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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 preexisting 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.
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I. INTRODUCTION

The particle nature of dark matter (DM) remains elusive,
even after decades of ever-more sensitive astrophysical,
cosmological, collider, and direct detection 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 (m,) and DM-nucleon cross section
(o,n). For spin-independent scattering, the DM-nucleus
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FIG. 1. Radar detection of atmospheric ionization from meteors
(and DM) for a simplified antenna setup. Here 0 is the zenith
angle, h the altitude, and Z the incoming trajectory. Head-echo
radar systems detect the roughly spherical ionization 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 (under-
dense if radio waves penetrate the ionization profile, and over-
dense otherwise). See text for details.
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cross section 6,4 is usually related to the DM-nucleon cross
section o,y by the simple scaling relation o, =
(uya/myn)*A%o,y, where p 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 o,y ~ 107! cm?, with
cross sections above o,y 2 107 cm? only possible for
composite (nonpointlike) 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 density is
due to macroscopic DM, for which the candidates have
Planck-scale masses and nonpointlike cross sections o,y
equal to the geometric size of the DM, o, 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 passing
through the overburden [12-17]. Here we consider the
atmosphere not as shielding, but as the detection volume
itself—a literal “cloud chamber.” Some previous 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, ¢, ~4x107*(1 g/m,) km™2hr™!, 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
energy 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 nuclei.
By comparing the expected numbers of head and trail
echoes produced by DM with the measured meteoroid 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 atmos-
phere 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 techniques 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 sensitivity.

We aim for a precision of one order of magnitude on the
final results (regions of present exclusion and future
sensitivity in the plane of DM mass and cross section),
which is reasonable given that our final regions cover 10-15
orders 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
deposition 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
atmosphere 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
atmospheric densities (<107% g/cm?) 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
appear [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
survive the atmosphere, reaching the Earth’s surface,
and are called meteorites. Phrases like visual meteors,
photographic meteors, and radio/radar meteors indicate
the particular detection technique used [24]. Different
techniques 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 systems is roughly 107!° g to 1 g, corresponding to a
size range of roughly 1077 cm? to 1 cm? (sporadic
meteors, defined below, have densities less than
2g cm™) [33-35], so these meteoroids are small as macro-
scopic objects but large compared to nuclei.
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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
meteoroid body or along its trail in the atmosphere.
Head echoes are radio reflections from the immediate,
roughly spherical region of ionization surrounding the
meteoroid [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
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 durations 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 quasista-
tionary, roughly cylindrical ionization trail left behind as a
meteoroid passes through the atmosphere. These echoes
may last for up to hundreds of seconds depending on the
altitude, the ionization density, atmospheric diffusion rates,
electron reattachment 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 quasistationary 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 broadcasts
a radio signal into a volume, and a receiving antenna that
monitors for echoes. In monostatic radar systems, 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 separated by tens to thousands of
kilometers, enabling the radar system to determine the
meteor orbit. Novel multistatic systems with multiple
antennas for both the transmitter 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 complement 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 therefore 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],
p. 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 typically have
high peak transmission power and a narrow-beam antenna
pattern. Modern high-power, large-aperture radar systems,
like the 1 MW (monostatic) Shigaraki Middle and Upper
Atmosphere radar (SMUR) in Japan, are able to detect very
faint head echoes throughout 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 illumination
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 purpose) [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 degrees [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 m, > my, for which
many collisions are required to appreciably slow the DM
and the DM trajectory is nearly straight. The struck nuclei
recoil at velocities comparable to the DM velocity, sub-
sequently losing energy by ionizing atmospheric 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.
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A. DM scattering with atmospheric nuclei

