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We show that dark-matter candidates with large masses and large nuclear interaction cross sections
are detectable with terrestrial radar systems. We develop our results in close comparison to successful
radar searches for tiny meteoroids, aggregates of ordinary matter. The path of a meteoroid (or
suitable dark-matter particle) through the atmosphere produces ionization deposits that reflect
incident radio waves. We calculate the equivalent radar echoing area or ‘radar cross section’ for
dark matter. By comparing the expected number of dark-matter-induced echoes with observations,
we set new limits in the plane of dark-matter mass and cross section, complementary to pre-existing
cosmological limits. Our results are valuable because (A) they open a new detection technique for
which the reach can be greatly improved and (B) in case of a detection, the radar technique provides
differential sensitivity to the mass and cross section, unlike cosmological probes.

I. INTRODUCTION

The particle nature of dark matter (DM) remains
elusive, even after decades of ever-more sensitive as-
trophysical, cosmological, collider, and direct detec-
tion searches [1–5]. Many of these probes are based
on searches for DM-nucleus elastic scattering, with
null results leading to constraints in the plane of DM
mass (mχ) and DM-nucleon cross section (σχN ). For
spin-independent scattering, the DM-nucleus cross sec-
tion σχA is usually related to the DM-nucleon cross
section σχN by the simple scaling relation σχA =
(µχA/µχN )2A2σχN , where µ denotes the reduced mass
(see, e.g., Refs. [6, 7]). However, as shown in Ref. [8],
which calculated where model independence ends, this
scaling starts breaking down above σχN ≈ 10−31 cm2,
with cross sections above σχN & 10−25 cm2 only possi-
ble for composite (non-pointlike) DM or for pointlike DM
where the DM-nucleon interaction is attractive and has
resonances (see, e.g., Refs. [9, 10]).

In this paper, we assume that the full DM mass den-
sity is due to macroscopic DM, for which the candidates
have Planck-scale masses and non-pointlike cross sections
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FIG. 1. Radar detection of atmospheric ionization from me-
teors (and DM) for a simplified antenna setup. Here θ is the
zenith angle, h the altitude, and ~z the incoming trajectory.
Head-echo radar systems detect the roughly spherical ioniza-
tion front around the moving object, while trail-echo radar
systems detect its ionization trail. The red gradient shows a
Gaussian electron density profile, which determines the type
of scattering (underdense if radio waves penetrate the ioniza-
tion profile, and overdense otherwise). See text for details.

σχN equal to the geometric size of the DM, σχ, which is
vastly larger than the sizes of nuclei [8]. A review is given
in Ref. [11] (see also Ref. [12] for a review of ultraheavy
DM in general). Such candidates are difficult to search
for in direct-detection experiments, because their large
masses make their fluxes very low and because their large
cross sections can cause them to lose energy while pass-
ing through the overburden [12–17]. Here we consider
the atmosphere not as shielding, but as the detection vol-
ume itself — a literal ‘cloud chamber.’ Some previous
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papers have considered the entire Earth or atmosphere
as a detection volume [18–23], but the detection principle
presented here and the parameter space we constrain are
different. We compare the passage of macroscopic DM in
the atmosphere with that of meteoroids, cosmic bodies of
asteroidal or cometary origin [24]. While the energy-loss
mechanisms of meteoroids and DM are different, both
leave ionization deposits. Encouragingly, the isotropic
average DM flux, φχ ∼ 4 × 10−4 (1 g /mχ) km−2 hr−1,
is always larger than the incoming meteoroid flux at a
comparable mass [25].

Figure 1 shows how meteoroids are detected (and DM
could be) in a simplified radar setup. Meteoroids lose en-
ergy to excitation and ionization of their surface atoms as
well as to direct collisions with atmospheric nuclei. The
resulting ionization deposit acts as a conductor, which
reflects radio waves. Radio waves may be reflected from
the ionization surrounding the meteoroid (a head echo) or
that left behind (a trail echo). The operating parameters
for the two cases differ primarily due to the differences
in radar cross sections of head and trail echoes.

We show that macroscopic DM would also produce
ionization deposits detectable by meteor radar systems,
here due to only direct collisions with atmospheric nu-
clei. By comparing the expected numbers of head and
trail echoes produced by DM with the measured mete-
oroid echo counts, we constrain a sizeable region in the
plane of DM mass and cross section. The concept of radar
detection of cosmic-ray and neutrino-induced cascades in
the atmosphere has a long history [26–29], and radar-echo
neutrino detection is an active area of research [30, 31].
While other papers have considered meteor-search tech-
niques to probe DM [23, 32], this is the first to propose
using atmospheric radar and to provide extensive details
about the underlying physics and how to improve sensi-
tivity.

We aim for a precision of one order of magnitude on the
final results (regions of present exclusion and future sen-
sitivity in the plane of DM mass and cross section), which
is reasonable given that our final regions cover 10–15 or-
ders of magnitude in the DM cross section. Accordingly,
we neglect a variety of uncertainties that affect our limits
at the level of a factor of ∼2 or less.

In Sec. II, we review meteor terminology and radar
systems. In Sec. III, we calculate the rate of energy de-
position into the atmosphere along the DM trajectory.
In Sec. IV, we describe how the consequent ionization
propagates and dissipates. In Sec. V, we calculate the
equivalent radar echoing area of the resulting ionization
density. In Sec. VI, we derive constraints on macroscopic
DM by comparing to observed meteor data. In Sec. VII,
we summarize our conclusions and discuss ways forward.

II. REVIEW OF RADAR DETECTION OF
METEORS

A meteor is a brief burst of deposited energy in the at-
mosphere when a meteoroid, moving at typical velocities
of 11–70 km/s, is slowed as it moves through an increas-
ingly dense atmosphere [24]. (For comparison, the DM
average velocity is about 300 km/s.) Even at the low at-

mospheric densities (. 10−8 g/cm
3
) typical of meteoric

altitudes (roughly 70–130 km, where most meteors are
detected [33]), this energy loss is sufficient to vaporize
and ionize surface atoms of the meteoroid (ablation) and
the atmospheric gas (direct collisions), leaving ionized
atoms along the meteoroid’s trail.

A. Meteor Terminology

Meteors can be categorized by how bright they ap-
pear [24]. Generally, the larger and heavier a meteoroid
is, the more spectacular the event. If it is particularly
bright, it is called a fireball. Larger meteoroids may sur-
vive the atmosphere, reaching the Earth’s surface, and
are called meteorites. Phrases like visual meteors, pho-
tographic meteors, and radio/radar meteors indicate the
particular detection technique used [24]. Different tech-
niques are most efficient for different ranges of meteoroid
masses [24, 34]. Meteoroids of the smallest masses, like
those we compare to here, are best detected with radar.
The typical mass range detected by meteor radar sys-
tems is roughly 10−10 g to 1 g, corresponding to a size
range of roughly 10−7 cm2 to 1 cm2 (sporadic meteors,
defined below, have densities less than 2 g cm−3) [33–
35], so these meteoroids are small as macroscopic objects
but large compared to nuclei.

