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Macroscopic dark matter (macros) is a broad class of alternative candidates to particle dark matter. These
candidates would transfer energy to matter primarily through elastic scattering. A sufficiently large macro
passing through the atmosphere would produce a straight channel of ionized plasma. If the cross section of
the macro is 6,6 x 10~ cm?, then under atmospheric conditions conducive to lightning (e.g., a
thunderstorm) the plasma channel would be sufficient to seed a lightning strike with a single leader. This is
entirely unlike ordinary bolt lightning in which a long sequence of hundreds or thousands of few-meter-
long leaders are strung together. This macro-induced lightning would be extremely straight and thus highly
distinctive. Neither wind shear nor magnetohydrodynamic instabilities would markedly spoil its straight-
ness. The only photographically documented case of a straight lightning bolt is probably not straight
enough to have been macro-induced. We estimate the region of macro parameter space that could be probed
by a search for straight lightning from the number of thunderstorms happening on Earth at any time. We
also estimate the parameter space that can be probed by carefully monitoring Jupiter, e.g., using a Jupiter

probe. All code and data are available at https://github.com/cwru-pat/macro_lightning.
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I. INTRODUCTION

Assuming general relativity is the correct theory of
gravity on all scales, there is considerable evidence for
dark matter [1]. Despite detailed searches, dark matter has
yet to be found at small cross sections, and so we consider
larger cross sections and also larger masses. Contrary to
widespread misconception, dark matter need not have a
small cross section. The important quantity is o/m—the
ratio of the interaction cross section of the dark matter (with
itself, with baryons, with photons, etc.) to the mass of the
dark matter candidate. Weakly interacting massive particle
dark matter candidates would achieve a low ¢/m with a
small ¢; primordial black holes would achieve it with a
large m. Macroscopic dark matter (macros) is a broad class
of dark matter candidates that represents an alternative to
conventional particle dark matter with wide ranges of
masses M, and large cross sections o, that could still
provide all of the dark matter [2].

Macros typically refer to a family of composite dark
matter models arising from some early-universe phase
transition, often composed of strange quark matter. Of

nathaniel.starkman @mail.utoronto.ca
harrison.winch @mail.utoronto.ca
%jxs1325@case.edu
Sods6@case.edu

2470-0010/2021/103(6)/063024(11)

063024-1

particular interest would be macros of approximately
nuclear density satisfying the geometric cross section
(the Appendix)

M =
o, ~2x 10710 <7x>3 [em?], (1)

as several models for macros describe potential candidates
with approximately that density [3]. The idea that macros
could be formed entirely within the Standard Model was
originally proposed by Witten [4] in the context of a first-
order QCD phase transition. Though subsequent calcula-
tions show this specific mechanism to be unlikely, many
other possible mechanisms have been identified. For
instance, the authors of Refs. [5,6] described a more
realistic model for Standard Model macros as bound states
of nucleons with significant strangeness. Nelson [7] studied
the formation of nuggets of strange-baryon matter during a
second QCD phase transition—from a kaon-condensate
phase to the ordinary phase. Others have considered non—
Standard Model versions of such objects and their for-
mation [8]. In all such models, the interaction cross section
of a macro with another macro, and with baryons, electrons,
or photons, is approximately equal to the geometric cross
section. We adopt this equality as our working hypothesis.

© 2021 American Physical Society
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Some of us, working with colleagues, have recently
explored which regions of macro parameter space remain
unprobed [2,3,9-11]. A long-standing constraint comes
from the examination of a slab of ancient mica for tracks
that would have been left by the passage of a macro moving
at the typical speed of dark matter in the Galaxy. This was
used to rule out macros of M, <55 g for a wide range of
geometric cross sections (see Jacobs et al. [2], Price [12],
and De Rujula and Glashow [13]). Various microlensing
experiments have constrained the dark matter fraction for
masses M, > 10%* g [14-18]. Wilkinson et al. [19] utilized
the full Boltzmann formalism to obtain constraints from
macro photon elastic scattering using the first year release
of Planck data. More recently, the existence of massive
white dwarfs was used to constrain a significant region of
macro parameter space [20] (as revisited and extended by
Sidhu and Starkman [3]). The region of parameter space for
which macros produce injuries similar to a gunshot wound
was recently constrained by historical analysis of a well-
monitored segment of the population [10].

The parameter space for electrically charged macros, with
the macro charge as an additional free parameter, was
recently constrained [21] based on a variety of terrestrial,
astrophysical, and cosmological measurements. The param-
eter space for antimatter macros was constrained by Sidhu
et al. [22] using arguments analogous to those cited above.