We consider elastic scattering of a DM particle with mass
m, and initial velocity v,; %300 km/s with a nucleus
(typically nitrogen or oxygen) in the atmosphere, with mass
my and velocity vy; %0 in comparison to v,. After a
collision, the DM final velocity v,/ is

mym
V= vﬁ\/l —27(mA +ml )2(1 —cosOcy), (1)
'y

where 0, is the recoil angle in the center of momentum
frame, while all other quantities are expressed in the lab
frame [41]. For m, > my,, the DM final velocity is

m
%fzpﬂ¢1_2—éu—cmeaﬁ. @)

ny,

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 -, = 0 [20].
Therefore, after N successive collisions with atmospheric
nuclei, the DM final velocity is reduced to

my\ N2
a, (1274 3
Uy U)(z( m)() ( )
~v,; €Xp (2 In <1 - 2%)) (4)
P
~v,; €Xp <—N%). (5)
i

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 v,

N:ﬂln(ﬁ) (6)

my U;{f

Since v,; 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 assumed 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 atmos-
pheric nucleus at rest (with m, > m,), the maximum DM
scattering angle is

m
sin O =2 (7)
X

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,

L PA
N:E:nAGZL :;AGZL’ (8)

where n, is the atmospheric number density, p, is the
atmospheric mass density, m, is the average nuclear mass,
and o, is the DM scattering cross section. The velocity of a
DM particle evolves as

c
v, = Uy €XP <—m—IpAL>. 9)
b

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

pa(h) = poe™/", (10)
where py =~ 1.3 x 1073 gecm™ is the density at sea level,
and H ~ 7 km is the scale height assuming an atmosphere
composed of approximately 80% nitrogen and 20% 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 Lp, is replaced by the integrated mass column
density X (h). For objects traveling downward to an altitude
h, the mass column density for the isothermal model can be
expressed simply as

X(h) = / T AW poe1H = XpeMH, (11)
h

where X, = poH ~ 910 gcm™ is the approximate vertical
column density at sea level.

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

sec Qe MH, (12)

X(h,0) =2 (hg ~ X,

The final velocity of such a DM particle as a function of
altitude /4 is then
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FIG.2. DM parameter space in m, and 6, (= 6,) where DM at
6 = 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 gem™.

v, (h.0) = v, exp (—ix(h, 9)) (13)
My
c
~v,; eXp (——XXOe‘h/H sec 9), (14)
My

and the kinetic energy at a particular altitude is

1
E,;(h,0) zimxvﬁi exp <—2%X0€_h/H sec 9). (15)
7

We note that this formula, derived for collisions with
individual particles, was shown in Ref. [42] to be equiv-
alent 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. [43].

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 meteors are
detected. For large values of the reduced cross section
(c,/m,), 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 £ is

2

In 10
% = D7 i cos 9 = 1.3 x 1073 H cos 9, (16)
g

m){ a 2X0

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 = —oc0
to z = 0 (corresponding to sea level, & = O; see Fig. 1 for
an illustrative diagram), so that di/dz = — cos 6. Then, the
energy deposited in the atmosphere (E,,,) per unit DM
path length is

dE,m dE, dE

i A — 0 17

dz dz _ dn < (17)

sz(h)axvfﬂ»exp(—ZQX(h,6)> (18)
n,

sz(h)oxv)%i exp <—2&Xoe‘h/h’ sec@). (19)
m
b4

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 particles in
matter [44], though the reasons are different. As a DM
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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 /1., ), the rate drops sharply.
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particle passes through the atmosphere, it encounters an
exponentially increasing number of scatterers in its path,
increasing the energy deposition rate. Eventually, the DM is
slowed enough so that the energy deposition rate peaks at
an altitude /1., found by maximizing the rate with respect
to the distance traveled, after which it rapidly loses energy
before coming nearly to rest,

(20)

2X, sect
Npea = Hn (0>

(m, /o)

This roughly corresponds to the altitude at which the total
mass of nuclei the DM particle has scattered is comparable
to the DM mass (see Ref. [45] 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 m, = 107* g),

1 1
= ~m, % — ) cosd 21
. 2mlvﬂ <eH> cos b, (21)

peak

dE atm
dz

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

© dEm 1 1
/h Nz = 3 My <1 ——) ~0.63E,. (22)

peak dZ e
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 formation of a
hydrodynamic shock [45], 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.