Meteors are also divided into classes based on their
origin. Shower meteors are observed when Earth passes
through the trails of dusty debris left by short-period
comets [36]. Meteors from a particular shower appear
to originate from a single direction called the radiant.
Sporadic meteors, or sporadics, are produced by a diffuse,
roughly isotropic background of meteoroids of cometary
and asteroidal origin [36]. Sporadics greatly outnumber
all known shower meteors and are the major contributors
to the total mass influx into the atmosphere, with the flux
dominated by smaller meteoroids. For the remainder of
this paper, we focus on the sporadic meteors, as the DM
flux in the solar neighborhood is assumed to be roughly
isotropic, like the sporadic flux.

As shown in Fig. 1, radio waves can be reflected by
different regions of ionization in the vicinity of the me-
teoroid body or along its trail in the atmosphere. Head
echoes are radio reflections from the immediate, roughly
spherical region of ionization surrounding the mete-
oroid [33]. Head echoes are strongly Doppler-shifted, as
the ionized region appears to move at the meteoroid’s
velocity. While such ionization lasts for as long as the
meteoroid is ablating, the observed duration of the head
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echoes is restricted by the spatial width of the radar
beam. As high-power, narrow-beam radar systems are
typically used to detect head echoes, the observed dura-
tions range from a few to tens of milliseconds, though
meteoroids can ablate for seconds or longer [33]. Trail
echoes (or specular meteor echoes) are radio reflections
from the quasi-stationary, roughly cylindrical ionization
trail left behind as a meteoroid passes through the at-
mosphere. These echoes may last for up to hundreds of
seconds depending on the altitude, the ionization density,
atmospheric diffusion rates, electron re-attachment and
recombination rates, and other atmospheric effects like
wind and turbulence [24, 37, 38]. Trail echoes reflect at or
near the transmitted frequency, as the quasi-stationary
trail is subject only to wind motion, resulting in small
Doppler shifts in the received signal.

B. Meteor Radar Systems

A radar system has a transmitting antenna that broad-
casts a radio signal into a volume, and a receiving an-
tenna that monitors for echoes. In monostatic radar sys-
tems, a single antenna may perform both roles or the two
antennas may be located in the same area. In bistatic
radar systems, the two antennas may be spatially sep-
arated by tens to thousands of kilometers, enabling the
radar system to determine the meteor orbit. Novel multi-
static systems with multiple antennas for both the trans-
mitter and the receiver are also being developed [39]. We
focus on monostatic radar systems.

When a meteoroid passes through the active volume,
radio waves from a particular radar system may reflect
off the head or trail ionization deposits (if large enough),
depending on the geometry of the meteor velocity vector
and the wave vector (k-vector) of the radio waves [24].
If the two vectors are aligned (when the meteoroid is
directly approaching), radio waves will reflect off only
the head ionization. For other orientations, radio waves
will also reflect off the trail ionization. Monostatic radar
systems are best able to detect trail echoes when the
meteoroid velocity is nearly perpendicular to the wave
vector (specular reflection). For such trail-echo systems,
the zenith angle of the meteor and the elevation angle of
the radar signal with respect to the receiver (the comple-
ment of the zenith angle) are the same. For head-echo
systems, no such specular assumption is made because
of the spherical shape of the radar target, and there-
fore reflections can be obtained at a fixed observation
zenith angle for varying arrival zenith angles. Also, for
meteoroids of the same size and mass, head echoes are
typically weaker than trail echoes when measured by the
same radar system, with the power difference being a few
tens of decibels (see Ref. [24], page 33).

Radar systems typically do not detect both head and
trail echoes. Since head echoes are fainter than trail
echoes, the transmitting systems for head-echo radar typ-
ically have high peak transmission power and a narrow-

beam antenna pattern. Modern high-power, large-
aperture radar systems, like the 1 MW (monostatic) Shi-
garaki Middle and Upper Atmosphere radar (SMUR) in
Japan, are able to detect very faint head echoes through-
out the meteoric region in the atmosphere [33].

On the other hand, trail-echo radar systems, like the
University of Colorado Boulder’s 32 kW (monostatic)
Antarctic Meteor (CUAM) radar, have relatively lower
transmitting power but a wide-beam, all-sky illumina-
tion pattern [40]. These systems are cheaper to run, so
the sky can be monitored for meteor trails continuously.
Due to the lower operating frequencies, these systems are
also more appropriate for measurement of thermospheric
winds (the CUAM radar system was built for this pur-
pose) [37, 38]. The receiving antennas of the CUAM
radar system also have interferometric capabilities that
allow determination of the angle-of-arrival to a few de-
grees [40]. Because of the lower transmitting power, they
probe a different range of meteoroid masses than head-
echo radar systems.

III. DM ENERGY DEPOSITION IN THE
ATMOSPHERE

DM with a large cross section will lose energy via
elastic scattering with atmospheric nuclei as it passes
through the atmosphere. We focus on the case mχ �
mA, for which many collisions are required to apprecia-
bly slow the DM and the DM trajectory is nearly straight.
The struck nuclei recoil at velocities comparable to the
DM velocity, subsequently losing energy by ionizing at-
mospheric atoms. We derive the DM energy loss rate as
a function of the DM mass and cross section, as well as
initial velocity, zenith angle, and altitude.

A. DM Scattering with Atmospheric Nuclei

We consider elastic scattering of a DM particle with
mass mχ and initial velocity vχi ≈ 300 km/s with a nu-
cleus (typically nitrogen or oxygen) in the atmosphere,
with mass mA and velocity vAi ≈ 0 in comparison to vχ.
After a collision, the DM final velocity vχf is

vχf = vχi

√
1− 2

mAmχ

(mA +mχ)2
(1− cos θCM ), (1)

where θCM is the recoil angle in the center of momentum
frame, while all other quantities are expressed in the lab
frame [41]. For mχ � mA, the DM final velocity is

vχf ' vχi
√

1− 2
mA

mχ
(1− cos θCM ). (2)

After each collision, the DM velocity is reduced by a
negligible amount, so that many collisions are required
for the DM to deposit its energy. We average over the
scattering-angle distribution by setting cos θCM = 0 [42].
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Therefore, after N successive collisions with atmospheric
nuclei, the DM final velocity is reduced to

vχf ' vχi
(

1− 2
mA

mχ

)N/2
(3)

' vχi exp

(
N

2
ln

(
1− 2

mA

mχ

))
(4)

' vχi exp

(
−NmA

mχ

)
. (5)

This equation allows us to model the evolution of the DM
velocity in the atmosphere. Rearranging, we can also get
the maximum number of collisions that will leave the DM
above some final velocity vχf :

N ' mχ

mA
ln

(
vχi
vχf

)
. (6)

Since vχi appears inside the logarithm, the number of
scattering events is insensitive to even large changes in
the assumed initial velocity, and hence also to the as-
sumed DM initial velocity distribution.

