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Within the quark nugget model, dark matter particles may be represented by compact composite objects
composed of a large number of quarks or antiquarks. Due to strong interaction with visible matter,
antiquark nuggets should manifest themselves in a form of rare atmospheric events on the Earth. They may
produce ionized trails in the atmosphere similar to the meteor trails. There are, however, several features
which should allow one to distinguish antiquark nugget trails from the meteor ones. We study properties of
ionized trails from antiquark nuggets in the air and show that they may be registered by standard meteor
radar detectors. Nonobservation of such trails pushes up the mean baryon charge number in the quark
nugget model, jBj > 4 × 1027.
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I. INTRODUCTION

In Refs. [1–3] it was conjectured that quarks can combine
and form stable compact composite objects characterized by
a large baryon charge number B ≫ 1. Such objects are
usually refereed to as quark nuggets (QNs) or strangelets, as
their stability is stipulated by strange quarks. If stable quark
nuggets exist, they could be perfect candidates for dark
matter particles, because they are characterized by a very
small cross section to mass ratio, σ=M ≪ 1 cm2=g, which
ensures that they remain cosmologically “dark” despite
strong interaction with visible matter.
A series of papers by A. Zhitnitsky and collaborators

[4–7] made significant progress in the quark nugget model
of dark matter, wherein an axion-pion domain wall was
proposed as a mechanism for stabilizing such objects.
Another important feature introduced by A. Zhitnitsky
[7,8] was separation of all dark matter particles into two
families depending on whether they consist of matter
(quarks) or antimatter (antiquarks), respectively. The idea
behind this extension of the quark nugget model was that
all antimatter in the Universe may be hidden inside the
antiquark nuggets (anti-QNs), while the matter is repre-
sented by both QNs and visible baryonic matter. Thus, in
total, the Universe has vanishing baryon number at all
times. The difference between the numbers of QNs and
anti-QNs may be associated with a nonzero initial value of
the QCD vacuum angle θ before it relaxes to zero value
corresponding to the minimum of the potential energy.

The prediction of anti-QNs is a very attractive feature of
the quark nugget model of dark matter, because these
objects strongly interact with visible matter and may have
interesting implications both in cosmology and in terrestrial
observations. In Refs. [9–21] it was argued that anti-QNs
may be responsible for certain types of radiation observed
in our Galaxy, while different possible atmospheric, seis-
mic and cosmic raylike events caused by anti-QNs on the
Earth were discussed in Refs. [22–27]. Importantly, the
quark nugget model of dark matter is not just compatible
with all these phenomena but explains them in a natural
way within the frames of Standard Model of elementary
particles.
In this paper, we focus on observational properties of

anti-QNs and study possibilities of their detection on
the Earth.
One of the main parameters in the quark nugget model is

the baryon charge number B, which quantifies mean
number of quarks which comprise the nuggets. For con-
venience, in this paper we ignore the sign of B, i.e., B
stands for the absolute value jBj of the actual baryon
charge. Other macroscopic parameters may be roughly
expressed through B: the mean quark nugget radius is
R0 ≈ 1 fm × B1=3, and mean mass is M ≈ Bmp, where mp

is the proton mass. These values are specific for the quark
matter conjectured in the works [1–7]. In these papers, it
was proposed that the quark matter may exist not only in
the cores of neutron stars, but also in the form of stable
compact composite objects which may play role of dark
matter particles. These models attempt to explain the dark
matter in the Universe within the framework of the
Standard Model of elementary particles.
Note that the mean baryon number in this model is large,

B≳ 1025, as lower values are excluded by nonobservation
of compact composite objects on such detectors as IceCube
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[28,29] (see also Ref. [30] for a brief review). The corres-
ponding limits on the size and mass are R0 ≳ 2 × 10−5 cm
and M ≳ 15 g. Even if such objects saturate local dark
matter density ρDM ∼ 0.4 GeV=cm3, their number density
ρDM=M is very small, and probability of anti-QN passing
through a detector is negligible. Therefore, we should look
for possibilities of remote detection.
In Refs. [19,20] it was shown that an anti-QN moving

through a medium emits specific types of radiation which
includes x-rays, γ-rays, and fast ionizing particles such as
π� pions, (anti)muons, electrons, and positrons. In this
paper, we study ionizing properties of this radiation from
anti-QNs in the Earth’s atmosphere. We estimate the
density of electrons in the atmosphere produced by this
radiation and compare it with the one from ordinary
meteors. We show that at altitude h ∼ 80–120 km above
sea level the anti-QNs can produce an ionized trail which is
comparable to the one from typical meteors. Thus we
conclude that meteor radar detection technique may be
suitable for detection of anti-QNs. This technique is
schematically shown in Fig. 1.
A longstanding problem in cosmology is direct detection

of dark matter particles in laboratory. In the case of the
quark nugget model, the Earth itself may be considered as a
detector. This idea was recently advertised in Ref. [31]
where it was proposed to search for compact composite
objects in the Earth’s atmosphere using meteor radar
detectors. Nonobservation of such objects allowed the
authors of this work to place limits on the mass and cross
section of dark matter particles. The results of the work [31]
do not, however, apply to the quark nugget dark matter
model because anti-QNs have a different mechanism of air
ionization. In this paper, we fill this gap and study the limits
on the mean baryon charge number in the quark nugget
model from existing meteor radar observations.
The rest of this paper is organized as follows. In the next

section, we briefly overview the properties of thermal and
annihilation radiations in the quark nugget model studied
earlier in Refs. [19,20]. In Sec. III, we consider ionizing

properties of anti-QNs traveling through the Earth’s atmos-
phere and calculate the electron density produced by
different types of radiation from an anti-QN. In Sec. IV,
we estimate the width of ionized trail generated by an anti-
QN in the air and compare it with the one from conven-
tional meteors. In Sec. V, we discuss specific properties of
anti-QN trails which may help distinguish them from the
meteor ones and detect them in the future. Section VI is
devoted to a summary and discussion of the obtained
results. In the Appendices, we present some technical
details of our calculations and tables with numerical results
employed in our estimates.
Throughout this paper we use natural units with ℏ ¼ 1,

c ¼ 1 and kB ¼ 1.

