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Macroscopic dark matter (macros) are a broad class of alternative candidates to particle dark matter.
These candidates would transfer energy primarily through elastic scattering, and this energy deposition
would produce observable signals if a macro were to pass through the atmosphere. We produce constraints
for low mass macros from the null observation of bright meteors formed by a passing macro, across two
extensive networks of cameras built originally to observe meteorites. The parameter space that could be
probed with planned upgrades to the existing array of cameras in one of these networks still currently in
use, the Desert Fireball Network in Australia, is estimated.
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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. Macroscopic dark matter (macros) is a broad
class of dark-matter candidates, with wide still-allowed
ranges of masses Mx and cross sections σx, that represents
an alternative to conventional particle dark matter.
Of particular interest would be macros of approximately

nuclear density satisfying

σx ≈ 2 × 10−10
�
Mx

g

�2
3

cm2; ð1Þ

as several models for macros describe potential candidates
with approximately that density. The idea that macros could
be formed entirely within the Standard Model was origi-
nally proposed by Edward Witten [1] in the context of
a first-order QCD phase transition. Lynn, Nelson and
Tetradis [2] and Lynn again [3] subsequently described a
more realistic model for Standard Model macros as bound
states of nucleons with significant strangeness. Nelson [4]
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 formation [5]. Although macros satisfying (1) are
of particular interest, macros over a wide range of average
densities remain possible candidates to explain the open
problem of the nature of dark matter.
Colleagues recently determined which regions of macro

parameter space remain unprobed [6,7]. A longstanding
constraint comes from 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 ofMx ≤ 55 g for

a wide range of cross sections (see [8]. and [9]) Various
microlensing experiments have constrained the dark-matter
fraction for masses Mx ≥ 1024 g [10–13]. The authors of
Ref. [14] utilized the full Boltzmann formalism to obtain
constraints from macro-photon elastic scattering using the
first year release of Planck data. In particular, a sufficiently
high dark-matter photon interaction will generate distinc-
tive features in the temperature and polarization power
spectra at high l values. Constraints were derived by
comparing the spectra to the latest Planck data and finding
the best-fit cosmological parameters. Prior work had
already constrained a similar range of parameter space
by showing that the consequence of dark matter inter-
actions with Standard Model particles is to dampen the
primordial matter fluctuations and essentially erase all
structures below a given scale (see e.g., [15]). More
recently, the existence of massive white dwarfs was used
to constrain a significant region of macro parameter space
[16]. The region of parameter space where macros would
have produced a devastating injury similar to a gunshot
wound on the carefully monitored population of the
Western world was also recently constrained [17].
More work has been done recently to identify additional

ways to probe macro parameter space. With colleagues, we
have proposed [18] using current fluorescence detectors
that are designed to study high energy cosmic rays, such as
those of the Pierre Auger Observatory [19]. Separately,
we have suggested [20] that, for appropriate Mx and σx,
the passage of a macro through granite would form long
tracks of melted and resolidified rock that would be
distinguishable from the surrounding unmelted granite.
A search for such tracks in commercially available granite
slabs is planned.
In this manuscript, we describe a way to constrain macro

parameter space based on an idea first put forward by Hills
[21], who used the nonobservation of fast-moving meteors
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to constrain a wide range of masses of atomic-density dark-
matter candidates. We show that far-denser dark-matter
candidateswere also constrained by this “fireball” null result.
The Desert Fireball Network (DFN) [22] is a network of

cameras in Australia searching for bright meteors, which
are known as bolides. The area covered by the DFN is
already much greater than the original network used by
Hills, and thus produces more stringent constraints on
macros. There are plans for significant DFN upgrades,
including increases in observing area, as part of an effort to
create a global network. These upgrades will yield still-
more-stringent constraints on macros. We estimate below
the region of parameter space that could be probed given
some reasonable expectations for the eventual size and
sensitivity of the global network of bolide detectors.