There is a maximum scattering angle in the lab frame
for elastic collisions between two particles when one is
initially at rest [41]. For a DM collision with an atmo-
spheric nucleus at rest (with mχ � mA), the maximum
DM scattering angle is

sin θmax
lab =

mA

mχ
, (7)

making the DM trajectory nearly straight.

B. DM Velocity Evolution in the Atmosphere

The next step is to relate N to the path length in
the atmosphere, L, and the cross section. At constant
density,

N =
L

λ
= nAσχL =

ρA
mA

σχL, (8)

where nA is the atmospheric number density, ρA is the at-
mospheric mass density, mA is the average nuclear mass,
and σχ is the DM scattering cross section. The velocity
of a DM particle evolves as

vχf ' vχi exp

(
− σχ
mχ

ρAL

)
. (9)

To take into account the varying density of the atmo-
sphere, we use the isothermal atmospheric model (see
Appendix A for more details) for the mass density of the
atmosphere, ρA, as a function of altitude, h:

ρA(h) = ρ0e
−h/H , (10)

where ρ0 ' 1.3× 10−3 g cm−3 is the density at sea level,
and H ' 7 km is the scale height assuming an atmo-
sphere composed of approximately 80% nitrogen and 20%
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FIG. 2. DM parameter space in mχ and σχN (= σχ) where
DM at θ = 0° “stops” (more accurately, undergoes 90% energy
loss) at altitudes where current meteor searches are sensitive
(70–130 km). Above the 130 km line (white region), DM stops
before reaching meteoric altitudes. Radar systems can detect
DM that stops within the range 70–130 km (dark band) or
that stops at lower altitudes but deposits enough energy in
the range 70–130 km. The dashed blue line corresponds to
meteors with an average density of ∼ 1 g cm−3.

oxygen (the relative composition of the atmosphere at
meteoric altitudes and below is fairly constant).

When the density variation is taken into account, the
quantity LρA is replaced by the integrated mass column
density X(h). For objects traveling downward to an alti-
tude h, the mass column density for the isothermal model
can be expressed simply as

X(h) =

∫ ∞
h

dh′ ρ0e
−h′/H = X0e

−h/H , (11)

where X0 = ρ0H ' 910 g cm−2 is the approximate ver-
tical column density at sea level.

For simplicity, we restrict ourselves to DM particles
entering at zenith angles 0 ≤ θ ≤ 60°. This corresponds
to a solid angle of Ω = π sr, half the sky above the
horizon. When an object passes through the atmosphere
at an angle θ, the column density increases approximately
by a factor of sec θ (ignoring Earth’s curvature):

X(h, θ) ' X(h)

cos θ
= X0 sec θe−h/H . (12)

The final velocity of such a DM particle as a function
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of altitude h is then

vχf (h, θ) ' vχi exp

(
− σχ
mχ

X(h, θ)

)
(13)

' vχi exp

(
− σχ
mχ

X0e
−h/H sec θ

)
, (14)

and the kinetic energy at a particular altitude is

Eχf (h, θ) ' 1

2
mχv

2
χi exp

(
−2

σχ
mχ

X0e
−h/H sec θ

)
. (15)

We note that this formula, derived for collisions with in-
dividual particles, was shown in Ref. [43] to be equivalent
to the result in the fluid regime. In the limit of large DM
mass, this also agrees with the continuous energy loss
formalism discussed in Ref. [44].

Figure 2 shows the region in the DM mass and cross-
section plane where DM deposits most of its energy
within 70–130 km, the altitude range where most me-
teors are detected. For large values of the reduced cross
section (σχ/mχ), DM loses nearly all of its energy high
in the atmosphere. The reduced cross section at which
DM loses 90% of its initial energy above an altitude h is

σχ
mχ

=
ln 10

2X0
eh/H cos θ ' 1.3×10−3eh/H cos θ

cm2

g
. (16)

C. Rate of Energy Deposition by DM

The rate (technically per unit length, not time) at
which a DM particle deposits energy into the atmosphere
can be found by differentiating the expression for energy
with respect to distance. Let the DM trajectory be from
z = −∞ to z = 0 (corresponding to sea level, h = 0),
so that dh /dz = − cos θ. Then, the energy deposited in
the atmosphere (Eatm) per unit DM path length is

dEatm

dz
= −dEχ

dz
=

dEχ
dh

cos θ (17)

' ρA(h)σχv
2
χi exp

(
−2

σχ
mχ

X(h, θ)

)
(18)

' ρA(h)σχv
2
χi exp

(
−2

σχ
mχ

X0e
−h/H sec θ

)
. (19)

Figure 3 shows the DM energy deposition rate in the
atmosphere, which has a shape reminiscent of a Bragg
peak that describes the energy loss rate of charged parti-
cles in matter [45], though the reasons are different. As
a DM particle passes through the atmosphere, it encoun-
ters an exponentially increasing number of scatterers in
its path, increasing the energy deposition rate. Eventu-
ally, the DM is slowed enough so that the energy deposi-
tion rate peaks at an altitude hpeak, found by maximiz-
ing the rate with respect to the distance travelled, after
which it rapidly loses energy before coming nearly to rest,

hpeak = H ln

(
2X0 sec θ

(mχ/σχ)

)
. (20)
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FIG. 3. Rate (per length, not time) of atmospheric energy
deposition by DM, which has a characteristic shape, shown
by a few examples for a specific (low) DM velocity. The rate
increases rapidly as DM encounters an increasing density of
scatterers. When DM is slowed down enough (approximately
when it reaches the altitude hpeak), the rate drops sharply.

This roughly corresponds to the altitude at which the to-
tal mass of nuclei the DM particle has scattered is com-
parable to the DM mass (see Ref. [46] for an equivalent
derivation of the peak altitude). For a given mass, the
maximum energy deposition rate is independent of cross
section (see the two peaks in Fig. 3 for mχ = 10−4 g),

dEatm

dz

∣∣∣∣
h=hpeak

=
1

2
mχv

2
χi

(
1

eH

)
cos θ, (21)

with the DM particle losing approximately 63% of its
initial energy before reaching hpeak because

∫ ∞
hpeak

dEatm

dz
dz =

1

2
mχv

2
χi

(
1− 1

e

)
' 0.63Eχi. (22)

Once DM has lost nearly all of its energy, its dynamics
are controlled by thermal scattering and gravity.