IV. IONIZATION DUE TO DM SCATTERING

After collision with a DM particle, a nucleus with
mass my << m, and initial velocity vy; =0 recoils with
velocity v,y = 2v,,; sin(Ocm/2) < 2v,; [41]. The nucleus
subsequently collides with other atmospheric nuclei, losing
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 (v}{’ ~ 0.5 km/s [24]) due
to ambipolar diffusion (electrons initially diffuse faster than
ions but an “ambipolar” electric field induced by the charge
separation forces the ions and the electrons to diffuse at a
common rate) [46]. This dilutes the ionization 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. [24,47]),
we assume that the recoiling nucleus slows down to thermal
velocities of the atmosphere v;{‘, instantaneously creating an
ionization deposit with an initial radius of order the atomic
atmospheric mean free path r, ~ 14. The number of ionized
electrons per unit track length is called the electron line
density, and is defined as

q, = 271/00 n,(r)rdr, (23)
0

where n, is the ionization density.
The initial ionization density follows a Gaussian profile,

n.(r,t =0) « exp(—;—i). Plugging this into Eq. (23) deter-
0

mines the proportionality constant in terms of ¢,:

9. r
ng =n,(r,t=0)= XD (— p), (24)
0 0

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,

I’ON/,{A ﬁlloeh/H, (25)

where 1y~ 107% cm is the atomic mean free path at sea
level. At meteoric altitudes, 70 km < /2 < 130km,

0.02 cm < ry <120 cm. (26)

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 [48] simulation that if a nitrogen
atom at 3 keV (a typical recoil energy) is injected 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 relate the electron line density along the DM trajectory to
the energy deposition rate as

dE,m/dz
4o = @)
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
nitrogen atoms (13.62 eV and 14.53 eV, respectively [49]).
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FIG.4. Contour that would produce a line density of 10! cm™!

for the given choices of altitude and zenith angle (above and to
the right would give higher line densities). Other combinations 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.

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 (/). 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 [50].

B. Electron number density

The dominant process in the dilution of the initial
ionization density is ambipolar atmospheric diffusion,
during which electrons and ions in the electrically neutral
gas move out and the trail expands radially at thermal
velocities of the surrounding environment [24]. The initial
radius expands after some time ¢ as

rg = r3 +4D,t, (28)
where D, is the atmospheric ambipolar diffusion coeffi-
cient, which increases roughly exponentially with altitude.

At meteoric altitudes, the diffusion coefficient is approx-
imately [24,47]

h
D,(h) ~0.025 exp <O. 154 E) cm?s7h. (29)

By solving the radial diffusion equation (equivalently, the
2D random-walk problem),

on, D,o oan,
or 1 ox <r o1 ) (30)

with the initial distribution given by Eq. (24), the ionization
number density is a Gaussian function of time and radial
distance away from the ionization trail [24,47],

q

l"2
1) = . - . (31
ne(r:1) n(r3+4Dat)eXp< r(2)—|-4Dat> (31)

As above, the prefactor of ¢, is required to ensure that
Eq. (23) is automatically satisfied.

The total number of electrons N, along the DM
trajectory is the integral over the trail length,

Ne:/dzqe :2ﬂ/dz/oodrrne (32)
0

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 [24,51].