More work has been done recently to identify additional
ways to probe macro parameter space. With colleagues,
some of us have proposed [23] using current fluorescence
detectors that are designed to study high energy cosmic
rays, such as those of the Pierre Auger Observatory [24].
Separately, we have suggested [25] that, for appropriate M,
and o,, the passage of a macro through granite would
form long tracks of melted and resolidified rock that
would be distinguishable from the surrounding granite.
A citizen-science search for such tracks in commercially
available granite slabs is planned to begin through the
Zooniverse website sometime later this year. We have also
identified the region of parameter space excluded by the
null observation of fast-moving meteors (“bolides”), which
should have been produced by sufficiently large and fast-
moving macros and observed by either of two bolide-
observing networks [11]. We determined the region of
parameter space that will be probed by planned expansion
of the network that is still operating.

In these works concerning nonantibaryonic neutral mac-
ros, energy is considered to be deposited in matter by the
passing macro primarily through elastic scattering. Unlike
particle-dark matter candidates, macros generically interact
strongly with matter, so the elastic scattering cross section is
approximately the geometric cross section. In this case, the
energy deposited by a macro transiting the atmosphere

dE

- 2 2
Iy = 0P )

where p ~ 1 kgm™ is the density of the atmosphere at
ground level, o, is the geometric cross section of the macro,
while v, is its speed. As v, is much greater than the thermal
velocity of air molecules, typical momentum transfers will
be of order m,v, and energy transfers of order m,v2.

The speed of a macro traveling through the atmosphere is

thus expected to evolve as
U(x) — 1}06_</)A>GX/MX’ (3)

where (pA) is the integrated column density traversed
along the macro trajectory from the point of entry to the
location x. This will determine the maximum reduced cross
section o,/M, expected to deposit sufficient energy to
produce an observable signal without being slowed exces-
sively. In previous works, e.g., Sidhu et al. [10] and Sidhu
and Starkman [11], this limiting value for macros that are
interacting at the bottom of the atmosphere was found to be
e~ 10~* cm? g~!. This will serve as an upper bound for
all Earth-based projections derived in this manuscript.

One may expect that macros with a sufficiently large
reduced cross section would be captured by a planet or star
and alter the density distribution of the planet or star.
However, macros of interest, i.e., macros with parameters
that are still allowed to provide all the dark matter, would be
far denser than atomic density and sink to the center of the
star or planet. Given the size of these macros, the total
density perturbation may have escaped notice.

As in previous work, we consider macros of a single
mass and cross section, even though a broad mass dis-
tribution is a reasonable possibility in the context of a
composite dark matter candidate.

In this manuscript, we consider the possibility that a
macro transiting the atmosphere during the appropriate
atmospheric conditions (e.g., a thunderstorm) would ini-
tiate an unusual, extremely straight lightning strike. We
identify the range of macro parameter space over which that
is likely, and we consider the possibility that the one
documented observation of an abnormally straight light-
ning strike was triggered by the passage of a macro. We
determine the range of parameter space that could be
probed by monitoring the Earth, as well as by observing
the atmospheres of Jovian planets, which could probe
higher macro masses than any terrestrial detector.

The rest of this paper is organized as follows. In Sec. II
we present a review of our current understanding of
lightning initiation. In Sec. III, we discuss the formation
of a plasma trail by a passing macro. In Sec. IV, we cal-
culate the rates of a macro-induced signal. In Sec. V, we
discuss the formation of straight lightning induced by the
passage of a macro through the atmosphere. In Sec. VI,
we discuss the observation of a bright UV signal produced by
the passage of a macro through a Jovian planet atmosphere
and we conclude, with some discussion.
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II. A LIGHTNING REVIEW

While the detailed physics of lightning remains a matter
of investigation, the broad strokes are well understood.
Lightning is an electrical discharge between two regions
of large potential differences. Lightning strikes can be
classified by the start-end point pair and subclassified by
the order and charges of those points. For instance, the
main classes of lightning are intracloud, intercloud, cloud-
air, and cloud-ground. All except cloud-air lightning may
occur in reverse order, such as ground-to-cloud or cloud-
to-ground. We restrict ourselves to cloud-ground strikes,
which are the easiest to observe. The description that
follows is almost entirely drawn from the excellent review
by Dwyer and Uman [26], which should be consulted if a
more detailed review of the basic physics is desired.

A lightning strike is actually two events: first, an ion
channel is created from point A to point B, and second,
energy flows from B to A. The latter is what is actually
observed as “lightning,” and is the luminous signal of the
former. The creation of the ion channel under ordinary
conditions is a discrete stochastic process of the formation
of “stepped leaders,” where a cylindrical atmospheric
volume—*‘step”—is ionized. Each of these steps creates
one straight segment of the total jagged lightning bolt. Each
step is estimated to take at most 1 us. These steps are short
compared to the cloud-ground distance—cloud-level steps
are just ~10 m, while ground-level steps are near 50 m. The
interstep interval ranges from ~50 us at cloud level to
~10 ps at ground. Crucially, the leader persists long after it
takes its next “step.” In other words, the path of an organic
lightning strike is formed in a series of discrete steps,
creating a long but jagged ionized trail that dictates the
shape of the resulting lightning strike.