The DM velocities, and hence also the nuclear recoil
velocities, are ≈ 300 km/s on average, well above the
speed of sound in air. In principle, this could cause for-
mation of a hydrodynamic shock [46], though we have
not explored this. If a shock is formed, we expect that
it would increase the ionization rate through atom-atom
collisions, increasing the radar detectability.
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IV. IONIZATION DUE TO DM SCATTERING

After collision with a DM particle, a nucleus with mass
mA � mχ and initial velocity vAi ≈ 0 recoils with ve-
locity vAf ≈ 2vχi sin(θCM/2) . 2vχi [41]. The nucleus
subsequently collides with other atmospheric nuclei, los-
ing its energy by exciting and ionizing the surrounding
gas. This results in the creation of an initial distribution
of ions and electrons along the DM trajectory. The ions
and electrons then move out radially together at thermal
velocities of the environment (vthA ∼ 0.5 km/s [24]) due
to ambipolar diffusion (electrons initially diffuse faster
than ions but an ‘ambipolar’ electric field induced by the
to charge separation forces the ions and the electrons to
diffuse at a common rate) [47]. This dilutes the ioniza-
tion density. Other processes like electron recombination,
attachment to neutral atoms and molecules, turbulence,
and winds also affect the ionization density [24].

A. Initial Ionization Distribution and Electron
Line Density

Following the literature on the diffusion of electrons
produced along a meteor trajectory (see, e.g., Refs. [24,
48]), we assume that the recoiling nucleus slows down to
thermal velocities of the atmosphere vthA , instantaneously
creating an ionization deposit with an initial radius of
order the atomic atmospheric mean free path r0 ∼ λA,
and with ionization density

n0 = ne(r, t = 0) =
qe
πr20

exp

(
−r

2

r20

)
, (23)

where qe is the electron line density created by DM (de-
fined below). Because ions are heavier than electrons
and therefore are less efficient radiators, we ignore the
distribution of ions for radar detection of the ionization
deposits.

The initial radius is roughly equal to the mean free
path, which varies with altitude,

r0 ∼ λA ' λ0eh/H , (24)

where λ0 ' 10−6 cm is the atomic mean free path at sea
level. At meteoric altitudes, 70 km ≤ h ≤ 130 km,

0.02 cm . r0 . 120 cm. (25)

To be conservative in our calculations of the numbers of
electron-ion pairs produced by DM, we assume that the
initial recoil is of a neutral atom and that all electron-ion
pairs are created by subsequent atomic collisions. We
have verified with a GEANT4 [49] simulation that if a
nitrogen atom at 3 keV (a typical recoil energy) is in-
jected into the atmosphere at meteoric altitudes, nearly
all of its energy is converted into ionization of the gas.
(We get very similar results with injected ions instead
of atoms.) This enables us to compute the electron line

10−6 10−3 1 103 106

mχ [ g ]

10−6

10−3

1

103

106

σ
χ
N

[
cm

2
]

〈I〉 = 14.5 eV

〈I〉 = 34 eV

θ = 0◦, h = 100 km
qe = 1015 cm−1

FIG. 4. Contour that would produce a line density of 1015

cm−1 for the given choices of altitude and zenith angle (above
and to the right would give higher line densities). Other com-
binations of electron line density, altitude, and zenith angle
would produce different contours. For different choices of the
energy needed to create an electron-ion pair, the lines are
nearly the same, showing insensitivity to that choice.

density along the DM trajectory to the energy deposition
rate as

qe =
dEatm /dz

〈I〉 , (26)

where 〈I〉 is the average energy required to create an
electron-ion pair in the atmosphere, which depends pri-
marily on the first ionization energies of oxygen and ni-
trogen atoms (13.62 eV and 14.53 eV, respectively [50]).

Figure 4 shows that the range of DM mass and cross
section that can produce significant ionization does not
depend strongly on the choice of 〈I〉. The experimentally
determined value of the average energy required for a
moving charged particle to create an electron-ion pair
in air is ' 34 eV, i.e., 2–3 times larger than the first
ionization potential of the target atom [51].

B. Electron Number Density

The dominant process in the dilution of the initial ion-
ization density is ambipolar atmospheric diffusion, dur-
ing which electrons and ions in the electrically neutral gas
move out and the trail expands radially at thermal ve-
locities of the surrounding environment [24]. The initial
radius expands after some time t as

r20 → r20 + 4Dat, (27)
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where Da is the atmospheric ambipolar diffusion coef-
ficient, which increases roughly exponentially with alti-
tude. At meteoric altitudes, the diffusion coefficient is
approximately [24, 48]

Da(h) ' 0.025 exp

(
0.154

h

km

)
cm2 s−1. (28)

By solving the radial diffusion equation (equivalently, the
2D random-walk problem) with the initial distribution
given by Eq. (23), the ionization number density is a
Gaussian function of time and radial distance away from
the ionization trail [24, 48],

ne(r, t) =
qe

π(r20 + 4Dat)
exp

(
− r2

r20 + 4Dat

)
, (29)

where qe is the average electron line density, defined by

qe = 2π

∫ ∞
0

ner dr . (30)

The total number of electrons Ne along the DM trajec-
tory is the integral over the trail length,

Ne =

∫
dz qe = 2π

∫
dz

∫ ∞
0

dr rne (31)

C. Electron Attachment and Ionization Lifetime

Through observation and modeling of meteor trails, it
is found that radar echoes from dense trails (with high
ionization density) decay faster than predicted with only
diffusion effects. For a more realistic treatment, one must
also consider electron attachment to neutral molecules
and atoms, which we take into account. We neglect some
smaller corrections: electron-ion recombination (a small
effect at meteoric altitudes [24]), turbulent diffusion, and
anomalous diffusion due to field irregularities [24, 52].

The atmospheric molecular number density is nA =
ρA/mA ≈ 2.5 × 1019 e−h/H cm−3 (assuming an isother-
mal atmosphere composed of approximately 80% nitro-
gen and 20% oxygen) at meteoric altitudes. This is much
bigger than the ionization density ne characteristic of me-
teor echoes [24]. Therefore, apart from ambipolar diffu-
sion, electron attachment to neutral molecules and atoms
dominates the dilution of the ionization density. We have
confirmed that ne � nA in all the cases we consider.