The atmospheric molecular number density is ny, =
pa/my =25 x 10%eH cm™3 (assuming an isothermal
atmosphere composed of approximately 80% nitrogen and
20% oxygen) at meteoric altitudes. This is much bigger
than the ionization density n, characteristic of meteor
echoes (<10'' cm™3, though the exact values can vary
significantly based on the size and composition of the
meteoroids, the entry angle, and the altitude at which the
meteor appears) [24]. Therefore, apart from ambipolar
diffusion, electron attachment to neutral molecules and
atoms dominates the dilution of the ionization density. To
be sure, we have confirmed that n, < n, 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 7 = (f,n4)~"!, where f3, is the electron
attachment rate. Taking attachment into account, the line
density varies with time as

q(t) = q.e7"". (33)

While the ionization lifetime in the atmosphere at
different altitudes is not well known and depends inversely
on the ionization density, experimental data show that 1 s <
7 < 10 s for altitudes 70 km < & < 90 km for an ionization
density of 10° cm™ [52]. Using 7 = 10 s for 4 = 90 km,
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1
fo=—x15x10"5 cm?s!. (34)
¢ ny

With this value of the attachment rate, 7~ 0.6 s for
h =70 km. Our results are not sensitive to the choice of
p.; changing it by even a factor of two has a negligible
effect. For meteoric altitudes, we then write the ionization
lifetime as a function of altitude,

7(h) ~2.6 x 107" H 5, (35)

where the exponential is large. Including this correction to
Eq. (31), the ionization density can then be written as

q

r2 t
) P e S R N C Y
ne(r.1) zr(r%+4Dat)eXp< 72+ 4Dt T> (36)

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 ioniza-
tion deposit with initial radius r,. Note that both under-
dense 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.

Ut
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FIG. 5. Electron number density as a function of radial distance
from the DM trajectory for various times. The gray horizontal line
corresponds to a number density of . &~ 10° cm™3, which defines
the boundary between underdense and overdense scattering for
the SMUR and CUAM radar systems (the wavelengths for the
two systems are similar). Our analysis is also sensitive to
underdense ionization densities, which appear until late times.

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 magnitudes
used in visual detection of meteors, see Ref. [53].) Apart
from the ionization density and the electron number
density, the RCS also depends on the radar wavelength
and polarization, as well as the relative geometry of the
radar station and the target. Following the treatment 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:

(47)3P,R2R?

, 37
P,G,G, 1 (37)

ORCS —

where 4 is the wavelength of the interrogating radio wave.
The transmitter is characterized by its power (P,), antenna
gain (G,), and its range (distance; R,). The receiver is
characterized similarly, where P, includes thermal noise
and the scattered signal. Essentially, the RCS 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
ores relative to a square meter, so that ogeg = 10* cm?
corresponds to 0 dBsm:

ORCS

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 colocated
(for SMUR, they are the same antenna). For a head-echo
system, we neglect polarization effects because the reflector
is approximately spherical, as discussed below. For a trail-
echo system, we neglect them because polarization loss
will occur only for the most inclined arrival directions,
where the flux is minimal.

B. Underdense and overdense echoes

The dielectric constant x of an ionization deposit with
electron number density n, is [24]

2 2
neC2 r, o~ 1= <I/_p> , (39)

v

k=1-

043026-8



NEW CONSTRAINTS ON MACROSCOPIC DARK MATTER USING ...

PHYS. REV. D 107, 043026 (2023)

where r, ~# 2.8 x 10713 cm is the classical electron radius,
v is the radio frequency (36.17 MHz for the CUAM radar
and 46.5 MHz for the SMUR radar), and

[c2r n
Yp z e em3 (40)

is the plasma frequency. If v > v, then k > 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 v < v, then k <0
and the radio wave does not penetrate the ionization column,
as secondary collisions between electrons become impor-
tant. In this case, the electrons in the ionization deposit
oscillate collectively at the radio frequency and hence reflect
the wave back like a metallic conductor. The resulting echo
is called an overdense echo. The transition between under-
dense and overdense echoes is defined by a critical ioniza-
tion density, n,., through Eq. (40). For the radar systems we
consider, n, ~ 10° cm™ as both use similar radio wave-
lengths. Setting the ionization density in Eq. (36) equal to
n., we get

T ex re N, @)
n,=—s—% I
“© m(r3+4D,t) p rs+4D,t T

where r, is the critical radius of the ionization column
within which x < 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 simple
analytical expressions using relevant quantities. We empha-
size that both types of echoes are detectable. The boundary
between the two regions is typically described by a transi-
tional value ¢, of the electron line density found by setting
r2 =r)+4D,t = 2*/4z* such that r. bounds a volume
large and dense enough to attenuate the incident wave by
1/e [24]. Ignoring electron attachment effects (z — o0)—
which is valid for low values of ¢, (see Fig. 7)—we get

Qe = 4i ~2.4x 102 em™!, (42)

Te

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], p. 215).

