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Abstract

Planet Nine was proposed as an explanation for the clustering of orbits for some trans-Neptunian objects. Recently,
the use of a subrelativistic spacecraft was proposed to indirectly probe Planet Nine’s gravitational influence. Here
we study the effects of the drag and electromagnetic forces exerted on a subrelativistic spacecraft by the interstellar
medium (ISM) and compare these forces with the gravitational force induced by Planet Nine. We find that the
resulting noise due to density and magnetic fluctuations would dominate over Planet Nine’s gravitational signal at
subrelativistic speeds, v 2 0.001 c. We then identify the parameter space required to overcome the drag and
magnetic noise from the ISM turbulence and enable the detection of Planet Nine’s gravity. Finally, we discuss
practical strategies to mitigate the effect of the drag and electromagnetic forces.

Unified Astronomy Thesaurus concepts: Solar system planets (1260); Small solar system bodies (1469); Interstellar

medium (847); Interplanetary medium (825)

1. Introduction

The clustering of orbits for a group of extreme trans-
Neptunian objects (TNOs) suggests the existence of an unseen
planet of mass M ~ 5-10Mg, so-called Planet Nine, at a
distance of ~400-800 au from the Sun (Batygin et al. 2019). A
primordial black hole was suggested as a substitute for Planet
Nine (Scholtz & Unwin 2019). Direct electromagnetic searches
have not detected Planet Nine as of yet.

Recently, Christian & Loeb (2017) proposed a novel method
to measure the mass of planets via interferometry by an array of
relatwlstlc spacecraft, envisioned by the Breakthrough Starshot
initiative.* Parkin (2018) suggested a precursor that will launch
slower spacecraft at v ~ 0.01c to explore the solar system, and
Loeb (2019) mentioned that Planet 9 could be one of its
interesting targets. Witten (2020) proposed to use a subrelati-
vistic spacecraft of speeds v 2 0.00lc to indirectly probe
Planet Nine through its gravitational influence on the spacecraft
trajectory. Witten (2020) suggested that the small shift of the
trajectory along the direction of motion would lead to a
detectable time delay. The detection of this effect requires the
spacecraft to carrg a high-precision clock with an accuracy
better than <10 s (equivalent to one part in 10'* over a
period of one year), assuming the spacecraft moves at a speed
of v 2 0.001 c. Keeping a high-precision clock on board a
lightweight relativistic spacecraft represents a technical chal-
lenge for this proposal. To overcome this challenge, Lawrence
& Rogoszinski (2020) considered the transverse effect of
gravity and derived the angular deflection of the spacecraft’s
trajectory to be ~10 °rad. They argued that an angular
deflection of this magnitude can be measured with an Earth-
based or a near-Earth-based telescope and suggested that their
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method is better than attempting to measure the time delay
because the transverse effect is permanent, whereas the time
delay is only detectable when the spacecraft passes close to
Planet Nine.

Both Witten (2020) and Lawrence & Rogoszinski (2020)
assumed that the spacecraft is moving on a geodesic trajectory
from Earth shaped only by gravity, and did not consider the
effects of drag or electromagnetic forces from the interaction of
the spacecraft with the interstellar medium (ISM). In this
Letter, we compare these effects to the gravitational force
induced by Planet Nine. In Section 2, we describe the drag and
magnetic forces and compare them with the gravitational force
of Planet Nine. In Section 3, we present our numerical results.
In Section 4, we discuss the effects of density and magnetic
field fluctuations induced by the ISM turbulence and identify
the parameter space required for probing Planet Nine with a
subrelativistic spacecraft. A short summary of our findings is
given in Section 5.

2. Drag and Magnetic Forces from the ISM

For our present study, we adopt a simple spacecraft design
with a cube geometry of width and length W (Hoang &
Loeb 2017). The spacecraft mass is M, = pW?, where p is the
mass density, and Ay, = W? = (My,/p)*/3 is the frontal
surface area. For p = 3 gcm™, one obtains My, ~ 1 g for
W ~ 0.7 cm and Ay, ~ 0.5 cm?.