The ionization lifetime, defined as the average time
taken for electrons to be captured by neutral molecules
and atoms in the atmosphere, is τ ≡ (βenA)−1, where βe
is the electron attachment rate. Taking attachment into
account, the line density varies with time as

q(t) = qee
−t/τ . (32)

While the ionization lifetime in the atmosphere at dif-
ferent altitudes is not well known and depends inversely
on the ionization density, experimental data show that

1 s . τ . 10 s for altitudes 70 km . h . 90 km for an
ionization density of 106 cm−3 [53]. Using τ = 10 s for
h = 90 km,

βe =
1

τnA
' 1.5× 10−15 cm3 s−1. (33)

With this value of the attachment rate, τ ≈ 0.6 s for
h = 70 km. For meteoric altitudes, we then write the
ionization lifetime as a function of altitude,

τ(h) ' 2.6× 10−5eh/H s, (34)

where the exponential is large. Including this correction
to Eq. (29), the ionization density can then be written as

ne(r, t) =
qe

π(r20 + 4Dat)
exp

(
− r2

r20 + 4Dat
− t

τ

)
. (35)

Figure 5 shows the ionization density as a function
of radial distance from the DM trajectory for different
times after the instantaneous (at t = 0) formation of
the ionization deposit with initial radius r0. Note that
both underdense echoes (echoes from ionization deposits
that radio waves can penetrate) and overdense echoes
(from deposits that radio waves cannot penetrate) can
be detected, and the horizontal line here is simply for
reference. These two regimes are discussed in detail in
the next section.

V. RADAR DETECTION OF DM SIGNALS

An important parameter in the analysis of radar reflec-
tions off ionization deposits is the equivalent echoing area
of the radar target, called the radar cross section (RCS).
(For the relationship between RCS and optical magni-
tudes used in visual detection of meteors, see Ref. [54].)
Apart from the ionization density and the electron num-
ber density, the RCS also depends on the radar wave-
length and polarization, as well as the relative geometry
of the radar station and the target. Following the treat-
ment on radio echo theory for meteor trails in Ref. [24],
we calculate the RCS for head and trail echoes from DM-
induced atmospheric ionization deposits.

A. Radar Cross Section

For a monostatic radar system, the RCS of an ionized
target can be inferred from the power received by the
receiver using the radar equation:

σRCS =
(4π)3PrR

2
tR

2
r

PtGtGrλ2
, (36)

where λ is the wavelength of the interrogating radio wave.
The transmitter is characterized by its power (Pt), an-
tenna gain (Gt), and its range (distance; Rt). The re-
ceiver is characterized similarly, where Pr includes ther-
mal noise and the scattered signal. Essentially, the RCS
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FIG. 5. Electron number density as a function of radial dis-
tance from the DM trajectory for various times. The gray
horizontal line corresponds to a number density of nc ≈
109 cm−3, which defines the boundary between underdense
and overdense scattering for the SMUR and CUAM radar sys-
tems (the wavelengths for the two systems are similar). Our
analysis is also sensitive to underdense ionization densities,
which appear until late times.

is the ratio of received power to transmitted power, once
antenna effects and distance losses have been accounted
for.

The term RCS, with dimensionless units of decibels per
square meter (dBsm), can also refer to the logarithm of
σRCS relative to a square meter, so that σRCS = 104 cm2

corresponds to 0 dBsm:

RCS = 10 log10

( σRCS

104 cm2

)
dBsm . (37)

We neglect polarization effects, i.e., the orientation of
the incident electric field with respect to the target. For
both radar systems considered here, the transmitter and
receiver are circularly polarized in the same plane and
are co-located (for SMUR, they are the same antenna).
For a head-echo system, we neglect polarization effects
because the reflector is approximately spherical, as dis-
cussed below. For a trail-echo system, we neglect them
because polarization loss will occur only for the most in-
clined arrival directions, where the flux is minimal.

B. Underdense and Overdense Echoes

The dielectric constant κ of an ionization deposit with
electron number density ne is

κ = 1− nec
2

πν2
re ' 1−

(νp
ν

)2
, (38)

where re ≈ 2.8×10−13 cm is the classical electron radius,
ν is the radio frequency, and

νp =

√
c2re
π

ne ' 8956

√
ne

cm−3
Hz (39)

is the plasma frequency. If ν > νp, then κ > 0 so that
the incident radio wave penetrates the ionization deposit
and electrons scatter the radio wave independently. The
resulting echo is called an underdense echo. If ν < νp,
then κ < 0 and the radio wave does not penetrate the
ionization column, as secondary collisions between elec-
trons become important. In this case, the electrons in
the ionization deposit oscillate collectively at the radio
frequency and hence reflect the wave back like a metal-
lic conductor. The resulting echo is called an overdense
echo. The transition between underdense and overdense
echoes is defined by a critical ionization density, nc,
through Eq. (39). For the radar systems we consider,
nc ≈ 109 cm−3 as both use similar radio wavelengths.
Setting the ionization density in Eq. (35) equal to nc, we
get

nc =
qe

π(r20 + 4Dat)
exp

(
− r2c
r20 + 4Dat

− t

τ

)
, (40)

where rc is the critical radius of the ionization column
within which κ ≤ 0. This radius defines the boundary
of the ionization column from where the radio wave is
totally reflected for overdense echoes.

The two radio scattering regions (underdense and over-
dense) are useful because they are each described by sim-
ple analytical expressions using relevant quantities. We
emphasize that both types of echoes are detectable. The
boundary between the two regions is typically described
by a transitional value qtr of the electron line density
found by setting r2c = r20 + 4Dat = λ2/4π2 such that rc
bounds a volume large and dense enough to attenuate the
incident wave by 1/e [24]. Ignoring electron attachment
effects (τ →∞) — which is valid for low values of qe (see
Fig. 7) — we get

qtr =
e

4re
' 2.4× 1012 cm−1, (41)

which is independent of the incident radio frequency, and
is used as a standard benchmark value for the over/under
dense transition, even though in practice this transition
is frequency dependent (see Ref. [24], page 215).
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FIG. 6. Critical ionization radius at which overdense scatter-
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ment effects are included along with ambipolar diffusion, the
ionization density decreases more quickly, reducing the size of
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C. Effective Ionization Radius for Overdense
Echoes

For overdense echoes, we can define an effective ion-
ization radius rp (also called the plasma radius), taking
the maximum of the critical radius rc defined above. In-
verting Eq. (40), we get the critical radius as a function
of time,

r2c (t) = (r20 + 4Dat)

(
ln

qe
πnc(r20 + 4Dat)

− t

τ

)
. (42)

Figure 6 shows that the critical radius grows to a max-
imum value rmax

c ≡ rp and is

rp ≡ rmax
c =

√
DaτW (η)(2 +W (η)), (43)

η =
qe

2πDaτnc
exp

(
r20

4Daτ
− 1

)
,

where W (η) is the Lambert-W or product-log function
defined by η = W (η)eW (η).