II. MACRO DETECTABILITY

In this section, we provide a guide for how we determine
constraints from the lack of observation of fast-moving
bolides in surveys used in the following section.
A macro transiting the atmosphere will deposit energy

along its essentially straight-line path through elastic
scattering off molecules in the air. It will do so at a rate

dE
dx

¼ σxρatmðDÞv2x: ð2Þ

Here ρatmðDÞ ≈ e−D=10 km kgm−3 is the density of the
atmosphere at altitude D, accounting for the atmosphere’s
scale height of approximately 10 km, σx is the geometric
cross section of the macro, and vx is its speed.
This energy deposition along the macro trajectory will

result in some flux of visible light Fðσx; vx;DÞ received at
the cameras that make up a detector array designed to
search for bright meteors. These cameras have a minimum
flux Fthresh for a bolide to be visible. Macros that result in
a flux greater than the threshold will produce a detectable
signal. This implies that at each altitude D there is a
minimum velocity vthreshðσx;DÞ for a macro of cross
section σx to be detectable. In other words, the macro is
detectable if vx > vthreshðσx;DÞ: the smaller σx is, the larger
vthresh must be (at any given D).
For definiteness, we assumemacros possess aMaxwellian

velocity distribution in a frame comoving with the Galaxy,

fMBðvxÞ ¼
4πv2x

ðπv2virÞ3=2
e−ð

vx
vvir

Þ2 ; ð3Þ

where vvir ≈ 250 km s−1 [23], but cut off at vx;esc ∼
550 km s−1, the escape velocity from the Galaxy at the
Sun’s position. The macro flux detectable from altitudeD is
given by the cumulative velocity distribution function—
specifically the integral of the product of the relative velocity

between the macro and the Earth and the macro velocity-
distribution function [transformed to the rest frame of the
Solar System fMBSSðvxÞ from vthreshðσx;DÞ to vx;esc].
The local mass density of dark matter is fixed by Galactic

dynamics. For simplicity of interpretation, we consider all
macros to be of a single mass and size, even though a broad
mass distribution is a reasonable possibility in the context
of a composite dark-matter candidate. The macro flux is
therefore inversely proportional to the macro mass, and we
must have

Γmin ≤ ΓðMx; σxÞ≡ Adet
ρDM
Mx

Z
vesc

vthreshðσx;DÞ
vxfMBSSðvxÞdvx;

ð4Þ
where ρDM ≃ 5 × 10−25 g cm−3 [25], and Adet is the pro-
jected area on the sky covered by the network of cameras in
the bolide survey. Consequently, the smaller vx;thresh is, the
lower σx we can probe at the cost of only being sensitive to
a fraction of the macros in the Maxwellian distribution,
corresponding to a maximum macro mass. The smaller
σx is, the higher vx;thresh needs to be to produce enough
photons for an event to be detectable. That higher vx;thresh
means that a smaller fraction of the macros are detectable,
so to have a high enough event rate, the overall number
density of macros must be higher; i.e., they must be of lower
mass. Higher σx thus means lower maximum probable mass.
Equation (4) allows us to determine, as a function of

σx, the maximum mass Mx that we can probe, so long as
we know the velocity distribution as a function of altitude.
The speed of a macro traveling through the atmosphere is
expected to evolve as

vðxÞ ¼ v0e
−hρΔi σxMx : ð5Þ

Here hρΔi is the integrated column density traversed along
the trajectory from the point of impact to the location x,

hρΔi≡
Z
l
e−DðxÞ=10 km kgm−3dx; ð6Þ

where l represents the trajectory of the macro and 10 km in
the exponent is the atmospheric scale height.
For large enough values of σx=Mx, macros will not

traverse the Earth and only macros at high altitude will
produce visible signals. This can be used to determine the
maximum value of σx=Mx accessible by the bolide net-
work. However, in order to be detected by the camera
network, a macro must remain intact as it passes through
the atmosphere. Ordinary meteors often break up.
We expect sufficiently dense objects to be stable