C. Effective ionization radius for overdense echoes

For overdense echoes, we can define an effective
ionization radius r, (also called the plasma radius), taking
the maximum of the critical radius r. defined above.
Inverting Eq. (41), we get the critical radius as a function
of time,

t

2(1) = (1 + 4D 1) [In——T———— 1) (43
20 = (34D (in— 1)

Figure 6 shows that the critical radius grows to a

maximum value r¢™ = r, and is

r,=r" = \/DaW(n) (2 + W(n)),

S P (44)
n_zﬂDaTI’lc P 4D, ’

where W(n) is the Lambert-W or product-log function
defined by 1 = W(yy)e" ™.

Note that if electron attachment effects are ignored, the
radius of the ionization deposit, found in a similar way
using Eq. (31), equivalently by taking the limit 7 — oo of
Eq. (44) above, is simplified to

qe
men,

(45)

r, =

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

400

ge = 10 cm™!
h =90 km

390

300

Diffusion
+ Attachment

O:....l....|....|....|....|....|'....

0 05 1 15 2 25 3 35
t[s]

FIG. 6. Critical ionization radius at which overdense scattering
occurs as a function of time. The critical radius grows to a
maximum before going back to zero. The time for this defines the
overdense echo duration. When electron attachment effects are
included along with ambipolar diffusion, the ionization density
decreases more quickly, reducing the size of the radius and the
echo duration.
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FIG. 7. Radius of the ionization deposit as a function of FIG. 8.

electron line density at three altitudes, taking ambipolar diffusion
into account. When electron attachment effects are also consid-
ered, the ionization radius r, and the overdense echo duration are
suppressed for larger line densities.

the effect of attachment clearly, it is to be noted that very
large values of g, (> 10'® cm™!) are not physical [24], as
the ionization density must be less than the atmospheric
number density. Note that, although it is not written as a
function of altitude, g, implicitly depends on altitude
through its dependence on both atmospheric density and

the DM velocity. This produces the altitude dependence
in Fig. 8.

D. RCS for head echoes

Meteor head echoes are characterized by radio reflec-
tions off spherical ionization distributions, surrounding the
meteoroid and comoving with it [54-56]. Therefore, we
describe the ionization deposit in the immediate neighbor-
hood of a DM patrticle as a spherical Gaussian distribution
in Eq. (36) centered on the particle. Although the actual
shape of the ionization deposit may be more ellipsoidal
(with the electron density falling off more quickly behind
the parent particle), the assumption of a spherical deposit
with a Gaussian profile (for the number density of
electrons) is good, as demonstrated by simulations and
empirical measurements [57,58]. For initial velocities
v,; 2 70 km/s, the deviation from spherical geometry
becomes more pronounced, but this has a small effect
on the radar cross section.

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 r, relative to the radio
wavelength 4 [58]. If r, > 1 (optical scattering), the RCS

Radius of the ionization deposit as a function of altitude
as DM traverses the atmosphere, shown for one example. When
electron attachment effects are considered, the size and the profile

of the radius are both modified compared to when only ambipolar
diffusion is considered.

approaches a constant value equal to the cross sectional
area of the head plasma,

ORcs = Jz'r%,. (46)
If r, < A (Rayleigh scattering), the RCS is
ORCS = 1447[67'?,2_4. (47)