Note that if electron attachment effects are ignored,
the radius of the ionization deposit, found in a similar
way using Eq. (29), equivalently by taking the limit τ →
∞ of Eq. (43) above, is simplified to

rp =

√
qe
πenc

. (44)
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FIG. 7. Radius of the ionization deposit as a function of elec-
tron line density at three altitudes, taking ambipolar diffu-
sion into account. When electron attachment effects are also
considered, the ionization radius rp and the overdense echo
duration are suppressed for larger line densities.

Figure 7 shows that the size of the radius is suppressed
for large electron line densities when attachment effects
are considered along with ambipolar diffusion.

Figure 8 compares the effective radius for overdense
scattering with and without attachment as a function of
altitude for a particular DM candidate. While we plot the
radius for very large values of the line density to illustrate
the effect of attachment clearly, it is to be noted that very
large values of qe (� 1016 cm−1) are not physical [24], as
the ionization density must be less than the atmospheric
number density.

D. RCS for Head Echoes

Meteor head echoes are characterized by radio reflec-
tions off spherical ionization distributions, surrounding
the meteoroid and co-moving with it [55–57]. There-
fore, we describe the ionization deposit in the immediate
neighborhood of a DM particle as a spherical Gaussian
distribution in Eq. (35) centered on the particle. Al-
though the actual shape of the ionization deposit may
be more ellipsoidal (with the electron density falling off
more quickly behind the parent particle), the assump-
tion of a spherical deposit with a Gaussian profile (for
the number density of electrons) is good [58]. For initial
velocities vχi & 70 km/s, the deviation from spherical ge-
ometry becomes more pronounced, but this has a small
effect on the radar cross section.
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The head ionization is a near perfect electrically con-
ducting sphere, with the RCS characterized by the size
of the effective radius of the sphere rp relative to the ra-
dio wavelength λ [59]. If rp � λ (optical scattering),
the RCS approaches a constant value equal to the cross
sectional area of the head plasma,

σRCS = πr2p. (45)

If rp � λ (Rayleigh scattering), the RCS is

σRCS ' 144π6r6pλ
−4. (46)

If rp ∼ λ (Mie scattering), the RCS oscillates about the
average value πr2p. For simplicity, we take the average
value as the RCS for Mie scattering.

E. RCS for Trail Echoes

In underdense trails, electrons scatter independently
but coherently. The scattering cross section of a free
electron for monostatic radar systems is σe = 4πr2e [24].
The total power received at the receiving antenna can
be calculated by adding the contributions to the electric
field vector from all the electrons in a line element of the
trail where they scatter in phase [24].

When the diameter of the cylindrical trail is small in
comparison to the radio wavelength λ, the total quasi-
instantaneous power received from all electrons from

some finite section of the trail can be expressed as

Pr(t = 0) ' PtGrGtλ
2

(4π)3R4
0

R0λσeq
2
e

2
exp

(
−8π2r20

λ2

)
, (47)

where R0 is the minimum range along the trail, and elec-
tron attachment effects are ignored (valid for underdense
trails with low ionization densities) [24]. The majority
of the received power comes from the first Fresnel zone
around the point of closest approach to the radar sta-
tion [24]. The power from additional Fresnel zones alter-
nate in phase and largely cancel out. The received power
at the moment of ionization formation (t = 0) is scaled
due to the finite initial width of the column. Taking am-
bipolar diffusion into account, the echo power decays as

Pr(t) = Pr(t = 0) exp

(
−32π2Dat

λ2

)
. (48)

Note that as shown in Fig. 7, electron attachment effects
are negligible for underdense echoes (qe ≤ qtr).

The maximum power registered at the receiver is Pr =
Pr(t = 0), which occurs when the meteor leaves the first
Fresnel zone. Since the range varies slowly near R0 — the
point of closest approach to the radar station — and the
length of the section of trail contributing to the majority
of the received power is small compared to the range, R '
R0 [24]. For a meteor entering the atmosphere at zenith
angle θ 6= 0 and altitude h, R0 = h/ sin θ. Replacing
Eq. (47) in Eq. (36), the maximum underdense trail-echo
RCS (for backscatter) is then (for for qe ≤ qtr),

σRCS '
h

2 sin θ
λσeq

2
e exp

(
−8π2r20

λ2

)
. (49)

The ionization trail through the atmosphere would be
perfectly cylindrical if the DM velocity were infinite (as-
suming the trail has already expanded to the initial ra-
dius r0) and if the atmospheric density was uniform.
Since DM velocity is finite but larger than the radial
diffusion velocities of electrons (vthA ∼ 0.5 km/s [24])
by 2–3 orders of magnitude (the typical DM velocity is
vχ ∼ 300 km/s), the trail is more conical than cylindri-
cal. Because both the initial radius r0 and the diffusion
coefficient Da exponentially decrease with altitude, the
conical ionization trail but has an exponential taper [24].
Note that these details are also true for ionization trails
produced by meteors, which have typical velocities of 70–
130 km/s.

For overdense trails, the ionization is a near perfect
electrically conducting cylinder of radius (rp � λ) [24],
in which case the RCS is

σRCS = πR0rp '
πrph

sin θ
, (50)

for incident spherical waves from a source at a perpendic-
ular distance R0 [24]. The power delivered by scattered
waves to the receiver is then given by Eq. (36).
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VI. DM CONSTRAINTS FROM RADAR DATA

With all ingredients in hand, we calculate constraints
on macroscopic DM from the non-observation of excess
signals in radar meteor observations. Using Eqs. (45–46)
and Eqs. (49–50) for the RCS and Eq. (26) for the line
density of the ionization deposit along the DM trajec-
tory through Earth’s atmosphere, we probe macroscopic
DM candidates that would produce meteor-like head and
trail echoes detectable by the SMUR and CUAM radar
systems, respectively. The range of the RCS and of the
initial entry velocity vχi that we consider depends on the
experimental setup (including the radio wavelength λ)
and the analysis techniques used by the radar systems.

A. Calculational Approach

The equations for the radar cross section σRCS depend
on the DM mass and cross section through the electron
line density and the plasma radius, given in Eqs. (26)
and (43), respectively. Using these, we convert the DM
velocity distribution for a particular DM mass and cross
section into an RCS distribution. Note that both the al-
titude and the zenith angle must be specified to compute
the RCS for both head echoes and trail echoes; while
the equations for trail echoes depend explicitly on the
altitude and zenith angle, those for head echoes depend
indirectly on these quantities via the energy deposition
rate given in Eq. (17).