2.1. Drag Forces

Since Planet Nine is outside the heliopause of the solar wind,
the spacecraft will encounter the ISM and inevitably experience
a drag force due to collisions with gas particles and dust
(Hoang et al. 2017; Hoang & Loeb 2017; Lingam &
Loeb 2020). For a spacecraft moving at a subrelativistic speeds
v through the ISM with a proton density nyg (and 10% ISM He
by abundance), the ratio of the drag force to the gravitational
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where My, is the mass of the planet, and b is the impact
parameter at closest approach to Planet Nine. Equation (1)
implies dominance of the ISM drag force over gravity for
v > 10 3c at b > 100 au, assuming the typical spacecraft mass
of M, = 1 g.

Equation (12) implies that the ratio of the forces decreases
with increasing spacecraft mass as Ms’pl/ 3. The spacecraft mass
required for dominance of the gravitational force over the drag
force, Fyray > Firag, 18 given by

Mg, > Mip arag = ( GMy1p?/>

3 s )
A\ My ) \100au ) \10-3¢

P ny
X s 2
[3gcm‘3) (lcm‘3)g @

where Mp arag 18 the critical value for which Fgray = Frag.
Equation (2) implies a strong dependence of the critical
spacecraft mass on its speed v and the impact factor b. For a
slow mission at v ~ 10~ 3¢, the critical mass is Mg i ~ 1.6 ¢,

1.4ngmyv2b? )3

but it increases t0 Mqp grag ~ 103kg at v = 0.01c.

2.2. Electromagnetic Forces

The spacecraft would inevitably get charged due to collisions
with interstellar particles and the photoelectric effect induced
by solar and interstellar photons (Hoang et al. 2017; Hoang &
Loeb 2017). The frontal surface layer becomes positively
charged through collisions with electrons and protons (i.e.,
collisional charging), with secondary electron emission being
dominant for high-speed collisions (Hoang & Loeb 2017). The
outer surface area is charged through the photoelectric effect by
ultraviolet photons from the Sun.

The surface potential, U, increases over time due to
collisions with the gas and achieves saturation when the
potential energy is equal to the maximum energy transfer. One
therefore obtains saturation at eUpax e = mevz/ 2 for impinging
electrons and eUpan = 2m,v? = 4eUnaxe for impinging
protons (Hoang et al. 2015; Hoang & Loeb 2017). The
corresponding maximum charge equals

~

Zsp ms
sp,max >

e e

~1/3 1/3
~25 x 108( - )2 a "o 1™,
0.01c¢/\3gcm™3 lg
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which implies a strong increase in the maximum charge with
spacecraft speed.

The charged spacecraft would therefore experience a Lorentz
force due to the interstellar magnetic field, Fp = eZ,vB, /c,
where B is the magnetic field component perpendicular to the
direction of motion. The ratio of the magnetic force to the
gravitational force at an impact parameter b relative to Planet
Nine is given by

Fmag N eZspVBL/C B m, VSBL »2
Fgrav GMlesp/b2 €Cp1/3MS%/3 GMp[
~ 6.6 M ( b )2 B
My J\100 au ) \5 uG
v 3 P -1/3 Msp —2/3
- )
0.01c) (3 gem 3 e

where Zg, = Z,p max 1S taken, and we adopt the typical
magnetic field strength of B, ~ 5 pG as inferred from analysis
of the data from Voyager 1 and 2 (Opher et al. 2020). The
equation above reveals dominance of the magnetic force over
the gravitational force for » 2 100au and v = 0.0055¢,
assuming the typical spacecraft mass of My, = 1 g.

Using the above equation, one obtains the spacecraft mass
required for Fypay > Fipag as follows:

M2 > M2 = mev3B, b? )
sp sp,mag ecp1/3 GMpl s

which yields

My e = 5.7( 2! 3/2( ; )3
PIE T 5 M, 100 au

« |2 3/2( 3 )9/2 N R
5 uG 0.01c 3gem™? ’

where M, ma, 18 the critical value for which Fgroy = Frag. The
above equation implies a strong dependence of the critical mass
on the impact parameter and the spacecraft speed.