II. THERMAL AND ANNIHILATION RADIATION
FROM ANTIQUARK NUGGETS PASSING

THROUGH THE ATMOSPHERE

Anti-QNs interacting with nuclei in the Earth’s atmos-
phere could result in the emission of observable thermal
radiation. In this section, we briefly overview the properties
of thermal radiation from anti-QNs as studied in Ref. [20].
Then, we study properties of the thermal radiation from
anti-QNs passing through the atmosphere.

A. Thermal emissivity of antiquark nuggets

The main assumption of the QN model is that quark
nuggets are composed of a large number of quarks or
antiquarks. It is usually assumed that the density of the
quark nugget core is slightly higher than the nuclear matter
density. This assumption is quantified by the following
relation between the anti-QN radius R0 and the baryon
charge number B

R0 ≃ B1=3 × 1 fm: ð1Þ

The baryon charge number should be sufficiently large to
ensure that anti-QNs survive till the present days and be
still potentially observable [21,32] (see also Ref. [30] for a
review)

B≳ 1025: ð2Þ

In particular, forB¼ 1025, Eq. (1) impliesR0≃2.2×10−7 m.
The antiquark core possesses a large electric charge

which is neutralized by the charge of the positron cloud
around the antiquark core. At zero temperature, these
positrons are in a degenerate state with Fermi energy in
the range 10–100 MeV [33]. At nonzero temperature, the
positrons are excited above the Fermi surface and obey
the Fermi-Dirac distribution. The density distribution in the
positron cloud was studied in Ref. [19], and the model of
thermal radiation from the positron cloud was developed in
Ref. [20]. In this model, thermal radiation is produced by
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FIG. 1. An illustration of radar detection technique of ionized
anti-QN trails in the Earth’s atmosphere (not to scale). Standard
meteor radars may be suitable for detection of anti-QN trails.
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fluctuations of density in the positron cloud, similar to
plasma oscillations producing thermal radiation in small
metallic particles. However, in contrast with the latter,
because of a very high density in the positron cloud,
anti-QNs possess relatively high plasma frequency,
ωp ≃ 2 MeV [20]. Given this plasma frequency, we intro-
duce a (complex) dielectric constant

εðωÞ ¼ 1 −
ωp

2

ω2 þ iγω
; ð3Þ

where γ is a damping constant. In Ref. [20], the damping
constant was estimated with the use of Drude model,
γ ≃ 0.5 keV.
In general, the radiation power per unit surface area of

anti-QN per unit frequency interval may be written as

Pðω; TÞ ¼ πEðωÞI0ðω; TÞ; ð4Þ

where

I0ðω; TÞ ¼
ℏω3

4π3c2
1

exp ðℏω=ðkBTÞÞ − 1
ð5Þ

is the Planck function and EðωÞ is a thermal emissivity
coefficient. The latter may be calculated within the Mie
theory which describes the scattering and absorption of
light on compact bodies, see, e.g., [34]. For a spherical
particle, the thermal emissivity function is given by a series
expansion over spherical harmonics. For high frequencies,
c=R0 ≪ ω ≪ ωp, the expression for the thermal emissivity
coefficient simplifies drastically,

EðωÞ ≈ 5.36Re½εðωÞ�−1=2; ð6Þ

where εðωÞ is the complex dielectric constant (3), and the
coefficient 5.36 was calculated numerically in Ref. [20].
Remarkably, the function (6) and the radiation power per
unit surface area in Eq. (4) are independent of the anti-QN
radius R0 and, thus, of the baryon charge number B. This
feature is a result of the short wavelength approximation
λ ≪ R0 and it is somewhat similar to that for the black body
radiation (BBR) where the radiation is defined by the
temperature T rather than specific content of the body. In
contrast with BBR, the anti-QN radiation depends also on
the plasma frequency ωp and damping constant γ.
The total radiation power per unit surface area of the

quark nugget can be found by integrating Eq. (4) over ω,

FradðTÞ ¼
Z

∞

0

πEðωÞI0ðω; TÞdω: ð7Þ

The thermal radiation spectrum of one quark nugget is then
found by multiplying Eq. (7) by the quark nugget surface
area 4πR0

2.

B. Parameters of thermal radiation
from anti-QNs in the air

When an anti-QN passes through the air, it annihilates air
molecules releasing roughly 2mpc2 of energy per each
annihilated nucleon, where mp ≈ 938 MeV=c2 is the pro-
ton mass. Some fraction η of this released energy will heat
the positron cloud to a temperature T, resulting in the
emission of thermal radiation with power (4).
It is hard to accurately estimate the value of the

parameter η because the model of matter annihilation on
anti-QNs is not sufficiently developed. In Ref. [19] we
assumed that this annihilation process is similar to the
proton-antiproton annihilation with emission of charged
and neutral π mesons. However, it is unclear whether this
annihilation happens just on the boundary of anti-QNor deep
inside it. In the former case, approximately 50% of produced
pions are emitted outside the anti-QN while the other 50%
thermalize inside the anti-QNcore. In this case, η ≈ 0.5. If the
annihilation happens deep inside the anti-QN core, most of
the produced pions are absorbed and the released energy
thermalizes. This case corresponds to η ≈ 1.
In this paper, we will consider two limiting cases with

η ¼ 0.5 and η ¼ 1, respectively, meaning that the actual
value of this parameter is within this range. As we will
show, all results and conclusions of this paper weakly
depend on the actual value of this parameter.
When an anti-QNmoves through the air with density ρair,

it acquires effective internal temperature T due to the
matter-antimatter annihilation. As a result, it radiates with
the power

Wrad ¼ 4πR2
0FradðTÞ; ð8Þ

where Frad is given by Eq. (7). The incoming energy flux
due to the air molecule annihilation on the anti-QN is

Win ¼ 2mpησannnairv; ð9Þ

where η is the fraction of thermalized energy released in the
nucleon annihilation, σann is the annihilation cross section
for air molecules on anti-QN [19], nair ¼ ρair=mp is the
nucleon number density in the air and v ≈ 10−3c is the anti-
QN velocity in the air.
The annihilation cross section may be written as