For the DM velocity distribution at the top of the at-
mosphere f(vχi), we use the Standard Halo Model as
parameterized in Ref. [60], with a velocity dispersion
of 270 km/s, and accounting for the motion of the Sun
around the Galaxy. Meteor radars (like the SMUR and
CUAM radars [33, 40]) are typically tuned to scan for
meteors within the altitude range of 70–130 km (where
most meteors are detected), with entry velocities of 11–70
km/s at 130 km altitude [61]. To account for the radar
sensitivity to altitude and velocity, for each DM mass
and cross section we use Eq. (14) to calculate the max-
imum entry velocity at the top of the atmosphere such
that the DM slows down to meteoric velocities at 130
km. This restricts the velocity distribution at the top of
the atmosphere for each DM candidate (for details, see
Appendix B).

For each DM mass and cross section, we then convert
the restricted velocity distribution to a detected RCS (de-
fined by the maximum RCS produced by DM within the
meteoric altitude range) distribution for DM that enters
the atmosphere at a particular zenith angle. We consider
only incoming DM particles with zenith angles θ ≤ 60°,
where the curvature of the Earth can be neglected and
the atmospheric mass column density in Eq. (11) is min-
imally corrected. Finally, by summing the detected RCS
distributions over allowed zenith angles, we get the RCS
spectrum for each DM candidate.

Figure 9 shows example spectra for different DM

masses and cross sections (integrated over zenith an-
gles), compared to the SMUR and CUAM data [33, 40].
For head echoes detectable by the SMUR radar system
(λ ∼ 645 cm), the RCS varies from −50 to 30 dBsm [33].
For trail echoes detectable by the CUAM radar system
(λ ∼ 829 cm) [40], we assume that the RCS varies from
20 to 70 dBsm based on our calculations using raw trail-
echo count data from a week of observations by the
CUAM radar system, which involves some uncertainties
that are small relative to our precision goals.

B. Data Analysis

To set our limits, we conservatively allow that all ob-
served echoes could be DM signals, even though they are
likely all backgrounds due to meteors. We rule out a DM
mass and cross section if the total number of DM events
in any unit-RCS bin is significantly larger than the ob-
served number of meteors in that bin. The rest of this
subsection describes the details of setting this limit.

For trail echoes, we restrict the data to meteors with
θ ≤ 60°, matching the restriction on DM mentioned in
Sec. VI A. For head echoes, we are unable to make this
cut, as information on the zenith angle is unavailable,
but we still only consider DM with θ ≤ 60°, making our
results for head echoes conservative. Our analysis is thus
only sensitive to DM arriving from a solid angle of Ω = π
sr, or 1/4 of a full sphere; integrating the incoming flux
over cos θ d cos θ also to account for the component of
the flux perpendicular to the surface gives 3/16 of a full
sphere. As a result, the flux of DM (per unit velocity)
our analysis is sensitive to is

dφχ
dvχ

=
3

16

ρχ
mχ

vχf(vχ) , (51)

where f(vχ) is the fraction of DM particles at velocity
vχ, and ρχ ≈ 0.3 GeV cm−3 is the DM mass density at
Earth’s position [1]. For mχ = 1 g and vχ = 300 km/s,

dφχ/dvχ ' 3× 10−7 km−2 hr−1(km/s)
−1

.
We assume that the number of detected DM particles

per unit RCS follows a Poisson distribution, given by

P (n) =
µnχe

−µχ

n!
, (52)

where µχ = φχ × Adet × Tobs is the expected number of
radar echoes produced by DM per unit RCS for a radar
with effective detector area Adet and total observation
duration Tobs. We exclude a given DM mass and cross
section by conservatively requiring that the DM spectrum
never be higher than the observed meteor spectrum at
95% CL. That is, DM is ruled out if for any RCS, P (n ≤
Nm) ≤ 0.05, where Nm is the observed meteor count per
unit RCS.

The detector area, also called the equivalent radar col-
lection area, depends on the radar antenna gain pat-
tern and can be expressed as a function of the RCS,
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Left: Head-echo DM counts per unit RCS, shown for a few examples together with the observed head-echo data for sporadic
meteors [33, 61]. Right: Trail-echo DM counts per unit RCS, shown for a few examples together with the observed trail-echo
data for sporadic meteors [40].

Adet = Adet(RCS) [33]. For the SMUR radar system,
Adet ranges from 1 km2 for RCS of −50 dBsm to 103

km2 for 30 dBsm [33]; for the head-echo data we, use
Tobs = 33 hr [33]. For the CUAM radar system, we cal-
culated Adet ' 3 × 104 km2 over the entire RCS range
due to the all-sky nature of the antenna beam; for the
trail-echo data we use, Tobs = 118 hr.

Figure 10 shows the constraints for trail echoes de-
tectable by the CUAM radar. In the left panel, we show
the estimated boundaries for the constraints using the
minimum detectable RCS (lower edge), the minimum en-
ergy for DM to survive to below 130 km altitude (left
edge), the largest mass that still has a large enough flux
for potential detectable events (right edge), and the max-
imum reduced cross section (σχ/mχ) for which DM loses
nearly all of its energy above 130 km altitude (ceiling).
In the right panel, we overlay on top of the estimated
boundaries the actual constraints for DM using trail-echo
data, and a few descriptive lines that explain the bound-
aries of the exclusion region. We show the corresponding
plot for head echoes detectable by the SMUR radar in
App. C.

C. Final DM Constraints

Figure 11 shows the radar-derived exclusion regions in
the plane of DM mass and cross section. To calculate
the regions, we find the detected RCS spectrum for each
DM candidate as shown in Fig. 9 and plot the DM mass
and cross section in the plane if the spectrum exceeds
the meteor data. For current constraints, the velocity
distribution for each candidate is restricted so that DM
velocity is within the meteoric velocity range at 130 km
altitude, as described in Sec. VI A and App. B.

For the projected sensitivities, we use the full initial-
velocity range of ∼ 11–800 km/s, where 11 km/s is the
escape velocity from Earth and ∼ 800 km/s is approxi-
mately the sum of the escape velocity from the Galaxy
(∼ 550 km/s) and the velocity of the Sun (∼ 220 km/s).
For meteor velocities v > 70 km/s, we assume that
Nm ≈ 0 because of the extremely low flux of such mete-
ors, but defer to future experiments to conclusively test
this. (More details about the meteor and DM velocity
distributions are given in Appendix B.) If future experi-
ments are sensitive to very fast-moving meteors, our lim-
its could improve by orders of magnitude in both mass
and cross section, even with the same exposure.