The propagation direction and charge type of the
leader determines the lightning subclass. For cloud-ground
strikes there are four varieties: downward / upward—
negative / positive. Thunder clouds are typically negatively
charged at the bottom and positively charged on top. Flat
ground has regions of differently signed net charge. In a
downward-positive strike a positive leader starts near the
cloud top and steps down to a negatively charged region of
ground, a few km below. For all cloud-ground strikes the
full channel creation process takes approximately 20 ms.

The typical stepped leader has 5 C of free electrical
charge, or ~1073 C/m. While the leader has a luminous
diameter between 1 and 10 m, it is thought to have a
conducting core of plasma a few centimeters in diameter.
This core acts as a conducting channel, and it is through it
that much of the energy flows. Therefore, if a similar
quantity of atmospheric charge were to be liberated by
other means along a channel of similar dimensions, the
resulting ion trail could allow current to flow. This could
serve as the basis for a new lightning strike, assuming the
trail was created in a region with a sufficient potential
difference between connected regions.

A. Why lightning is jagged

Assuming each step in the stepped-leader process has a
random azimuthal angle, the probability that for every one
of N steps the direction is within € degrees displacement
from the plane defined by the observer and the first step is
(%O)N . For illustration purposes only, consider a series of
10 steps—and macro-induced lightning should be much
longer than that—in which the maximum step-to-step
deviation from a straight path is 10 deg—easily observed
and much larger than what is expected for macros.
The probability that this 10-step section of lightning is
“straight” purely by chance is 3 x 10713, Again, we have
underestimated the number of steps, N, and overestimated
the maximum allowed degrees of displacement. This
accords with observations that straight lightning is very
rare and requires no special techniques to detect.

III. MACRO-INDUCED LIGHTNING

An astrophysical phenomenon somewhat analogous in
this context to macroscopic dark matter is cosmic rays.
Numerous meteorologists have proposed cosmic rays as a
lightning initiation mechanism [27]. Many contentions,
for instance those of Prof. Dwyer [28], are based on the
seeming incompatibility between the small cross section
of cosmic rays and the comparatively large ionization
channels seen in lightning. Macroscopic dark matter
obviates this concern by naturally having a large cross
section.

In most artificially triggered lightning experiments, such
as those at the International Center for Lightning Research
and Testing (ICLRT) [29,30], a rocket trailing a grounded
triggering wire is launched when the quasistatic electric
field at ground exceeds Egesnoiq = 5 KV m~! and the flash
rate becomes relatively low. In about half of all such
launches, an initial stage is successfully triggered, consist-
ing of a sustained upward positive leader typically several
kilometers in length followed by an initial continuous
current. Often, the initial stage is followed by one or more
leader/return stroke sequences, similar to subsequent
strokes in natural lightning [31,32].

The formation of a lightning strike caused by the
passage of a macro through the atmosphere is dependent
on the formation of a plasma trail produced by the macro
scattering elastically off the atoms and molecules. This trail
would “lock in” the lightning leaders, which serve as
the channel through which the charge is transferred in a
lightning strike. The plasma trails produced by the macro
are similar to the trailing grounded wires as both are
sources of free electrons.

We describe in this section the conditions under which a
macro produces a sufficiently large and long-lived plasma
channel. We then identify the ways in which macro-
induced lightning differs from natural lightning, in par-
ticular in being extremely straight, and so it can be used as a
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signature to search for macros. Finally we discuss the one
photographically documented straight lightning bolt.

A. Forming plasma channels

We review the key quantities about this plasma first; we
refer the reader to Ref. [23] for more details. Due to the
longevity of lightning leaders, we need only demonstrate
that the macro channels contain as much charge density as a
natural leader and persist long enough for the lightning
leader to “lock in” along the macro path.

Cyncynates et al. [33] considered the formation of
plasma channels by macros passing through rock. For
passage through the atmosphere, additional cooling terms
come into play: radiative cooling, expansion cooling, and
turbulent mixing [34]. Ignoring these for the moment, we
can propagate the initial energy deposition by the macro
outward radially away from that trajectory using the heat
equation. The temperature field after some time ¢ is

-
0.V e 4a

T(r.1) = 250 €™ 4

(r.0) 47racp t (4)

where a~ 107 m? s~! exp(D/10 km) is the thermal dif-
fusivity of the air and ¢, ~ 25 kI kg™ K™! is the specific
heat of the air [35]. (The specific heat varies around a mean
of ~25kJkg™'K~! for temperatures between 10* K
and 10° K.)