If r, ~A (Mie scattering), the RCS oscillates about the

average value nrﬁ,. 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 ¢, = 4zr2 [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 /A, the total quasi-
instantaneous power received from all electrons from some
finite section of the trail can be expressed as [24]
P,G,G )’ Rylo,q> 872 r(% 43

w2 @

P.(t=0) =~
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where R is the minimum range along the trail, and electron
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 station [24]. The
power from additional Fresnel zones alternate in phase and
largely cancel out. The received power at the moment of
ionization formation (¢ = 0) is scaled due to the finite initial
width of the column. Taking ambipolar diffusion into
account, the echo power decays as
327°D,t
P.(t) =P, (t=0)exp (— T) (49)
Note that as shown in Fig. 7, electron attachment effects are
negligible for underdense echoes (¢, < q,)-

The maximum power registered at the receiver is
P, = P,(t=0), which occurs when the meteor leaves
the first Fresnel zone. Since the range varies slowly near
R,—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 ~
R, [24]. For a meteor entering the atmosphere at zenith
angle 0+#0 and altitude h, Ry = h/sinf. Replacing
Eq. (48) in Eq. (37), the maximum underdense trail-echo
RCS (for backscatter) is then (for g, < gq),

h 87°r3
ORCs = 2sin9M€qg exp <— Z 0)- (50)
The ionization trail through the atmosphere would be
perfectly cylindrical if the DM velocity were infinite
(assuming the trail has already expanded to the initial
radius 7y) and if the atmospheric density was uniform.
Since DM velocity is finite but larger than the radial
diffusion velocities of electrons (v ~ 0.5 km/s [24]) by
2-3 orders of magnitude (the typical DM velocity is
v, ~ 300 km/s), the trail is more conical than cylindrical.
Because both the initial radius r, and the diffusion
coefficient D, 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 (r, > 1) [24], in
which case the RCS is

zr,h

= zRyr, ~—2 51
ORcs = TiXgr) sind (51)
for incident spherical waves from a source at a
perpendicular distance R [24]. The power delivered by
scattered waves to the receiver is then given by Eq. (37).

VI. DM CONSTRAINTS FROM RADAR DATA

With all ingredients in hand, we calculate constraints on
macroscopic DM from the nonobservation of excess signals
in radar meteor observations. Using Egs. (46), (47), (50),
and (51) for the RCS and Eq. (27) for the line density of the
ionization deposit along the DM trajectory through Earth’s
atmosphere, we probe macroscopic DM candidates that
would produce meteorlike head and trail echoes detectable
by the SMUR and CUAM radar systems, respectively. The
range of the RCS and of the initial entry velocity v, that we
consider depends on the experimental setup (including the
radio wavelength 4) and the analysis techniques used by the
radar systems.

A. Calculational approach

The equations for the radar cross section oy depend on
the DM mass and cross section through the electron line
density and the plasma radius, given in Eqs. (27) and (44),
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 altitude 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
atmosphere f(v,;), we use the Standard Halo Model as
parametrized in Ref. [59], 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 [60]. To account for the radar sensitivity to altitude
and velocity, for each DM mass and cross section we use
Eq. (14) to calculate the maximum 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 (defined
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 6 < 60°,
where the curvature of the Earth can be neglected and the
atmospheric mass column density in Eq. (11) is minimally
corrected. Finally, by summing the detected RCS distribu-
tions 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 angles), compared
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FIG. 9. Comparison of possible DM signals (dashed) to observed data for selected masses and cross sections, using the full DM
velocity range (11-800 km/s) at the top of the atmosphere and the zenith angle range < 60°. DM candidates whose counts exceed the
measured data are excluded. For the same DM mass, larger cross sections correspond to larger values of the detected RCS. For the same
DM cross section, larger masses correspond to fewer expected counts, due to the DM flux scaling as 1/m,, . Left: head-echo DM counts
per unit RCS, shown for a few examples together with the observed head-echo data for sporadic meteors [33,60]. Right: trail-echo DM
counts per unit RCS, shown for a few examples together with the observed trail-echo data for sporadic meteors [40].

