility of electric sails as propulsion systems in the vicinity of low-mass stars.
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