We invert (4) to obtain zr;()?, the area at time ¢ that has
reached a particular state of ionization / characterized by
the appropriate ionization temperature 7;. We do this by
setting T(r,t) = T; ~ 5 x 10* K [36], sufficient to ionize
the 2p electrons of N and O. This area is given by

2
r,(1)? = dratlog <L> (5)

dratc,T;

According to (5), after the macro passes, the size of the
ionized region grows to a maximum of

2
0, Ux ~

Amax — max\2 _
m(rf™) oc

This happens at

o, 02 o v 2 _»
max — % o (O V(T ) he (g
! 4reac,T; s<0m2> (250 kms‘1> e (7)

It then shrinks back to 0 at £ = er",

It is important to note that A™* is independent of a.
Turbulent mixing and expansion cooling will change the
value of a, and change the precise temperature profile (4),
but will not change the maximum number of ionized atoms
per unit length along the macro trajectory. They could in
principle cool the plasma too quickly to allow leader

formation along the channel. This will be considered in
the following subsections.

Radiative cooling could have more deleterious effects by
removing the energy in the plasma to a distant location, too
far to participate in the leader initiation. However, in Sidhu
et al. [23] we show that the effects of radiative cooling are
negligible for ¢ <3 x 1073 cm?. For larger o, the linear
charge density in the macro channel saturates.

B. Inducing lightning leaders

In order to initiate lightning, we need to create charged
filaments with linear charged densities sufficient to seed a
leader. In natural lightning, the leaders have [[26], p. 152] a
linear electron density A% ~ 6 x 103 cm™!. By com-
parison, within the plasma channel at time 7" the linear
free-electron density will be

A s (1P P f ®

where n, is the number density of atoms in air and f, is
their ionization level. Taking f,~0.5 appropriately
accounts for the fact that the 2p electrons of N and O
are ionized at 7'; but the 1s and 2s electrons are not.

Knowing that each luminous step leader propagates [26]
in at most 1 us, followed by a pause of between 50 us (at
high altitude) and 10 us (near the ground) between leaders,
we therefore require that

N>1pus=0,>6x108 cm?, 9)

and that the linear charge density in the macro-induced
plasma trail

lemacro > /Ilgatura] = o, > 10—8 sz_ (10)

Equation (9) is more stringent than (10); however, 1 pusis
an upper bound for the timescale over which each step
leader forms and represents propagation along the step
leader at approximately 0.05c¢. Positive return strokes
travel [37] at ¢/3, which may be a more realistic estimate
of the propagation speed. This would drop the minimum
applicable o, to 107® cm?. Nevertheless we quote our
accessible macro parameter space using the more restric-
tive o, > 6 x 1078 cm?.

Equations (9) was calculated using the diffusive cooling
of (4), but turbulent mixing is known to be a more effective
cooling mechanism. Likewise, the expansion cooling will
strongly cool the macro channel, impacting a in (7). In
order to induce a leader, the plasma channel needs to
exist long enough for a leader to connect to the macro’s
plasma channel. Considering the average speed of a light-
ning leader, this might appear to be a problem. In ordinary
lightning the interstep pauses are long; these dominate the
propagation time and lower the average propagation speed
of the leader. However, this is the wrong timescale to

063024-4



STRAIGHT LIGHTNING AS A SIGNATURE OF MACROSCOPIC ...

PHYS. REV. D 103, 063024 (2021)

consider. Leaders require these long interstep intervals
because there is not already a highly ionized channel to
follow. As reference, Betts [38] uses a 0.2 mm copper wire
to induce leader formation. Our values of ¢ yield macro
channels with at least 5000 times greater linear charge
density (see Sec. Il E). Given this highly ionized channel,
the leaders can propagate at the intrastep velocity, which is
approximately c/3, for which the relevant time step is 1 ps.
Turbulent mixing acts only on timescales of 300 us [34],
which is much longer than the 1 s required. Other cooling
mechanisms are similarly unimportant.

C. On cloud structure and charge exchange

Clouds have complicated charge structure. Broadly
speaking, clouds are net neutral with a main positive charge
(often on top) and a main negative charge. The regions are
roughly 10 km tall, for a total cloud complex of order 20 km.
The ground charge, up to 4 km distant, is effectively an
induced charge from the cloud. Smaller charge regions are
common, for instance beneath the main bottom charge, with
a corresponding dipole on the ground.

Lightning occurs between effectively all regions, includ-
ing the “small” charge ones. Lightning acts to neutralize
the local electric field, negating the potential difference
between the two regions. When a macro passes through a
cloud, as it transits each charge region it will induce
intracloud lightning. We note that this lightning will have
all the same signatures as groundstrokes, discussed in
Sec. III D, but is not the focus of this paper since the
obscuration by clouds might make analysis challenging.
Intracloud lightning might—stressing that this is specula-
tive—prevent groundstrokes if the macro passes through a
small charge region between the main bottom charge and
ground. In this scenario, the small charge region might be
neutralized and the charge in cloud and ground is now of
the same sign. Not enough is known to determine whether
the charge neutralization is sufficient to prevent ground-
strokes, or if this picture is even correct.