2.3. Deflection of the Spacecraft’s Trajectory by Magnetic
Forces

Next, we estimate the effect of the magnetic deflection on the
time delay of the signal. Due to the Lorentz force, the charged
spacecraft would move in a curved trajectory instead of a
straight line from Earth to Planet Nine. The gyroradius of a
charged spacecraft,

M; M;
Rygro = == ~ 25 x 1011(1—“’)

eZSpBL g
9
x(—v )ﬁ SHG ) o, 7
001\ z, )\ B

provides the curvature of the spacecraft trajectory in the
magnetic field.
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Figure 1. Right panel: ratios of the drag force to the gravitational force of Planet Nine (blue lines) and the magnetic force to the gravitational force (red lines) as a
function of the spacecraft speed in units of the speed of light, v/c, for different spacecraft masses M, assuming M,; = 5M, and b = 100 au. Right panel: minimum
spacecraft mass required for Fyag/Feray = 1 (blue lines) and Fyn,e/Feray = 1 (red lines) as functions of the spacecraft speed for the different impact parameters, b. We

assumed ny = 1 cm ™3 and B, = 5 uG.

The deflection in impact parameter from the target at a
distance D < Ry, is given by

2 D?Z, B
Ab:DazD it

gyro Mg,ve

~ 1076( D )2( Zsp) Ig
500 au ) \10° )\ m1,,
x BJ_ (0016‘) au,
5 uG v

where sina = a & D/Rgyr.

Due to the trajectory deflection, light signals will arrive at a
slightly different time than expected without the deflection.
The extra distance traversed by the spacecraft is Ax =

(Ab)tana ~ (Ab)? /D, where tana = (Ab)/D. The time
delay due to the magnetic deflection is

Ax  (Ab)? b Ab V{500 au
=~ 10 S s ©

®)

Atmae = —
mae c Dc

The angular deflection of the spacecraft by the interstellar
magnetic field is then given by

g = 22~ 2 % 109( Ab )(500 au )rad. (10)
D 10% au D

The time delay due to the gravitational effect was given by
(Witten 2020)

M
Atgrav ~7 X ]0_7(5 pl

2

L (—O'Olc) sinh-l(v—’)s, 1)
M, v b

where the origin time 7 = 0 is associated with the closest
approach to Planet Nine. The ISM drag force introduces a
longitudinal time delay that exceeds Af,,,, by the factor given
in Equation (1). The gravitational angular deflection was
estimated by (Lawrence & Rogoszinski 2020)

My (100 au )(O.Olc)2

rad < amag,

SMs

Qgray ~ 2.8 X 10“( P
v

12)

which yields a decreasing deflection with spacecraft speed.

3. Numerical Results

In the left panel of Figure 1, we show the ratios between the
ISM drag force and Planet Nine’s gravity (Equation (1)) and
the magnetic force and gravity (Equation (4)) for different
spacecraft masses, My,. We assume My = 5Mg, b = 100 au,
and standard parameters for the ISM, with ny = 1 cm™—> and
B =5 11G (Opher et al. 2020). The drag force dominates over
gravity for wvelocities v 2 0.001 ¢. The magnetic force
dominates over gravity only for v 2 0.01 ¢. Larger spacecraft
masses increase the gravitational effect and decrease the force
ratios (see also Equation (1)). Due to the linear dependence of
Fyrag and Fp,, on the gas density and magnetic field, density
and magnetic fluctuations generic to the ISM turbulence
(Armstrong et al. 1981) would cause unpredictable fluctuations
of the drag and magnetic forces and obscure the signal due to
Planet Nine’s gravity.

In the right panel of Figure 1, we show the minimum
spacecraft mass above which Fgry > Fyrae (blue lines) and
Foray > Fiag (red lines), as functions of the spacecraft speed
for the different impact parameters. For a given speed, the
spacecraft mass increases rapidly with the impact factor as b°.
For a small impact parameter of » = 30 au, one can send a tiny
spacecraft of M, ~ 1072 g that can still overcome the drag
force. For a large impact parameter of b = 150 au, the
spacecraft mass must be larger than M, ~ 10 g, assuming
v = 0.001c. For a fleet of spacecraft with a range of impact
parameter b, the drag force significance would vary from one
spacecraft to another.