σann ¼ κπR2
0; ð10Þ

where κ is a suppression coefficient which is not known
exactly. We can roughly estimate this coefficient as follows.
Fist note that for a single proton scattering off anti-QN
κ ≈ 1, because the proton is trapped near the anti-QN core
by the Coulomb attraction and loss of the proton kinetic
energy due to friction within the positron cloud [19]. For
larger atoms like nitrogen or oxygen this coefficient is
unlikely to exceed the value of 0.5, because neutrons from
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the nucleus are not confined inside the antiquark core by
the Coulomb attraction. Note that the anti-QN Coulomb
field accelerates charged nuclei leading to the potential
energy inside the quark core of order 30 MeV per proton
that exceeds nucleon binding energy in an incident nucleus.
After a collision with anti-QN core the incident nitrogen or
oxygen nucleus is likely to be broken into unbind nucleons
near the antiquark core boundary.
The suppression coefficient κ may be less than 0.5 if the

annihilation of the first few protons from incident nucleus
transfers much kinetic energy to the rests of this nucleus
sufficient for their escape without annihilation. Thus, it is
plausible that the suppression coefficient may be of order

κ ≈ 0.25; ð11Þ

but is unlikely to be much smaller than that. Note that
technically all results and conclusions of our paper remain
valid for any κ in the range 10−6 ≪ κ ≤ 1. For κ ≲ 10−6 the
energy release from elastic scattering dominates over the
one from the direct annihilation, and this case is studied
in Ref. [31].
Although the above arguments on the value of the

coefficient κ are just qualitative, they allow us to perform
further estimates within an order of magnitude accuracy. In
fact, it is possible to show that the final conclusions of this
work weakly depend on a particular value of the suppres-
sion parameter κ, and we will assume the value (11) in what
follows.
Equating the incoming (9) and radiated (8) energy fluxes

through the anti-QN surface, we find the equation which
determines the effective anti-QN temperature in the air,

FradðTÞ ¼
ηκ

2
ρairv: ð12Þ

Within the isothermal atmospheric model, the air density
as a function of the altitude above the sea level h may be
approximately described by the following exponential
function

ρairðhÞ ¼ ρ0e−h=h0 ; ð13Þ

where ρ0 ¼ 1.2 kg=m3 is the air density at the sea level and
h0 ¼ 7 km. With the air density given by the function (13)
and the thermal radiation power represented by Eq. (7),
equation (12) may be solved numerically for any particular
altitude. As a result, we find the effective anti-QN temper-
ature as a function of the altitude h,

TðhÞ¼T0e−h=h1 ; T0 ¼
�
7.55 keV for η¼ 0.5

9.00 keV forη¼ 1;
ð14Þ

where h1 ¼ 28.2 km. Numerical values of the effective
temperature (14) are presented in Table I for different
altitudes, and the corresponding plot is given in Fig. 2.

The effective anti-QN temperature T specifies the
radiation spectrum from anti-QNs in the atmosphere (4).
This spectrum differs from the black body one by the
emissivity coefficient EðωÞ. Let ωmax be a peak frequency
corresponding to the maximum of the function (4) for each
value of the effective temperature T. Consider also the
mean angular frequency defined as

ω̄ ¼
R∞
0 ωPðω; TÞdωR
∞
0 Pðω; TÞdω ; ð15Þ

where Pðω; TÞ is given by Eq. (4). Since the effective anti-
QN temperature T is a function of altitude (14), both ωmax
and ω̄ depend on the altitude, ωmax ¼ ωmaxðhÞ and
ω̄ ¼ ω̄ðhÞ. These functions may be calculated numerically
using Eqs. (3), (4), (6), and (14). Their values are
represented in Table I and are plotted in Fig. 2. We find
also that the dependence of the peak and average

T
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FIG. 2. Plots of the effective anti-QN temperature T (blue lines)
and radiation peak angular frequencyωmax (red lines) as functions
of the altitude h above the sea level. Solid and dashed lines
correspond to η ¼ 0.5 and η ¼ 1, respectively, where η is a
fraction of the thermalized energy in the process of annihilation
of air molecules on anti-QNs.

TABLE I. Values of the effective anti-QN temperature T,
radiation peak and mean angular frequencies ωmax and ω̄,
respectively, as functions of the altitude h above the sea level.
These functions are given for two values of the parameter ηwhich
quantifies a fraction of thermalized energy in the full energy
released upon the nucleon annihilation on anti-QN.

η ¼ 0.5 η ¼ 1

h=km T=keV ωmax=keV ω̄=keV T=keV ωmax=keV ω̄=keV

0 7.55 21.0 29.2 9.00 25.0 34.7
20 3.73 10.3 14.3 4.43 12.3 17.0
40 1.84 5.10 7.00 2.18 6.06 8.32
60 0.906 2.52 3.44 1.07 2.98 4.09
80 0.447 1.24 1.70 0.527 1.47 2.02
100 0.221 0.612 0.857 0.259 0.722 1.01
120 0.109 0.302 0.441 0.128 0.355 0.517
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frequencies on the altitude may be approximated by the
following exponential functions:

ωmaxðhÞ ¼ ω0e−h=h1 ; ω0 ¼
�
21.0 keV for η ¼ 0.5

25.0 keV for η ¼ 1;

ð16Þ

ω̄ðhÞ ¼ ω̄0e−h=h1 ; ω̄0 ¼
�
29.2 keV for η ¼ 0.5

34.7 keV for η ¼ 1;

ð17Þ

where h1 ¼ 28.2 km.
Note that the thermal radiation from anti-QN in the

Earth’s atmosphere falls within the x-ray spectrum. As we
will show below, this radiation represents the main source
of ionizing radiation from anti-QNs.
We have considered the functions ωmaxðhÞ, ω̄ðhÞ and

TðhÞ for the two limiting values of the parameter η which
specifies the fraction of the thermalized energy in the
process of annihilation of air molecules on anti-QNs. As is
seen from Table I, the variations of the values of ωmax, ω̄
and T do not exceed 20% between the values η ¼ 0.5 and
η ¼ 1. Thus, the pattern of thermal radiation from anti-QNs
weakly depends on η.