The frequent case that the macro passes from the main
bottom charge straight to ground is much simpler. When
the macro pierces cloud bottom, the induced intracloud
lightning occurred roughly 10 km and 40 ms away. At
ground connection that distance can be 14 km and 60 ms
distant. Given that small charge regions regularly produce
lightning, the main charge region will not be depleted by
the earlier and distant discharge.

We now have two scenarios: groundstroke from main
bottom charge to ground and groundstroke from small
charge region to ground. The former should produce
groundstrokes, the latter might not. To approximate the
uncertainty in the occurrence rate of the latter case and how
efficiently it prevents groundstrokes we divide our lightning
generation rate by an extremely conservative factor of 2.

There is a third important scenario to consider. Instead of
traveling from cloud to ground, a macro can pass through a

cloud upward after traveling through the Earth. This causes
ground-cloud lightning. We calculate later (14) the relevant
cross section for a macro to be able to pass through the
Earth and still have speed sufficient to cause distinctive
lightning (Sec. III D).

D. Signatures of macro-induced lightning

Our macro-induced lightning initiation model (Fig. 1)
differs from Dwyer and Uman [26] in a few important
regards. Let us review the differences thus far. First, as the
macro trail acts as a “preleader,” the leader-creation process
is not stochastic but deterministic, with normal lightning
leaders “locking in” along the macro channel. Second,
since the macro constantly creates the plasma channel, the
leader propagates continuously along this channel. The
mode of the macro velocity distribution, 250 km/s, is near
the propagation velocity of the leaders (200 kms™!), when
including the interstep interval. However, the propagation
of the leader within each step is known to take at most 1 us,
and therefore to be at a velocity of at least 10* kms™!, and
may perhaps be as much as the ¢/3 measured for positive
return strokes. So as the macro continuously creates a
plasma trail the leader will propagate at this same velocity.
Thus in macro-induced lightning leaders are continuous,
not discrete.

5
OQ
§
S

thin leader
channel

thick leader
channel

|,max
macro-ionized
° region

Macro

FIG. 1. (Not to scale) Graphic representation of macro plasma
channel seeding continuous leader. Channel direction can also be
from ground-to-cloud. Macro plasma trail expands to maximum
area A™™ before cooling. AS vgep < Umacro < Vleader» the lightning
leader takes no “steps,” instead propagating continuously with
the macro trail.
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This offers a few testable predictions: the leader process
produces no light pulses during steps, the radio frequency and
x-ray signatures of the leader steps are similarly different.
However, these predictions are harder to test since different
types of lightning are observed to have distinct radio
frequency and x-ray signatures [39]. The most conspicuous
prediction is that macros source abnormally straight lightning
compared to the typical lightning strikes observed.

We note some caveats. First, the stepped leader model
does not apply for the last tens of meters as the ground
emits an upward propagating stepped leader which will
connect to the downward propagating plasma channel.
Moreover, for macros moving slower than 250 km/s, the
lightning is expected to be jagged like regular lightning as
the stepped leader would eventually overtake the macro
trail. For macros moving significantly faster than 250 km/s
the lightning is expected to be straight the entire pathway
from cloud to ground as the ground will not have time to
emit or significantly propagate its own stepped leader.

Since macros are expected to move according to a
Maxwellian velocity distribution in a frame comoving with
the Galaxy,

47w§ _(2x)2

Jue(vy) = We G, (11)
where vy, ~250 kms™! [40]. and taking the relative
motion between the macro and Earth into account, we
find that 71% of all macros in the distribution will be
moving at least 250 km/s.

Additionally, we expect that the mechanism outlined
here may not hold true if the macro comes in at a trajectory
that is mostly parallel to the ground. There is a critical
angle at which a macro trail is sufficiently misaligned
from the storm electric field such that the electric field
induces offshoot lightning channels, obviating the straight-
lightning prediction. This is poorly constrained because
plasma channels in air are analogous to wires surrounded
by an insulator. The breakdown voltage is highly dependent
on atmospheric properties such as moisture and particulate
content. Despite this, order of magnitude calculations
suggest the critical angle is approximately unity. As an
example, considering a cloud-to-ground macro-induced
plasma channel for a critical angle of 30° from a perfectly
perpendicular trajectory, 25% of all macro trajectories
would fall in this cone. We use this number when
calculating the maximum mass that could be probed by
a careful monitoring of thunderstorms on Earth.

E. Staying straight

Although a macro creates a straight plasma channel, at
least two mechanisms will spoil that: the m = 1 magneto-
hydrodynamic (MHD) instability on small scales and wind
shear on large scales. Of these only the wind-induced

nonlinearity is expected to be observable by commercial-
grade equipment. We discuss both.