enough to survive passage through the upper atmosphere.
The precise threshold density depends on the microscopic
physics of the macro; however we can get a sense of how
dense by imagining the macro is made of baryons, and that
the logarithm of the binding energy per baryon Eb scales
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linearly with the logarithm of the density between
atomic density (ρatomic ≃ 1 g=cm−3, Eb ≃ 10 eV) and
nuclear density (ρnuclear ≃ 1014 g=cm−3, Eb ≃ 1 MeV).
This yields an expression for the scaling between bind-

ing energy and density,

Eb ∼ 10eV

�
ρx

g=cm−3

�3
7

; ð7Þ

where

ρx ¼
3Mxπ

1
2

4σ
3
2
x

: ð8Þ

We require the energy transferred to be less than the
binding energy per baryon multiplied by the number of
baryons in the macro:

Eb
Mx

mb
≥ ρσxv2xL: ð9Þ

Considering just the densest part of the atmosphere, i.e.,
that closest to the ground, ρ ∼ 10−4 g cm−3 in the scale
length closest to the ground, we find that the above
expression translates into a bound:

σx
cm2

≲ 4 × 10−3
�
Mx

g

�20
23

: ð10Þ

This bound is likely too stringent in that most macros at
these large cross sections will be detectable at higher

altitudes with significantly lower atmospheric densities.
However, we use this as our upper bound in Fig. 1.

III. DETECTION THRESHOLDS

A bolide refers to a very bright meteorite withMv ≤ −5.
The original bolide networks operating in the 1960s, 1970s
and 1980s were reliably capable of detecting objects of
absolute visual magnitude Mv ≤ −5 [26]. The absolute
magnitude [27] of a bolide is related to its luminosity by

Mv ¼ 6.8 − 2.5 log10ðL=L0Þ ð11Þ

where L is the visible luminosity of a regular meteor and
L0 ¼ 1 W. Based on the criterionMv ≤ −5, bolides would
have been detectable when their luminosity in the visual
spectrum exceeded ∼50000 W. Bolides are typically seen
at altitudes ∼100 km. This implies a flux received at
ground level of Fthresh ≥ 10−8 Wm−2.
The DFN reported a limiting apparent magnitude mV ¼

0.5 [22]. This is an instrument-specific threshold for the
faintest object that is reliably detectable. We infer a mini-
mum flux that must be received at the DFN camera of
Fthresh ≳ 10−8 Wm−2, similar to the value derived above.
A meteor (including a macro transiting the atmosphere)

must exceed this threshold brightness to be detectable by
the network cameras. This brightness depends on both the
intrinsic luminosity of the meteor and its distance from the
cameras. We neglect the effect of photon scattering along

FIG. 1. Constraints (solid green) derived from the null observation of bolides produced by a passing macro in the combination of the
U.S. Prairie, Canadian, and Eastern European (PCE) bolide networks that existed from the 1960s to the 1980s, the currently operational
Desert Fireball Network (DFN), and the region of parameter space that may eventually be probed given certain reasonable assumptions
about the final size of the DFN network (green hatching). The details of the green regions are explained in the text. The region currently
excluded by examination of ancient mica [8,9] is shown in yellow with vertical hatching; the gray region is excluded from the effects of
CMB photons scattering off the macros [14]; the blue region from the continued existence of white dwarfs [16]; and the red from the lack
of human impacts [17]. The purple (hatched) region will be accessible in the future to the fluorescence detectors that are components of
certain ultrahigh-energy cosmic ray detectors, e.g., those that may result from the JEM-EUSO program [18].
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the path from the macro trajectory to the camera, which is a
small correction [18]. The actual flux received is therefore
proportional to the intrinsic luminosity of the macro as it
passes through the atmosphere (which depends on vx and
σx for the macro), and inversely proportional to the square
of the distance from the macro trajectory to the camera.
As macros are expected to be significantly denser than
an ordinary meteorite, they are unlikely to fragment at high
altitude like ordinary meteorites. Thus they are expected to
be observable much closer to the ground.
We treat the entire emission region produced by the