to the SMUR and CUAM data [33,40]. For head echoes
detectable by the SMUR radar system (4 ~ 645 cm), the
RCS varies from —50 to 30 dBsm [33]. For trail echoes
detectable by the CUAM radar system (1 ~ 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
observed 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
observed 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
0 < 60°, matching the restriction on DM mentioned in
Sec. VI A (relaxing the restriction would increase the fluxes
of both DM and meteors by a factor of <2 and would have
little effect on the signal-to-background ratio). 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 8 < 60° (making our results for head echoes
conservative). Our analysis is thus only sensitive to DM
arriving from a solid angle of Q = zsr, or 1/4 of a full

sphere; integrating the incoming flux over cos 6d cos 8 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

dg, 3 p,

@ = Em—lv*f(vl)’ (52)
where f(v,) is the fraction of DM particles at velocity
vy, and p, = 0.3 GeVem™ is the DM mass density at
Earth’s position [1]. For m, =1 g and v, = 300 km/s,
dg,/dv, ~3 x 1077 km™>hr~! (km/s)~".

Because the energy deposition in the atmosphere
depends on the DM velocity v,, we can convert the velocity
spectrum of Eq. (52) into an RCS spectrum, using the
equations of the previous two sections. ¢, then represents
the total flux in a given RCS range. We assume that the
number of detected DM particles per unit RCS follows a
Poisson distribution, for which the PDF is given by

et
p(n) ==—

. (53)

where u, = ¢, X Ager X Tops 18 the expected number of
radar echoes produced by DM per unit RCS for a radar with
effective detector area Ay, and total observation duration
Tops- We exclude a given DM mass and cross section by
conservatively requiring that the DM spectrum never be
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FIG. 10. Estimated sensitivity in the DM mass and cross section plane compared against the actual constraints for trail echoes
detectable by the CUAM radar. Left: estimates of the boundaries (blue solid), assuming zero backgrounds, for trail-echo constraints (see
text for details). Also shown is a line (orange dashed) corresponding to meteors with average density of ~1 gcm™. Right: trail-echo
constraints (gray filled region), derived by including all relevant factors, overlaid on top of the estimated region. Also shown are lines
corresponding to DM candidates that lose 90% of their initial energy at 130 km (gray dash-dotted) and 70 km (gray solid) altitudes, and
contours corresponding to the minimum/maximum detectable line densities for the CUAM radar, or equivalently the minimum/
maximum detectable RCS, (blue/orange) at 130 km (dash-dotted) and 70 km (solid) altitudes.

higher than the observed meteor spectrum at 95% CL.
That is, DM is ruled out if for any RCS, the CDF,
P(n < N,,) <0.05, where N, is the observed meteor count
per unit RCS.

The detector area, also called the equivalent radar
collection area, depends on the radar antenna gain pattern
and can be expressed as a function of the RCS, Ay =
Aget(RCS) [33]. For the SMUR radar system, Ay, ranges
from 1km? for RCS of —50 dBsm to 10° km? for
30 dBsm [33]; for the head-echo data, we use T, =
33 hr [33]. For the CUAM radar system, we calculated
Ager =3 x 10* km? over the entire RCS range due to the
all-sky nature of the antenna beam; for the trail-echo data
we use, T, = 118 hr.