C. Direct annihilation radiation from anti-QNs

The annihilation radiation from anti-QNs was studied in
Ref. [19]. In this subsection, we briefly overview basic
properties of this radiation.
As is demonstrated in Ref. [19], anti-QNs possess a

strong electric field near the boundary which is able to
ionize neutral atoms and molecules colliding with anti-
QNs. The ionized electrons are repelled off the anti-QN
while the positively charged nuclei are attracted to the
antiquark core. In the case of hydrogen, an incident proton
loses energy due to friction in the positron gas and is
trapped inside the core. Thus, proton inevitably annihilates
inside the quark core releasing about 2 GeV of energy. A
possibility of transformation of proton to neutron, which
can escape, does not affect the result significantly. As it was
explained above, heavier nuclei may be broken down into
separate protons and neutrons in the process of collisions
with the core, and the annihilation may be incomplete
reducing released energy by the value (11). Note also that
atomic electrons do not play much role in this process and
may be ignored.
Exact pattern of annihilation of atomic nuclei inside

antiquark matter is not known because the state of the latter
is not well understood. To make our estimates, here we
assume that the pattern of this annihilation is similar to the
proton-antiproton annihilation, although this assumption
may be revisited in future works. This assumption means
that primary annihilation products are charged and neutral
π mesons. Although there are many decay channels in the

proton-antiproton annihilation [35], on average five pions
are produced among which three are charged π� mesons
and two are neutral π0. Each pion has total energy
(including its rest mass) of about 375 MeV which comes
out as one fifth of the total 2mpc2 of energy. Thus, these
pions are weakly relativistic.
In Ref. [19] we assumed that protons annihilate very

close to the boundary of the antiquark core, and only about
50% of produced pions are emitted outside the antiquark
core and escape while the other 50% of pions go inside the
antiquark core where they thermalize and further get
absorbed via strong interactions. This corresponds to
η ¼ 0.5, where η is the fraction of thermalized pions.
However, it is not excluded that the nucleus penetrates deep
inside the antiquark core before direct annihilation hap-
pens. In this case η is close to 1, and the fraction of emitted
outside pions is (1 − η). In this case, the annihilation
radiation from anti-QNs is suppressed. For the sake of
generality, the annihilation radiation will be accounted for
with the factor ð1 − ηÞκ, where κ is the annihilation
suppression coefficient (11).
Let us consider pions produced in the process of annihi-

lation of nuclei on anti-QNs. Neutral pions are very short-
living,withmain decay channel into two γ photons,π0 → 2γ.
The energies of this photons are close to 200MeV,with some
distribution around this value, depending on the energy of
original π0. Thus, we can roughly estimate that each nucleon
annihilating on anti-QN produces 4ð1 − ηÞκ gamma photons
with typical energy around 200 MeV.
Charged π� mesons have lifetime τ ¼ 2.6 × 10−8 s and

decay into (anti)muons and muonic (anti)neutrinos,
π� → μ� þ νμðν̄μÞ. Considering that some fraction of the
pion energy is taken by (anti)neutrino, the (anti)muon energy
(including its rest mass) should be around 295 MeV. Muons
further decay into electrons and muonic neutrino plus
electronic antineutrino, μ− → e−þ ν̄eþνμ, μþ → eþ þ νeþ
ν̄μ, with lifetime τ ¼ 2.2 μs. As a result, the ultrarelativistic
electrons and positrons, as well as the corresponding (anti)
neutrinos, are final decay products in the anti-QN annihila-
tion process. Each nucleon annihilation thus produces about
3ð1 − ηÞκ (anti)muons which further decay into the same
number of electrons (positrons). All these particles ionize air
molecules in the Earth atmosphere.

III. ELECTRON DENSITY IN THE
ANTIQUARK NUGGET TRAIL

As an anti-QN passes through the air, air molecules
annihilate in the antiquark core with emission of ionizing
particles considered in the previous section. These particles
ionize the surrounding air, producing a trail of free
electrons and ions along the anti-QN path. We call this
the “anti-QN trail” by analogy with ionized meteor trails.
An important measurable quantity in meteor trails is the

free electron density ne. Therefore our goal in this section is
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to estimate the electron density in the anti-QN trail and
compare it with the meteor one. In the next section, we will
consider a possibility of detection of anti-QN trails with
meteor radars. Note that it is sufficient to study only the
density of free electrons since ions are much heavier and
make a negligible contribution to radar observations in the
atmosphere [36,37].
It should be noted that trails from quark nuggets (but not

anti-QNs) in the atmosphere were studied in Refs. [2,31].
These trails are formed in the process of elastic scattering
with air molecules rather annihilation. We emphasize that
the focus of the present paper is on the trails from antiquark
nuggets which have not been explored yet.
Naively, one could conclude that the anti-QN trail is

much more luminous for radars than that from quark
nuggets studied in Ref. [31]. Indeed, the annihilation of
air molecules on anti-QNs produces about 106 times more
energy than the elastic scattering of air molecules on QNs.
The elastically scattered air molecules have attenuation
length in the air of order 2 cm at the altitude 100 km [31]. In
this section, we will show that the particles produced in the
annihilation of air molecules on anti-QNs have the attenu-
ation length in the air of order a few km at the same altitude.
Thus, the energy produced in air annihilation on anti-QNs is
spread in a much larger volume, and the resulting radar
luminosity of the anti-QN trail becomes comparablewith the
one from QNs. To study this question more accurately, we
will consider ionization properties of different annihilation
products of air molecules on anti-QNs andwill estimate their
contribution to the free electron density in the air at various
altitudes. More generally, both contributions from the elastic
scattering and annihilation should be added.

A. Initial electron density distribution

In general, an anti-QN enters the Earth’s atmosphere at a
zenith angle θ and produces an ionized trail which has a
shape of a tapered cylinder. At any given altitude h, the
cross section of this trail is approximately circular. At each
altitude, we want to study the free electron density in the
ionized trail, ne ¼ neðaÞ, as a function of distance a from
the anti-QN trajectory (axis of the cylinder).
As is shown in the previous section, the annihilation of air

molecules on the anti-QNs yields the emission of different
ionizing particles, including x-rays, charged pions, muons, β
and γ particles. Each of this type of particles gives a
contribution niðaÞ to the total electron density,

neðaÞ ¼
X
i

niðaÞ: ð18Þ

The summation index i labels different types of the ionizing
particles. Note that each type of these particles is specified
also by an attenuation length in the air Li and mean initial
(kinetic) energy Ei which is spent for ionization of the air.