macro as a point source within the field of view (FOV) of
a single camera pixel. This is reasonable given that
the pixels have a small FOV [22] of ð0.036°Þ2; i.e., the
transverse length of the path seen by a pixel is significantly
less than the distance between the macro and the pixel.
As a macro at altitude D passes through the angle θ

subtended by the FOV of a pixel, it traverses a distance
L ¼ Dθ, depositing energy LdE=dx [per Eq. (2)] over a
time L=vðxÞ. This creates a plasma, which persists for a
time tI0 [18]. As the plasma cools it emits a fraction ϵ of
its energy into the part of the (visible) spectrum to which
the camera is sensitive. The flux incident on the camera
pixel is then

F ¼ min

�
vðxÞ
L

;
1

tI0

�
ϵ
dE
dx

L
4πD2

¼ 3 Jm−2 min

�
vðxÞ
L

;
1

tI0

��
σx
cm2

�
2

×

�
vðxÞ

250 km s−1

�
4

e−
3D

20 km
km
D

: ð12Þ

For macros, we have defined an analogous quantity L as

L ¼ min

�
vðxÞ
L

;
1

tI0

�
ϵ
dE
dx

L ð13Þ

where ϵ is the fraction of energy that emerges into visible
wavelengths previously calculated in [18] for macros
passing through the atmosphere,

ϵ ¼ Nthin
γ Ē

1
2
ρv2xσxL

≈ 2 × 102
�

σx
cm2

�
2
�

vðxÞ
250 km s−1

�
4

e−
3D

10 km; ð14Þ

where Nthin
γ is the number of photons emitted by the plasma,

and Ē is the average energy of those photons. We expect
that at large cross sections σx ⪆ 2 × 10−3 cm2, ϵ would
eventually saturate at some fraction of the total energy
deposited. (See Sec. 2 of [18] for a discussion on why this
is the case.) We have divided by the larger of the two
timescales present in the problem, L

vX
, which is the pixel

crossing time, and tI0, which is the time of existence of

the plasma produced by the macro. The larger of the two
timescales is what determines the flux produced at the
camera.
Using (12) and (14), taking account of the distribution in

the altitude of macro trajectories, and using the macro
velocity distribution, we can ascertain the detectability of
macros of particular σx, by requiring F ≥ Fthresh sometime
in their passage through the atmosphere.
To constrain σx as a function of Mx, we enforce the null

observation of a fast-moving macro that would have
produced a detectable bolide. For macros large enough
to be detected, the expected number of events that a survey
should have seen is determined by multiplying (4) by the
relevant observation time of the survey. We obtain vthresh
from (12) and the requirement that F ≥ Fthresh, taking care
to note that vthresh is its value at the top of the atmosphere,
not at altitude D. Of course, vthresh depends onD and so we
must sample altitudes appropriately, as described below.
The passage of a macro through the field of view of a

survey is a Poisson process. The probability PðnÞ of n
passages over a given exposure time follows the distribution

PðnÞ ¼ Nevents
n

n!
e−Nevents ; ð15Þ

whereNevents is, as computed above, the expected number of
events per interval, and varies by detector area and expo-
sure time.
If a macro were to cross the field of view of one of these

networks, the network would observe a bolide moving far
too fast to be bound within the Solar System. This presents
an easy way to distinguish between bolides formed from
Solar System meteoroids and macros [28]. Thus, the
nonobservation of such a fast-moving bolide allows us
to constrain macros that are big enough to have produced a
detectable signal. Requiring Nevents ≥ 3 [obtained by set-
ting the probability Pðn ¼ 0Þ ≤ 0.05 in (15)], gives us a
95% C.L. constraint that macros of at most the selected
mass and at least the selected cross section do not constitute
all the dark matter.