There have been a number of studies investigating how to
artificially induce lightning strikes through laser-generated
plasma channels (see [42]), though no strikes have yet been
directly triggered due to technical limitations in producing a
continuous ground-to-cloud channel. Instead, an informa-
tive analogue to macro-induced lightning is lightning
induced by charged particles from the IVY-MIKE 1952
nuclear explosion test on Enewetak Atoll [43].

In laboratory tests to simulate the IVY-MIKE lightning,
laser-guided electric discharges were used to create a ~1 m
straight plasma filament, radius Ry <1 cm, within a
reduced density channel, radius R; <2 cm [43], Fig. 6].
On timescales exceeding 40 us, the m =1 MHD mode
kinks the central filament, with perturbations of amplitude
R, (R; < R, < R;) and growing wavelength 4. R, R,, and
R, grow sublinearly [[43], Fig. 9]. Extrapolating to 20 ms
(ground-to-cloud time), the radius of the reduced density
channel is R; < 3m. After 1 ms, the central filament kink
radius R, has nearly plateaued at 10 cm, while the filament
Ry itself is stable at 1-2 cm. The m = 1 mode wavelength
is A~ 4m. These lab measurements of R; are consistent
with observed lightning, while the amplitude and wave-
length of the kink mode explain why it has yet to be
observed. The m =1 instability should not alter the
apparently straight lightning path, which is observed as
the reduced density channel.

Wind shear is not expected to introduce significant long
wavelength deviations from straightness. The typical time-
scale of cloud-to-ground ion channel formation is ~20 ms.
The return stroke, also known as the first lightning strike
[26] occurs directly following the ion channel creation and
propagates at ¢/3 [37]. At a wind speed of ~20 m/s [44],
high for the typical thunderstorm, local regions of the
plasma channel can be transported by ~0.5 m. Even if wind
shear transports neighboring plasma channel components
in opposite directions, the observed deviation from a
straight strike is just 1 m. Repeated strikes are generally
separated by ~50 ms, contributing a further ~2 m deviation
of the channel. In actuality, repeated strokes can be
distinguished by any camera with > 30 fps. These effects
should not contribute significantly on the first strike and a
macro-induced lightning track is predicted to be nearly
perfectly straight.

There is one further effect to consider: whether the leader
will break out from the macro channel. For instance, in
triggered lightning experiments where a conducting wire is
sent up to charge clouds, the discharge largely follows the
wire, but consistently breaks away at some point. Typically,
these conducting wires are made of copper, which has a
conduction-electron density of ~4 x 103 cm™. We have
required the macro channels to have a linear free-electron
density Amacro > gnawral ~ 6 5 1013 ¢cm~!. Those channels
have a maximum radius of 1-2 cm. Therefore the channels
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have conduction-electron densities greater than or compa-
rable to copper. More importantly the linear electron
conduction density is much greater than the wires that
are used in induced lightning experiments. For example,
Betts [38] used 0.2 mm copper wire, with 1~ 10'® cm™!.
This is at least 5000 times less than a macro channel.
Breakout is much less likely.

Considering the m = 1 instability, wind shear, and
breakout probability, deviations from straightness by even
1 reduced density channel width at any point along the
channel path disqualifies a lightning event as a macro-
induced event candidate. Considering the probabilities
associated with naturally straight lightning—Sec. II—any
extremely straight lightning seems an excellent candidate
for further analysis.

IV. MACRO SEARCH AND POTENTIAL
CONSTRAINTS

Using the distribution (11), transformed to the solar
frame [41], the macro flux on a planet would be given by

— Px0
M,

Fx UfoB,SSde’ (12)
where p,o=35x 1073 gecm™ is the local dark matter
(DM) density [45], M, is the mass of the macro and the
integral accounts for the velocity distribution of all macros,
and fypss is the Maxwell Boltzmann distribution in the

1025

Solar System frame. With this, we calculate the estimated
rate of macro-induced lightning strikes

_ px.O”R%)f 1sSLE

ml Mx (13)

/UfoB,Sdexa
where R, is the planet’s radius, fpg is the fraction of the
planet’s surface currently experiencing a thunderstorm, and
f1E 1s the fraction of macro strikes in thunderstorms that
actually lead to an observable event. For the range of cross
sections of interest, f1p =~ 1.

We note that sufficiently fast-moving and small macros
would not be slowed down appreciably even considering
the column density encountered passing through the
diameter of the Earth. More concretely, using the prelimi-
nary reference Earth model density profile [46], we
determined the critical reduced cross section below which
macros traveling initially at above v ~ 500 kms~!, which
represent half of all the macros in the velocity distribution,
would not be slowed down to half their initial velocity on
traveling through the Earth. This critical reduced cross
section is found to be

o /M, <1x10710 [em? g71]. (14)

Since the critical angle relative to normal for coalignment
of the macro and storm electric field is probably not oblique
(Sec. III D), all macros of the relevant cross section will
have two opportunities to induce lightning. In Fig. 2, this

Patomic
Pnuclear
— pBH

1020 i

X1 Earth: Downward
/7 Earth: Upward
Jupiter Lightning

1015 i

1010 g

105 i

ox [cm?]