These quantities depend on the altitude h through the air
density ρairðhÞ.
In Appendix A, it is demonstrated that at any given

altitude for a ≤ Li the contribution from ith ionizing
species to the electron density may be approximated by
the function

niðaÞ ¼
qi

2πLia
tan−1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
L2
i

a2
− 1

s
; ð19Þ

where qi ≡ 2π
R Li
0 niðaÞa da is the column density in the

ionized trail. According to Eq. (A7), the column density
may be expressed via the production rate of ith type of
ionizing particles Wi, mean number of produced electrons
per one ionizing particle Ni and the anti-QN typical
velocity v ≈ 10−3c:

qi ¼
WiNi

v
: ð20Þ

The number Ni may be represented as

Ni ¼
Ei

I
; ð21Þ

where Ei is the mean (kinetic) energy of ith ionizing
particle and I is the mean energy required to produce one
electron in the air ionization process. In Ref. [38], it is
shown that I ≈ 33 eV for a variety of fast ionizing particles,
including α, β, γ particles and x-rays. Thus, the electron line
density (20) depends mainly on the ionizing particles mean
kinetic energy Ei and their production rate Wi,

qi ¼
WiEi

vI
: ð22Þ

Note that the quantities Li, Wi and Ei depend on the
altitude via the air density ρairðhÞ. Thus, the electron
volume and line densities (19) and (22) are effectively
functions of the altitude h.

B. Contributions to the electron density

In this subsection, we determine the pairs ðqi; LiÞ for
different types of ionizing radiation from anti-QNs. This
will allow us to find the function neðaÞ from Eqs. (18)
and (19).

1. X-ray emissions

As was shown in Sec. II B, anti-QNs emit x-rays in
continuum spectrum in the range roughly from 1 to
100 keV. This emission is sourced by thermal fluctuations
in the positron cloud in anti-QN. For the thermal radiation,
the numerator in Eq. (22) is proportional to the annihilation
rate of air molecules with the coefficient ηκ, WxEx ¼
2mpηκπR2

0vnair. Considering that mpnair ¼ ρair, we obtain

FLAMBAUM, SAMSONOV, and VONG PHYS. REV. D 107, 123501 (2023)

123501-6



the following relation for the electron line density contribu-
tion from x-rays:

qxðhÞ ¼
2ηκπR2

0ρairðhÞ
I

¼ ð7.6 × 1020 m−1Þe−h=h0 ; ð23Þ

where h0 ¼ 7 km. Here we assumed the value ηκ ¼ 0.1 in
accordance with Eq. (11).
The absorption of x-rays in the air is well studied, see,

e.g., Ref. [39]. Let Lx0 be attenuation length of x-rays with
mean energy ω̄ in the air at the sea level. Then, the
attenuation length at arbitrary altitude h may be written as

LxðhÞ ¼ Lx0
ρairð0Þ
ρairðhÞ

¼ Lx0eh=h0 : ð24Þ

In particular, at the altitude h ¼ 100 km, the mean x-ray
energy is ω̄ ¼ 0.857 keV, see Table I. The corresponding
attenuation length and column density are Lx ¼ 2.4 km
and qx ¼ 4.7 × 1014 electrons=m. For other altitudes, these
values may be calculated using Eqs. (23) and (24).
In the next subsection, we will estimate contributions to

the electron density from the products of direct annihila-
tion. As will be shown below, these products have large
attenuation lengths, and their contributions to the volume
electron density are significantly smaller than the contri-
bution of the thermal x-rays at distance a < Lx from the
anti-QN trajectory.

2. γ photons

As per discussion in Sec. II C, anti-QNs emit γ photons
withmean energy Eγ ¼ 200 MeV and production rateWγ ¼
4ð1 − ηÞσannnairv, where σann ≈ κπR2

0 and nair ¼ ρair=mp.
With this production rate, the electron line density (22) reads

qγðhÞ ¼
4κð1 − ηÞπR2

0nairEγ

I
¼ ð3.2 × 1020 m−1Þe−h=h0 :

ð25Þ

In particular, at the altitude h ¼ 100 km, the contribution to
the line density from γ photons is about two times smaller
than that from x-rays: qγ ¼ 2 × 1014 electrons=m.
The attenuation length for γ photons is

LγðhÞ ¼ Lγ0
ρairð0Þ
ρairðhÞ

¼ Lγ0eh=h0 ; ð26Þ

where Lγ0 ≈ 0.5 km is the attenuation length of γ photons
with energy Eγ ¼ 200 MeV at sea level.
Note that at high altitudes the above formula (26) gives

unreasonably high attenuation length of γ photons, because
it does not take into account variations of the air density
along the photon path. In particular, at h ¼ 100 km,
Lγ ∼ 750000 km. This length is much higher than the

considered altitude, and, this result should be taken with
care. It just shows that column density qγ is spread over a
large range around the anti-QN trajectory, and the corre-
sponding volume density contribution nγ is much smaller
than that from x-rays considered above.

3. Muons and π� mesons

As is shown in Sec. II C, anti-QNs emit charged pions as
a result of air molecules annihilation in the antiquark core.
The mean kinetic energy of these pions was estimated as
E ¼ 235 MeV, so these are weakly relativistic particles
with β ∼ 0.9. Given the lifetime of π� is τ ¼ 2.6 × 10−8 s,
their decay length is about ldecay ¼ 20 m, behind which
they are likely to decay into (anti)muons and (anti)neutrino.
The mean kinetic energy of the produced (anti)muons is

E ¼ 190 MeV, so these particles are also weakly relativ-
istic with β ∼ 0.9. Thus, the ionizing properties in the air of
pions and muons are similar, and they may be considered in
a unified manner. The decay length (in vacuum) of a muon
with such kinetic energy is about ldecay ¼ 1.7 km that is
much larger than the pion mean free path. Therefore, the
latter may be neglected.
When a muonmoves through the air along the direction x,

it loses its kinetic energy E with the rate dE=dx, and its
stopping range may be denoted as lstop. These quantities are
well studied, see, e.g., Ref. [40]. We present the values of
these functions inAppendixB in the range of energies from1
to 300 MeV. With these data it is possible to show that at
altitudes h≳ 10 km the muon stopping range is greater than
its decay length, lstop > ldecay. Thus, at these altitudes muons
decay before they are stopped in the atmosphere. Therefore,
the ionization range in the air due to the muons is