A. Analysis

To determine the regions of parameter space that are
constrained or could be further probed we proceed as
follows:

(i) Iterate vx over the range of allowed values
(0–550 km=s).

(ii) For each value of vx, iterate over a wide range of
altitudes 10 m ≤ D ≤ 100 km. The lower limit
comes from the dependence of the event rate on D.
Taking each camera to have a roughly conical field
of view, and noting that the cameras are ∼100 km
apart, Adet will scale as D2. For D ≤ 10 m, the event
rate is too low for any unconstrained parameter space
to be probed.
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The upper bound comes from the strong depend-
ence of the incident flux F on D, as seen in (12). For
D≳ 100 km, we find that the macro cross section
necessary to produce a detectable signal is already
ruled out by other considerations.

(iii) For each value of D, determine the smallest and
largest cross sections that can be probed from (12)
(requiring that F ≥ Fthresh), and the maximum mass
that may be probed from (4) (requiring that
Nevents ≥ 3). The upper bound on the range of σ
that can be probed is always determined by requiring
macros to be sufficiently dense to survive passage
through the atmosphere.

(iv) From the above iterations, for each value of Mx
determine the range of values of σx that has been
constrained or can be probed.
These final values of Mx and σx are presented

in Fig. 1.

IV. CONSTRAINTS FROM PAST
METEORITE NETWORKS

We derive constraints on macros from a lack of visible
evidence of them transiting through the atmosphere across
the fields of view of two meteorite networks: a combination
of the U.S. Prairie Network, the Canadian Network, and the
Eastern European Network, which we refer to collectively
as the PCE network, which operated in the 1960s, 1970s
and 1980s [21], and the Desert Fireball Network [22],
currently operating in Australia.

A. PCE network

No fireballs moving fast enough to have an origin
beyond the Solar System were observed in a large-area
survey over an “effective” (i.e., scaled to the full area of the
Earth) period of 30 hours [21], so Adett ∼ A⨁30 hours.
Using (12) and (14), and requiring F ≥ Fthresh ¼

10−8 Wm−2, we find that macro visibility by PCE network
cameras requires

σx ≥ 2 × 10−4 cm2

�
250 km=s

vx

�
2
�
D
km

�
1=2

e3D=20 km:

ð16Þ

In general, the plasma lifetime tI0 is larger than the pixel
crossing time of the macro and is the term relevant in (12).
Thus

Nevents ¼ 1.9 × 106fxfdetðσxÞ
g
Mx

; ð17Þ

where fx ≡Ωx=ΩDM is the fraction of the dark matter in
macros. (We continue to assume that all macros have a
single mass Mx and cross section σx.)

The nonobservation of any fast-moving fireballs allows
us to conclude, at the 95% confidence level, that

fx ≤
Mx

6 × 105g
1

fdetðσxÞ
ð18Þ

for macros satisfying (16). These results are presented in
Fig. 1 in green with black diagonal hatching.

B. Desert Fireball Network

In this section we recalculate, using the framework
described above, the region of parameter space excluded
by the nonobservation of an extra solar bolide by the
Desert Fireball Network (DFN). DFN is an extensive
array of cameras monitoring approximately one-third of
Australian skies for bolides with a minimum magnitude
of mν ≈ 0.5 [22].
The Australian Nullarbor plain is a good site for a fireball

camera network due to ideal viewing conditions. The lack
of vegetation and pale geology make recovery of a fallen
meteor easier. These reasons, along with the relative ease of
setting up an extensive network of cameras at a reasonable
price [22], led to the creation of the DFN over the last
decade, and its current state of more than 50 cameras
observing most nights of the year [31]. This large area will
allow new constraints to be produced relative to the
previous network of cameras.