100 i

1073

10—10 i

10—15

100 104 107 10%°

1025

1022

1013 1016 1019

Mx [9]

FIG.2. Figure 1 of [3] with the updated potential constraints discussed in the text. Earth lightning projections are in black hatching and
Jupiter lightning projections are in cyan hatching. The lower right constraint curves up because the number density of macros decreases
with an increased mass which requires a larger fraction of the velocity distribution. The step in the lower right is the average observed
minimum macro velocity due to gravitational infall. Objects within the bottom right corner are excluded as they are denser than black
holes of the same mass. The solid gray region is ruled out from structure formation [19]; the yellow from mica observation [12,13]; the
light purple from superbursts in neutron stars; the light blue from white dwarfs becoming supernovae (Graham et al. [20] as revised in
Sidhu and Starkman [3]); the red from a lack of human injuries or deaths [10]; the green from a lack of fast-moving bolides [11]; and the
maroon from a lack of microlensing events [14—18]. Solid colors denote verified constraints and hatching for potential constraints. The
subregion of Earth constraints shaded in gray shows the region of parameter space where macros satisfy (14).

063024-7



STARKMAN, WINCH, SIDHU, and STARKMAN

PHYS. REV. D 103, 063024 (2021)

region of the parameter space that could be probed is
shaded in gray (and labeled “upward”) to show this. The
reason that this behavior is important is that such macros
will have two opportunities to initiate straight lightning just
before entering the Earth and just after exiting. Even more
significant is that macros satisfying this expression would
be able to initiate lightning from ground-to-cloud, which
would be an even more compelling observation for the
existence of such objects.

A. Straightest observed lightning

We conducted a search in the physics literature and
publicly available new sources for reports of anomalously
straight lightning. The most promising candidate was
reported in Mutare, Zimbabwe, on February 15, 2015
[47] and recorded at 30 frames per second with a
Panasonic Lumix DMC-TZ10 compact camera in scene
mode. The observed lightning strike is a cloud-ground
strike with no secondary strikes. The maximum projected
deviations from perfect linearity are of order a few
diameters. As the thickness of a beam of lightning is
between 1 m and 10 m (and does not depend significantly
on the considered macro parameter space), even this
straight lightning strike is most likely not straight enough
to have been induced by a macro.

The expected signature from a macro-induced lightning
strike would be very unique. This presents, in theory, a
straightforward way to search for macros by looking for
macro-induced lightning strikes, and to place constraints on
macros if no such strikes are observed.

B. Potential macro constraints

To place constraints on macros from the nonobservation
of any straight lightning strikes, we note that the passage of
a macro through the area covered by a thunderstorm is a
Poisson process. Thus the probability of n passages over a
given exposure time, A¢, P(n) follows the distribution

(nmlAt)

P(n) = - (15)

n!
The continued failure to observe a macro-induced lightning
strike would allow us to conclude that n,Afr <3 at
95% confidence level.

To calculate the expected macro-induced lightning
rate on Earth, we take Ry = Rgy = 6 x 10° cm. At any
given time Earth experiences approximately 2,000 thunder-
storms [48], with an average 20 km in diameter, giving
J1s =~ 0.3%.

With these assumptions, and should we observe 0 very
straight lightning strikes in two years, we could place an
upper bound on the mass of a macro up to M, ~ 10° g for
6,26 x 1078 cm?. The exact projections are shown in
Fig. 2. It is of particular significance that this method is
sensitive to probing the nuclear density line.

We calculate these potential constraints with the sim-
plification of a gravitational infall velocity determined only
by the mass of the Sun and Earth, not accounting for the
Earth’s orbital velocity. This only noticeably affects the
small lower right plateau in the constraint curve of 2, which
is determined by this velocity.

To achieve these constraints requires more detailed
observations and/or reporting of lightning as a significant
fraction of lightning is not observed and only a fraction of
those events are recorded. Fortunately, lightning strikes are
heavily concentrated over land [49], increasing the pos-
sibility of establishing a dedicated monitoring program. It
also increases the probability of reporting by casual
observers, since nearly straight lightning strikes are rare
enough to generate press (see Lowenstein [47]).