Lμ ≡ ldecay ¼ 1.7 km: ð27Þ

The energy lost by a muon along the path Lμ in the air is

Eμ ¼
Z

Lμ

0

ð−dE=dxÞdx: ð28Þ

Note that this energy is lost predominantly to the ionization
of air molecules [40]. Therefore, making use of the muon
production rate in the annihilation of air molecules on anti-
QN, Wμ ¼ 3κð1 − ηÞπR2

0nairv, we find the corresponding
electron line density (22):

qμ ¼ 3κð1 − ηÞπR2
0nair

Eμ

I
: ð29Þ

Using the numerical values of dE=dx from Appendix B, we
find that the electron line density (29) is well described by
the following function:
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qμðhÞ ¼ ð4.7 × 1020 m−1Þe−2h=h0 ; ð30Þ

where h0 ¼ 7 km.
In principle, we have to consider also contributions to the

electron density from ultrarelativistic electrons and posi-
trons produced in the (anti)muon decays. These electrons
and positrons, however, appear relatively far from the anti-
QN trajectory, behind the muon decay length (27).
Although the total number of ions produced in the air
by such electrons is comparable with the one from (anti)
muons considered in this subsection, these ions are spread
in a much larger volume around the anti-QN trajectory.
Therefore, they give a small contribution to the electron
volume density which may be neglected as compared with
the ones from photons and (anti)muons.

C. Total free electron density in the initial anti-QN trail

The total free electron density in the anti-QN trail,
neða; hÞ, is the sum of electron volume density contribu-
tions niða; hÞ from all ionizing particles (18). Here ðniÞ ¼
ðnx; nγ; nμÞ denotes contributions from x-rays, γ-rays and
muons, respectively. Each of these contributions is
described by Eq. (19), in which the pairs ðqi; LiÞ are given
by Eqs. (23) and (24) for x-rays, (25) and (26) for γ-rays
and (30) and (27) for muons, respectively.
It is possible to show that among different contributions

to the electron density the one from x-rays dominates in the
vicinity of the anti-QN trajectory at altitudes h≳ 50 km. In
this case, ne ≈ nx, and for a ≪ Lx the electron volume
density is approximated by the following function

neða; hÞ ¼
1

a
e−h=h2

�
7 × 1014

cm2

�
; ð31Þ

where h2 ¼ 5.3 km. This function is plotted in Fig. 3.

For altitudes below 50 km the general expression (18)
should be used.

IV. DETECTION OF THE ANTI-QN
TRAIL USING METEOR RADARS

When meteors enter the Earth’s atmosphere, they pro-
duce a trail of plasma called a meteor trail. The radar
detection technique of such meteor trails is well developed,
see, e.g., Ref. [41] for a review. As demonstrated in the
previous section, anti-QNs passing through the air also
produce a trail of ionized gas. In this section, we compare
the trails produced by anti-QNs with the meteor ones and
show that meteor radars are suitable for detection of anti-
QNs in the atmosphere.
Note that the mechanisms of the air ionization in the

meteor and anti-QN trails are different. In the former, the
plasma is produced by air molecule scattering off the meteor
with its subsequent meltdown and ablation. In the case of
anti-QN trail, the plasma is produced by x-rays, γ-rays and
fast ionizing particles appearing upon the air molecule
annihilation on anti-QNs. Therefore, a priori it is not clear
if the anti-QN trail may look similar to the meteor one, and
whether the meteor radar detection technique could be
suitable for it.

A. Overdense trail width

The working principle of meteor radar observation is the
reflection of radio waves off ionized trails from meteors.
The typical radar wavelength is λ ¼ 10 m, which effec-
tively allows one to search for meteor trails at altitudes from
about 70 to 130 km above the sea level. In our estimates, we
will assume the value λ ¼ 10 m for the radar wavelength,
although other frequencies may be of use as well.
An important parameter in the meteor radar detection

technique is a critical electron density nc, which is defined
as (see, e.g., [41])

nc ¼
π

λ2re
≈ 1.1 × 107 cm−3; ð32Þ

where re ¼ 2.8 fm is the classical electron radius. A region
of the meteor trail with electron density below this critical
density, ne < nc, is usually referred to as the underdense
trail and overdense otherwise. The point about this termi-
nology is that radio waves can penetrate inside the under-
dense trail, while it is fully reflected from the overdense
one. As a result, the overdense parts of the trails are
detected by radars with higher efficiency, while the under-
dense ones may be invisible if the electron density is low.
The value of the critical density (32) is shown in Fig. 5

by the dashed line. This line allows us to find the overdense
trail radius, roverdense, as a solution of the equation

neðroverdense; hÞ ¼ nc; ð33Þ

90 km

80 km

70 km

60 km

nc

100 km

0.001 0.010 0.100 1 10

104

106

108

1010

a, m

n e
,c

m
3

Overdense

Underdense

FIG. 3. Electron volume density in the anti-QN trail as a
function of radial distance from the anti-QN trajectory a. The
tilted lines correspond to the electron density in the trail at
different altitudes above the sea level. The horizontal dashed line
is the boundary between the overdense and underdense regions,
corresponding to a critical density of nc ≈ 1.1 × 107 cm−3 for a
typical meteor radar wavelength of λ ∼ 10 m.
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where the electron density ne is given by Eq. (18) in
general.
Note that for altitudes h≳ 50 km the electron density is

given by a simple expression (31). For these altitudes, it is
possible to show that the overdense trail radius obeys
roverdense < Lx, where Lx is the x-ray absorption length, and
roverdense is found analytically in this case:

roverdenseðhÞ ¼
1

nc
e−h=h2

�
7 × 1014

cm2

�
: ð34Þ

For lower altitudes, the overdense radius is found by
solving Eq. (33) numerically. The corresponding solution is
plotted in Fig. 4 (bottom orange line). Note that in this
figure we plot the trail width which is double the trail
radius, doverdense ¼ 2roverdense.