1. Current constraints

The expression for the minimum cross section that can
be probed as a function of D and vx remains unchanged
from (16), as the specifics of the cameras in the DFN and
PCE are not significantly different, as suggested by the
equality of the two threshold fluxes reported above.
The DFN array has been running with an active detection

area of Adet ≈ 2 × 106 km2 for almost 3 years [22]. Thus the
expected number of fireball events that the survey should
have seen is

Nevents ¼ 1.2 × 107fxfdetðσxÞ
g
Mx

: ð19Þ

We conclude that

fx ≤
Mx

4 × 106g
1

fdetðσxÞ
ð20Þ

for macros satisfying (16). These constraints are presented
in Fig. 1 in green with no hatching.

2. Future parameter space that may be probed

There are concrete plans to form a global array of
cameras to increase the observing area for meteors [22].
The current array is observing approximately 0.5% of the
Earth’s surface area.
Since an important objective of such meteor-monitoring

programs is to recover the remnant meteorite, they are most
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likely to be extended over desert regions, which also are the
places most likely to provide the highest fraction of times
with good viewing conditions. Deserts comprise approx-
imately 10% of the Earth’s surface, which is therefore an
optimistic upper limit to the coverage of future arrays.
Realistically, the planned duration of a meteor search is
unlikely to be longer than 30 years, a factor of 3 longer than
the current age of the DFN. We can thus expect at most a
factor of 60 increase in total exposure.
This yields

Nevents ¼ 1.2 × 109fxfdetðσxÞ
g
Mx

: ð21Þ

The continued nonobservation of fast-moving fireballs
during an observing time 3 times the current value by an
array 20 times larger than the current size would place the
constraint

fx ≤
Mx

4 × 108g
1

fdetðσxÞ
ð22Þ

for macros satisfying (16). This region is presented in green
hatching in Fig. 1. In Fig. 1, we have also presented
projections from a recent study [18] of the fluorescence
detectors (FDs) that are components of large ultrahigh-
energy cosmic-ray detector arrays, for comparison to the
results presented in this manuscript. While the methods
outlined here will allow us to probe higher masses, the FDs
will allow a greater sensitivity to smaller cross sections.
Thus, a complementary approach will be ideal for probing
as much of the parameter space as possible.
The actual value ofMx that will eventually be probed by

the expanded DFN network will of course depend on the
final size of the network of cameras and its total live time.
Values as high as Mx ∼ 109 g could be probed.

V. CONCLUSION

We have produced constraints from the nonobservation
of “extrasolar meteors,” i.e., bolides produced by the passage
of a macro with a sufficiently large geometric cross section

σx. We have identified a region of macro parameter space
that could potentially be probed by expansion of the DFN
network of meteorite cameras over the coming years. This
region represent a significant (up to 60×) improvement on
the mass reach of current constraints.
Since it is unclear what part of the available parameter

space macros should occupy, it is vital to explore as much
of it as possible.
The idea outlined here is similar to the use of fluores-

cence detectors to look for photons produced by a macro
passing in the vicinity [18]. The minimum values of σx
that could be probed by planned or potential expansions
of the DFN are not competitive with the lowest values of
σx that could be probed using FDs [18]. However, it is
very likely easier to reach higher masses sooner with an
upgraded bolide network than with a FD, because of the
relative ease of expanding the existing bolide networks
[22] compared to building an appropriately configured
FD network. The FD network is needed to probe to lower
σx, especially to reach the potentially most interesting
nuclear densities.
An interesting corollary to this estimate of the future

parameter space that could be probed by the DFN is that it
seems unlikely that macro masses beyond ∼109 g could be
probed by any purpose-built terrestrial detector assuming
even an observation time of a century and a target area the
size of the Earth. Terrestrial probes (e.g., ancient rocks
[8,9,20]) could have been continuously exposed for up to
3 × 109 years, but we are unlikely to carefully examine the
more than 1 km2 that would be needed to push beyond
Mx ¼ 109 g. It will therefore require innovative thinking
about astrophysical probes (e.g. [16]) to probe the very
highest possible macro masses.
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