Figure 10 shows the constraints for trail echoes detect-
able by the CUAM radar. In the left panel, we show the
estimated boundaries for the constraints using the mini-
mum detectable RCS (lower edge), the minimum energy
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 maximum reduced
cross section (o, /m,,) 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 boundaries of the exclu-
sion region. We show the corresponding plot for head
echoes detectable by the SMUR radar in Appendix 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 distribu-
tion 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 Appendix 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 N,, =~ 0
because of the extremely low flux of such meteors, 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 experiments are sensitive to
very fast-moving meteors, our limits 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 [61] and cooling of Galactic gas clouds [62],
while the dark gray region is excluded by observations of
long-lived white dwarfs ([64], but see also Ref. [65], a
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FIG. 11. New meteor-radar constraints on macroscopic DM in

the plane of mass (1,) and DM-nucleon cross section (6,5 = 6,,).
Firm constraints from head echoes are shown in red (solid fill and
black solid outline) and from trail echoes are shown in lighter red
(solid fill and black dash-dotted outline). The transparent regions
with solid red outline for head 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 astrophysics and cosmology (gray) and DM
detectors (blue/green), taken from Refs. [11,15-17,23,61-63].

reanalysis that produces a substantially smaller region by
using a different density profile and more conservative
treatment of a thermonuclear runaway). Relatively large
cross sections have been probed by experiments sensitive to
interactions in the lower atmosphere: particle detectors on a
satellite, “Skylab” [15], and searches for optical flashes with
the Desert Fireball Network, “Fireballs” [23]. Relatively
small cross sections have been probed by a variety of
shallow and deep underground dark-matter or repurposed
experiments: “Chicago” [16], “DAMA” [62,66], “DEAP-
3600”7 [17], “Ohya” [15], and “Mica” [11]. The “Humans”
region is constrained by null observations of unique human
injuries/death by DM [63]. 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].
Reference [70] also places constraints from collisions with
stars, but at masses above the range we show.

Though our limits overlap with cosmological con-
straints, our results are complementary in several ways:
they are independent of cosmological models or assump-
tions; they explicitly focus on composite DM, which is not
typically the focus of cosmological studies; and they have
the advantage of differential sensitivity to the DM mass and

cross section. In addition, the sensitivity 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 escaped
detection by being very massive, so that its number density
is low [71-78]. Such macroscopic DM might not reach
terrestrial detectors, instead losing a significant fraction of
its energy through elastic scattering with nuclei in the
overburden.

Here we consider the atmosphere as a detection volume,
and radar as the probing method. We show that macro-
scopic DM particles passing through the atmosphere can
produce ionization deposits that are detectable with radar
systems. We model the spatial evolution of the ionization
over time, taking into account ambipolar diffusion and
reattachment effects, to accurately determine the detect-
ability of the resulting ionization 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 particu-
lar model of composite DM is assumed, but we note that
there are composite models, e.g., those of Refs. [74,76], that
can lie in our parameter space for a range of input choices.
We leave it for future work to further develop such particle-
physics models, potentially including 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 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 improve
by orders of magnitude, even with no increase in exposure.
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, because 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 methods 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 sensitivity 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
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fireballs [23]) could help. Third, if the meteor background
were better understood, the sensitivity 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) [79]. The meteor
backgrounds are also modulated, but differently (see
Ref. [24], p. 114), which could be used to improve
sensitivity.

This new radar-based technique for probing DM is
important 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 sensitivity 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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APPENDIX A: ATMOSPHERIC DENSITY MODEL

Figure 12 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
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FIG. 12. Atmospheric mass density as a function of altitude,

comparing the simple isothermal model [80] and an empirical
model [81] (with nitrogen only).

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 velocities (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 origins. Their flux
is low, and the details are uncertain [82].

Figure 13 compares the DM velocity distribution f(v,,)
at the top of the atmosphere with the initial-velocity
distributions (at 130 km altitude) of sporadic meteors from
SMUR [60] and CUAM [83], which are designed for solar-
system meteors. We calculated the latter from a week’s
worth of raw data. The DM velocity distribution is based on
the standard halo model [59] and includes the effect of
Earth’s gravity at low velocities. Also shown are the
maximum entry velocity at the top of 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 future
experiments could detect very fast-moving meteors.

APPENDIX C: EXCLUSION REGIONS

Figure 14 describes the constraints for head echoes
detectable by the SMUR radar, similar to Fig. 10 for trail
echoes.
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