B. Underdense trail width

It is hard to precisely specify the lowest electron density
nmin in the air which may be detected because it depends on
the sensitivity of a particular radar setup. The absolute low
bound on the detectable electron density in the anti-QN trail
is, however, natural electron density in the ionosphere, nion.
This means that the electron density produced by ionizing
particles and radiation from an anti-QN should be at least of
order of the natural electron density in the ionosphere at
each particular altitude.
The natural electron density in the air nion varies during

the year and depends on the location on the Earth. In
Table III in Appendix C we present the values of the mean
electron density in the ionosphere at different altitudes from
60 to 150 km above sea level. It varies nonlinearly from
zero at 60 km to a few hundred thousand electrons per cm3

at 150 km.
Given that the function nionðhÞ is represented by numeri-

cal values in Table III, we can solve for the equation

neðrunderdense; hÞ ¼ nionðhÞ to find the radius of the under-
dense trail at different altitudes. Making use of Eq. (31), we
find the underdense trail radius for h≳ 60 km:

runderdenseðhÞ ¼
1

nminðhÞ
e−h=h2

�
7 × 1014

cm2

�
: ð35Þ

This function is represented by the top curve in Fig. 4.
Note that Eq. (34) gives a lower bound on the detectable

anti-QN trail radius while Eq. (35) specifies an upper one,

roverdense < r < runderdense: ð36Þ

In particular at h ¼ 100 km, the observable trail width
d ¼ 2r is bounded as 15 cm < d < 2 m, and it grows
rapidly at lower altitudes. This value is comparable with
typical meteor trail width which is about 2 m at h ¼
100 km [42,43]. Thus we conclude that the anti-QN trail
may be naturally detected with standard meteor radars.
Here we considered an upper limit on the radius of

underdense trail at high altitudes h≳ 60 km, where a
normal electron density is nonvanishing. For lower alti-
tudes, it is hard to specify the underdense trail width, but it
is limited by the γ-rays absorption length (26).
Note that here we considered only the initial electron

density in the anti-QN trail, which appears immediately
after transition of an anti-QN through the atmosphere. We
expect that the time evolution of anti-QN trails should be
similar to the one in ordinary meteor trails studied in
Ref. [42]. In particular it was noted that, after a relaxation
time τ, the electron density in meteor trails is described by a
Gaussian distribution function. This argument applies to
the anti-QN trails as well.

V. OTHER OBSERVABLE FEATURES
OF ANTI-QN TRAILS

In the previous section, we demonstrated that anti-QNs
produce ionized trails in the atmosphere, which are similar
to the meteor ones at altitudes from about 80 to 120 km. We
thus concluded that anti-QN trails may be detected with
ordinary meteor radars. In this section, we discuss other
features of the anti-QN trails which can help distinguish
them from the meteor ones in past and future observations.

A. Velocity

The velocity of meteors entering the Earth’s atmosphere
ranges from 11 km=s to 72 km=s with a peak of the
distribution near 30 km=s, see, e.g., [44]. Meteors with
velocities v > 72 km=s are classified as ones with hyper-
bolic trajectories in the Solar system and are believed to be
of interstellar origin. Observations of such interstellar
meteors are relatively rare [45,46].
Anti-QNs, together with QNs, are supposed to form a

halo of dark matter in our Galaxy. The virial velocity of

FIG. 4. Anti-QN trail width as a function of altitude. The
overdense trail width (bottom orange line) represents a lower
bound while the underdense trail width (top blue curve) gives the
upper bound on the actual detectable trail width.
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such objects near the Sun system should be on the order of
300 km=s. Thus, the expected velocity of anti-QNs in the
Earth’s atmosphere is much higher than the typical meteor
velocity observed with radars. Unfortunately, existing
interstellar meteor catalogues [45,46] do not have records
of meteors with such a high velocity, and the detection of
fast interstellar meteors is challenging [47].
We have found only one reference [48] where a detection

of an interstellar meteor with velocity about 300 km=s was
reported. This meteor, however, cannot be classified as an
antiquark nugget event, because its trail spectrum contains
emissions lines of metallic elements which should be
absent in the case of anti-QNs (see next subsection).

B. Trail spectra

Since meteor trails are produced from ablation, it is a well
known feature of meteors that their trails possess spectral
emission lines from metallic elements [49]. For the anti-QN
trail, however, the metallic emission lines should be absent
from the trail spectra, because anti-QNs are supposed to
consist of the quark rather nuclear matter. It is expected that
the anti-QN trail spectrum should contain predominately
emission lines of nitrogen and oxygen from ionized air
molecules.
Observations of meteor trails with missing metallic

emission lines are very rare [50]. Unfortunately, the obser-
vation reported in Ref. [50] cannot be identified with an anti-
QN, because the observed meteor was classified as one from
the Solar systemwith avelocity under72 km=s.Wehope that
futuremeteor observationswill reveal interstellar objects like
anti-QNs with no metallic lines in their spectra.

C. Frequency of antiquark nugget events

As is noticed above, anti-QNs, if they exist, should have
a very high velocity of order 300 km=s near the Earth, and
their trails should be free from metallic emission lines in
their spectra. Nonobservation of these effects imposes
limits on the frequency of anti-QN events in the Earth.
The frequency of anti-QN hitting the Earth was estimated in
Ref. [23] assuming that QNs and anti-QNs saturate the
local dark matter density in our Galaxy:

_hNi ≃ 2.1 × 107 yr−1
�
1025

hBi
�
: ð37Þ

A typical meteor radar detection setup monitors a patch
in the sky of area about 100 × 100 km2. Nonobservation of
anti-QN trails by such a setup during one year imposes a
bound on the average baryon number hBi through the
relation (37):

hBi > 4 × 1027: ð38Þ

This constraint is close to the limit on the baryon number
B ≫ 1.4 × 1027κ3 obtained in Ref. [21] as a condition of

survival of nucleons and anti-QNs in the early Universe,
where parameter κ defines the nucleon annihilation cross
section relative to the geometric one, σann ≈ κπR2

0.
Note that anti-QN events may avoid detection if

extremely high velocity hyperbolic meteors are excluded
from observations. Hyperbolic meteors are very rare with
less than 1% of meteor velocities exceeding hyperbolic
velocities [36]. Thus, anti-QN events may be overlooked in
the meteor detection data.