4. Discussion

We find that due to the interaction with the ISM, a
subrelativistic spacecraft would experience the drag and
magnetic forces that will dominate over Planet Nine’s
gravitational influence. In the following, we will discuss in
detail the effects of density and magnetic fluctuations on the
detection of Planet Nine’s gravitational effect.
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4.1. Effects of Density and Magnetic Field Fluctuations

We quantify the rms fluctuations of the electron density due
to the ISM turbulence on a scale L as (Draine 2011, p. 115)

1, = (An )1/ = (M)

cm?

c? 20 N
\svortam) (orm) - @

where C2 is the amplitude of the density power spectrum.
Using measurements from Voyager 1 (Lee & Lee 2019), C? ~
107279m20/3 752 x 10~'7 cm~29/3 for Equation (13), yiel-
ding én, ~ 0.0033(L/500 au)'/3. With the mean electron
density in the local ISM of n, ~ 0.04cm™> (see, e.g.,
Draine 2011, p.115), one obtains én, /n, ~ 0.08.

Assuming ény /ny ~ 6n,/n,, one can calculate the ratio of
the gravitational signal to noise induced by density fluctuations
as follows:

Faray
((AFgrag)®)' /2
GMuMy, /0> GMy My’ p*?
1.46nHmHvaSp b? 1.46ngmpv?

M 2( M, )3
0.085] =2 ( b ) P
SM J\ 100au lg

o] (i (o)
3gem 3 0.1ng )\ 1cm™3 0.01c)

(14)

(S/N)drag =

1

Equation (14) implies the increase of the signal-to-noise ratio
(S/N) with decreasing the impact parameter and spacecraft
mass, but the S/N decreases rapidly with increasing spacecraft
speed.

To detect the gravitational signal with (S /N)dmg 2 3, the
minimum spacecraft mass must satisfy the following condition:

1 48mumuv®b? ) (S/N)grag )
GM,, p*/3 3

3
~ 4.8 x 103 Mo ( b )6( ! )6
My, 100au / \ 0.01¢

% P -2 5I’lH 3( ny )3 (S/N)drag 3g
3gem 3 0.1ny ) \1cm™3 3 '

5)

Msp ,2 Msp,ﬂuc = [3 X

which indicates a steep increase of the required spacecraft mass
with its speed, v, and the impact parameter, b.

Figure 2 (blue lines) shows the minimum spacecraft mass as
a function of the spacecraft speed for the different impact
parameters. For a mission of v = 0.001¢ that takes about
~10yr to probe Planet Nine, the spacecraft mass required to
overcome the density fluctuations must increase from ~10> g
for b =50au to 20 g for b =200au. For v = 0.0lc
considered in Parkin (2018) that takes ~1 yr to probe Planet
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Figure 2. Spacecraft mass required for (S/N)gragmag = 3 as a function of the
spacecraft speed, v, for the different impact parameters, b. We assumed
ény/ny = 0.1 and 6B/B, = 1.

Nine, the spacecraft mass must be larger than 10° g for
b > 50 au.

Measuring the angular displacement of the spacecraft, as
proposed by Lawrence & Rogoszinski (2020), would be
particularly challenged by angular deflections from the
fluctuating ISM magnetic field. The orientation of the magnetic
field is not known in the Planet Nine region of interest. Let 6B
be the rms magnetic field fluctuations. The ratio of the
gravitational signal by Planet Nine to the noise caused by the
magnetic field fluctuations is then given by