For, e.g., M, = 100 g over the range of cross sections of
interest, the macros can make up no more than 2 x 1073 of
the dark matter [10]. Thus, we would expect a macro-
induced lightning rate of ~107® s~!, combining this maxi-
mum fraction with the rate (13). This is already much lower
than the actual observed rate of lightning strikes on Earth,
which is on the order of 50 to 100 s~ [50]. This implies
that we cannot significantly constrain macros as dark
matter through lightning rates alone, as the macro-induced
lightning signal would always be significantly outnum-
bered by the rate of regular lightning strikes. However, as
discussed in Sec. III D, the lightning strikes induced by
macros are expected to be significantly straighter than
regular lightning strikes. Thus, we expect to see straight
lightning caused by macros regardless of whether the
macros populate a part of parameter space where they
can or cannot contribute all the dark matter.

V. JUPITER

Given its size relative to Earth, a search for macros using
Jupiter (or another gas giant planet) as the target holds great
potential for exploring larger macro masses than can be
explored using Earth as the target. Although on Earth we
have the advantage of being able to search for the effects of
macros on targets such as rocks that have “integrated” for
extremely long exposure times [25], that advantage is
nullified when looking for transient phenomena such as
lightning flashes that need to be observed in real time.
Thus, a potential signal of macros is the production of
straight lightning in the Jovian atmosphere as discussed
above for Earth’s atmosphere. In this section we will briefly
discuss some of the potential power and challenges of using
Jupiter as a target for macro-induced lightning signals. The
major strength of searching for straight Jovian lightning is
the size of the target. The surface area of Jupiter is 125
times that of Earth, suggesting that it is a potentially
valuable target to search for macro-induced fluorescence
or macro-induced lightning. Lightning has been observed
near the Jovian poles by every passing satellite. Earlier
mysteries as to its origins have recently been clarified based
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on observations from the Juno mission [51], and it is now
understood to be described by essentially the same physics
as terrestrial lightning.

Making concrete claims about the observability of
macro-induced lightning on Jupiter is difficult. This is
due to two factors: the physics of lightning in Jupiter’s
atmosphere is even less well understood than that on
Earth, and the logistics of monitoring Jovian lightning is
much more difficult given its distance. For example, it is
currently unclear why lightning does not form over the
entire surface of Jupiter but only the poles. This could
reduce the region of parameter space that could be
probed through this method. One additional difference
is that in the case of Jovian lightning, we are only
concerned with cloud-cloud lightning, as opposed to
focusing on cloud-ground lightning for Earth. This is
because the “ground” for Jupiter is essentially unobserv-
able, and thus it is more useful to look for intercloud
lightning strikes in the upper layers of the Jovian
atmosphere. In addition, observing the morphology of
Jovian lightning presents obvious technical challenges,
but could be overcome either by using high-resolution
space telescopes from earth or by using future Jovian
weather satellites that will make precise measurements of
Jupiter’s atmospheric phenomenon. Given that many
lightning strikes on Jupiter will be obscured by the
cloud cover, it would be more advantageous to use
detection methods that do not rely on visual morphology
to differentiate macro-induced lightning from organic
lightning. For example, as mentioned earlier, one could
potentially use the radio frequency signal to differentiate
straight lightning bolts without visual confirmation. This
could be accomplished using radio frequency instrumen-
tation on existing probes such as JUNO, or proposed
upcoming probes such as the Jupiter Ganymede Orbiter
[51]. An exact calculation of sensitivity would require a
better estimate of the amplitude of radio frequency
signals from macro-induced Jovian lightning, which is
outside the scope of this paper.

Despite these theoretical and observational challenges,
we shade, in Fig. 2, the region of parameter space that could
be probed assuming that lightning occurs only over 10% of
the surface of Jupiter, which is likely an underestimate. We
also assume lightning physics is identical on Jupiter
compared to on Earth, and that this lightning is detectable
and distinguishable from non-macro-induced lightning
using some future technology. We do not claim that our
forecasts for constraints due to Jovian lightning are
definitive, but instead present them as a potential future
area of research, worthy of more in-depth investigation.

VI. CONCLUSION

In this manuscript, we have proposed that macros could
result in the formation of distinctive, abnormally straight
lightning that, to our knowledge, has not been documented
on Earth. This could serve as the basis for a high-sensitivity
search for macros of higher mass and lower geometric cross
section than other methods that have been proposed. We
also proposed using lightning on Jupiter to probe a much
larger region of parameter space, although a detailed
consideration of this idea must still be performed.
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APPENDIX: RELATIONSHIP BETWEEN
MACRO MASS, CROSS SECTION,
AND INTERNAL DENSITY

Macroscopic dark matter is much larger than the size of a
proton or neutron, and therefore the cross section is both the
geometric cross section and the cross section for elastic
scattering.

Deriving the cross section with reference to nuclear
density,

X M nuclear
Px X—3, Pnuclear X —3 .
T'x nuclear

(A1)

Taking ppuciear = 3.6 X 10'* [gcm™] and solving for the
cross section in terms of the nuclear density,

)" e

oy =24 % 10—10Pnuc1e312/3< M,
Px Mnuclear

~2 % 10-10 <M7> 7 emP. (A2)
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