We also show prior DM constraints. The light gray
region is excluded by observations of the Milky Way
satellite population [62] and cooling of Galactic gas
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clouds [63], while the dark gray region is excluded by
observations of long-lived white dwarfs [64]. Relatively
large cross sections have been probed by experiments sen-
sitive to interactions in the lower atmosphere: particle
detectors on a satellite, “Skylab” [15], and searches for
optical flashes with the Desert Fireball Network, “Fire-
balls” [23]. Relatively small cross sections have been
probed by a variety of shallow and deep underground
dark-matter or repurposed experiments: “Chicago” [16],
“DAMA” [63, 65], “DEAP-3600” [17], “Ohya” [15], and
“Mica” [11]. The “Humans” region is constrained by null
observations of unique human injuries/death by DM [66].
Future sensitivities (not shown) to ultraheavy DM have
been derived based on collisions with stars [67], signals
in IceCube [68], and tracks in quartz [69].

Though our limits overlap with cosmological con-
straints, our results are complementary, as they are inde-
pendent and have the advantage of differential sensitivity
to the DM mass and cross section. In addition, the sen-
sitivity of our approach can be significantly improved.

VII. CONCLUSIONS AND FUTURE WORK

While it is usually assumed that DM interacts weakly,
it remains possible that it interacts strongly but has es-

caped detection by being very massive, so that its num-
ber density is low [70–75]. Such macroscopic DM might
not reach terrestrial detectors, instead losing a signifi-
cant fraction of its energy through elastic scattering with
nuclei in the overburden.

Here we consider the atmosphere as a detection vol-
ume, and radar as the probing method. We show
that macroscopic DM particles passing through the at-
mosphere can produce ionization deposits that are de-
tectable with radar systems. We model the spatial evo-
lution of the ionization over time, taking into account
ambipolar diffusion and reattachment effects, to accu-
rately determine the detectability of the resulting ioniza-
tion density.

Figure 11 shows that existing data, sensitive only to
low velocities at meteoric altitudes, can be used to search
for macroscopic DM, even without a dedicated analysis,
constraining a wide range of parameter space. Our con-
straints are model-independent in the sense that no par-
ticular model of composite DM is assumed. We leave it
for future work to connect these empirical constraints
to realistic particle-physics models, potentially includ-
ing form factors that could reduce the cross section and
change the kinematics of the struck nuclei. We expect
that this would shift but not eliminate the regions, e.g.,
reducing the cross section would allow more DM to reach
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FIG. 11. New meteor-radar constraints on macroscopic DM
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echoes and dash-dotted lighter red outline for trail echoes are
projected sensitivities based on using the full DM velocity
distribution. Also shown are existing constraints from astro-
physics and cosmology (gray) and DM detectors (blue/green),
taken from Refs. [11, 15–17, 23, 62, 63, 66].

meteor altitudes.

Figure 11 also shows that there is much sensitivity to
be gained by also taking into account velocity in the data
analysis. If future meteor radar experiments are sensitive
to the full DM velocity range, the sensitivity would im-
prove by orders of magnitude, even with no increase in ex-
posure. Since targets with typical DM velocities of a few
hundred km/s cannot be meteors (the flux of interstellar
meteors is negligible), the backgrounds to such searches
would be low. Here we conservatively use flux alone, be-
cause only a small subset of the meteors have well-defined
velocities for the CUAM radar system considered here,
since the system was built for a wholly different purpose,
for which velocity information was not required for every
echo. This can likely be improved upon in future work
by implementing additional velocity-determining meth-
ods to the data.

The sensitivity of meteor-detector searches for DM
can be improved far beyond even what we project in
Fig. 11. First, larger datasets would extend our sen-
sitivity to larger mass. Second, using data for meteor
observations below 70 km altitude would probe smaller
DM cross sections. Other meteor-observation techniques

(like the photographic probes used by Desert Fireball
Network to observe fireballs [23]) could help. Third, if
the meteor background were better understood, the sen-
sitivity to DM signals would be set by the square root
of meteor events in an analysis bin (i.e., the statistical
uncertainty) instead of the full number. Fourth, the DM
rate is expected to vary slightly over the course of the
year (annual modulation) [76]. The meteor backgrounds
are also modulated, but differently (see Ref. [24], page
114), which could be used to improve sensitivity.

This new radar-based technique for probing DM is im-
portant for several reasons. First, it is independent of
and complementary to other techniques. Second, it may
help probe some of the remaining open regions as well
as regions for which the robustness of prior constraints
may be doubted. Third, it provides differential sensitiv-
ity to the DM mass and cross section, which is the best
way to follow up any hints found by other techniques.
Although we have focused on simple DM candidates, our
calculations could be extended to cover more exotic new-
physics candidates (charged DM, strangelets, primordial
black holes, etc), taking advantage of Earth’s atmosphere
as the largest conceivable cloud-chamber detector.
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Appendices

Appendix A: Atmospheric Density Model

Figure A.1 shows that the isothermal model we use,
i.e., a density profile given by Eq. (10) with a scale height
H = 7 km, is a good approximation for our precision
goals within the meteoric altitude range of 70–130 km.

Appendix B: Meteor and DM Velocity Distributions

Meteors are typically detected at altitudes of 70–130
km with entry velocities (at 130 km) of approximately
11–70 km/s, corresponding to the escape speed from
Earth and that of the solar system near Earth (taking
into account Earth’s motion). Objects with higher ve-
locities (up to 800 km/s, the escape speed of the Galaxy,
taking into account the solar system’s motion), which
would be on hyperbolic orbits, may be of interstellar ori-
gins. Their flux is low, and the details are uncertain [79].

Figure B.1 compares the DM velocity distribution
f(vχi) at the top of the atmosphere with the initial-
velocity distributions (at 130 km altitude) of sporadic
meteors from SMUR [61] and CUAM [80], which are de-
signed for solar-system meteors. We calculated the latter
from a week’s worth of raw data. The DM velocity dis-
tribution is based on the Standard Halo Model [60] and
including the effect of Earth’s gravity at low velocities.
Also shown are the maximum entry velocity at the top of
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FIG. A.1. Atmospheric mass density as a function of altitude,
comparing the simple isothermal model [77] and an empirical
model [78] (with nitrogen only).

the atmosphere such that DM velocity at 130 km altitude
is within radar sensitivity. For SMUR, we use the range
11–96 km/s, while for CUAM, we use 11–70 km/s. For
projected sensitivities, we remove this restriction and use
the full velocity range of 11–800 km/s, assuming that fu-
ture experiments could detect very fast-moving meteors.

Appendix C: Exclusion Regions

Fig. C.1 describes the constraints for head echoes de-
tectable by the SMUR radar, similar to Fig. 10 for trail
echoes.
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