Frav
(S/N)mag = ———
¥ (AFm)?)
_ GMuMy,/b* GMuMZ? \( ecp'/3
eZs,v8B/c b? mev36B

_ 2/3 _
~0.15| Mo ( b )2 My Y (5B
S5Mg )\ 100au 1g B

-1 -3 1/3
« | 2 ( v ) | qe
5uG 0.01¢ 3gem ™3

where Z, was adopted from Equation (3), and we assumed

(6B)* ~ B? as measured by Voyager 1 (Burlaga et al. 2015).
To detect the gravitational signal in the presence of magnetic

noise with (S/N)mae 2 3, the minimum spacecraft mass is

3/2
m5v363 « b2 / (S/N)mag 3/2
ecp'’3  GM, 3

o 2o ) () ()
-\ M, 100au ) \0.01¢ B

(B LT 1/2((S/N)mag )3/2
5uG 3gem™3 3 g
(17)

Figure 2 (red lines) shows the minimum spacecraft mass as a
function of the spacecraft speed for the different impact
parameters. For a mission of v = 0.001c that takes about

Msp Z Msp,ﬂuc - [3 X
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~10yr to probe Planet Nine, the spacecraft mass required to
overcome the magnetic fluctuations must increase from ~0.001
g for b =50au to 0.01 g for b =200au. For v = 0.01c
considered in Parkin (2018) that takes ~1 yr to probe Planet
Nine, the spacecraft mass must be larger than 1-10° g for
b > 30-200 au.

Note that magnetic field fluctuations are not static, including
Alfvén waves, which are time dependent. This means that the
longer the journey is, the larger is the random walk that the
spacecraft executes as a result of Alfvén waves. This implies a
larger noise at spacecraft speeds since they take longer to
traverse the vicinity of Planet Nine. Finally, during the passage
through the heliosphere, the spacecraft would experience large
drag and magnetic noise due to the solar wind.

4.2. Mitigating the Drag and Electromagnetic Forces

In order to mitigate the effect of the drag force, one can
increase the spacecraft mass or decrease the spacecraft speed
(see Figure 1 and Equation (1)). This results in a larger energy
cost to launch the spacecraft. A slower spacecraft takes a longer
time to reach the Planet Nine region.

One can also design the spacecraft with a needle-like shape
to reduce the frontal cross section. However, as shown in
Hoang & Loeb (2017), the frontal surface area becomes
positively charged and produces an electric dipole. The
interaction of the moving dipole with the interstellar magnetic
field causes the spacecraft to oscillate around the center of
mass, exposing the long axis of the spacecraft to gas collisions
and increasing the drag force.

To mitigate the effect of electromagnetic forces, an onboard
electron gun could be added. However, this would put
additional load on the spacecraft and increases the cost of
launch.

Since the position of Planet Nine is not known, one could
imagine sending a large array of spacecraft so that the impact
parameter, b, will be minimized for one of them. Unfortunately,
due to the fluctuations in the drag force, the spacecraft mass
and energy cost must be larger for larger impact parameters b.

5. Summary

We have studied the drag and electromagnetic forces on the
subrelativistic spacecraft moving in the ISM and compared
these forces with the gravitational force produced by Planet
Nine. We find that the drag force is dominant over gravity for

Hoang & Loeb

v 2 0.001c and b = 100 au. Density fluctuations on small
scales of ~100 au represent a critical noise that is difficult to
remove for signal retrieval. We identify the critical spacecraft
mass for which the gravity is dominant over the drag force. The
magnetic force is larger than the gravity for v 2 0.005¢ and
b 2 100 au, assuming the typical parameters of the ISM. We
identify the spacecraft parameter space required to overcome
the drag and magnetic noise from ISM turbulence and to make
the detection of Planet Nine’s gravity possible.

Finally, we noted that recently Zderic et al. (2020) claimed
that the clustering of orbits of the extreme TNOs may be
caused by a dynamical instability and not Planet Nine.
However, this proposal requires the outer solar system to have
more mass than previously thought, but there is also the
possibility that the clustering is a statistical fluke (Clement &
Kaib 2020).

We thank the anonymous referee for helpful comments. We
thank Alex Lazarian and Manasvi Lingam for useful
comments. This work is supported in part by a grant from
the Breakthrough Prize Foundation.
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