D. Upward propagating anti-QN trajectories

Earlier limit on the baryon number of (anti)QNs was
given by Eq. (2). The present study suggests a stronger limit
(38) due to nonobservation of specific properties of the
anti-QN trail in the meteor catalogs. In our model, we
assume that anti-QNs strongly interact with visible matter
and annihilate air and other molecules. It is important to
note that the reduction of the baryon charge of anti-QN in
the process of annihilation with air molecules is negligible.
Indeed, when an anti-QN crosses the Earth along its
diameter it loses less than 10% of its mass and momentum.
Thus, in contrast with meteors, anti-QNs can puncture the
Earth and form an upgoing ionized trails in the air.
Observation of such trails could be a strong evidence for
the anti-QN detection in the Earth’s atmosphere.
The upward propagating anti-QN trajectories are accom-

panied by the ionized trail, analogous to the downward
moving trails considered above. We expect that these up-
moving trails should be similar to “blue jets,” rare atmos-
pheric events which, together with “elves,” “sprites,” and
“halos,” belong to a class of transient luminous events in
the upper atmosphere, see, e.g., Ref. [51] for a review.
These blue jets look like columns of plasma propagating
from lower stratosphere up to the ionosphere. As these
events are very rare, their origin is not well studied, and one
could speculate about their relation to anti-QN dark matter
particles.
According to the observations, blue jets are produced

only above thunderstorm clouds and represent a specific
type of electrostatic discharge in the atmosphere [51]. The
predicted anti-QN trails, however, should be unrelated to
thunderstorm activity, and should be totally sporadic events
on the Earth. Therefore, despite the similarity of the blue
jets to the predicted upward propagating anti-QN trails, we
cannot identify these two phenomena.
We conjecture that anti-QNs can initiate rare atmos-

pheric events rather than fully explain them. If, by chance,
an anti-QN passes through the region of thunderstorm
activity, its ionized trail can serve as a “seed” for sub-
sequent electric discharge in the atmosphere. A similar
conjecture was advocated in Ref. [52] to explain other
exotic events in thunderstorm clouds. Such events may
appear when the anti-QN transitions coincide with
the thunderstorm activity in a region of observations.
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This explains a very small frequency of observations of
such events according to Ref. [52].

VI. SUMMARY

Quark nugget model of dark matter [7] suggests that dark
matter may be represented by both quark and antiquark
nuggets, which consist of matter and antimatter, respec-
tively. Anti-QNs, in contrast with QNs, strongly interact
with visible matter and manifest themselves through
annihilation events. In this paper, we show that annihilation
products from anti-QNs create an ionized trail in the Earth’s
atmosphere, similar to the meteor trails. We study the
properties of the anti-QN trails and compare them with
meteor ones. One of the main conclusions of this paper is
that the anti-QN trail could be detected using standard
meteor radars.
Annihilation of air molecules on anti-QNs produces

several types of radiation and ionizing particles: x-rays with
energies in the range from 1 to 100 keV, γ rays with energy
about 200 MeV, charged pions and muons with kinetic
energy about 200 MeV. We estimated the flux of these
particles from anti-QNs moving through the Earth’s atmos-
phere and studied their ionizing properties in the air. An
important quantity is the electron density in the air, ne,
produced by all these ionizing particles and radiation from
anti-QN. We found this electron density as a function of the
altitude above sea level and distance from the anti-QN
trajectory. This function allows us to estimate the width of
the overdense and underdense parts of the anti-QN trail, see
Fig. 4. As we show, the trail width is in the range from
15 cm to 2 m at the 100 km altitude. This trail width is
comparable with typical meteor trail width which is about
2 m at the same altitude. Thus we conclude that standard
meteor radar may be suitable for detection of anti-QN trails.
Anti-QN trails should have very specific properties

which distinguish them from the meteor ones. First of
all, the anti-QN velocity is on the order of 300 km=s, which
is about one order in magnitude higher than the typical
meteor velocity. We expect also that the spectra of anti-QN
trails should be free from metallic elements emission lines,
because anti-QNs do not possess atomic and nuclear
structure. Meteors of small size cannot reach the Earth
surface while anti-QN can. Finally, if anti-QNs exist, there
should be upward moving anti-QN trajectories from anti-
QN particles which passed through the Earth. Currently,
there have been no observations of trails which exhibit all
these features. Nonobservation of anti-QN trails imposes a
limit on the mean baryon charge number of anti-QNs:
B > 4 × 1027. DM particles with such a large baryon
charge hit the Earth with the frequency less than one event
per year per 100 × 100 km2 area. This constraint is close to
the limit on the baryon number obtained in Ref. [21] as a
condition of survival of nucleons and anti-QNs in the early
Universe.

The above limit from nonobservation of the anti-QN
trails may be relaxed if some of the assumptions appear too
strong. For instance, we assumed that the annihilation cross
section of air molecules in collisions with anti-QNs is close
to the geometric cross section σann ≈ 0.25πR2

0. If the
annihilation is strongly suppressed by some mechanism,
the radiation from anti-QNs would be lower, and anti-QN
trails could escape from radar meteor observations.
Anyway, the limit (38) on B should be confirmed by
dedicated search for anti-QN trails. It would be interesting
to systematically study meteor detection catalogues with
special attention to specific properties of anti-QN trails. We
leave this for future works.
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APPENDIX A: INITIAL ELECTRON DENSITY
DISTRIBUTION IN ANTI-QN TRAIL

In this appendix, we estimate the electron density in the
anti-QN trail ne as a function of distance a from the anti-
QN trajectory. We consider a simple model assuming that
the ionized trail is created by fast relativistic particles
(photons, electrons, muons, etc.) with an absorption length
L and ignore contributions beyond the distance L. We start
by considering just one species of such particles assuming
that different species contribute to the electron number
density additively.
In general, anti-QN enters the Earth’s atmosphere at a

zenith angle θ and creates an ionized trail shaped as a
tapered cylinder because the air density varies with the
altitude. Here, however, we consider a motion of the anti-
QN in a homogeneous medium (air) with a constant density
ρair. It means that we neglect the variations of air density at
the scale of the trail width, and the trail shape is cylindrical,
see Fig. 5(a). We assume also that the relaxation time in
the ionized trail τ is sufficiently large, τ ≫ vL, where
v ∼ 10−3c is the typical anti-QN velocity. In this case, time
evolution in the anti-QN trail goes relatively slowly, and we
can study the initial electron density distribution ne.
Let W be a production rate of ionized particles in the

process of air molecules annihilation on anti-QNs. Within
the time interval ½t; tþ dt�, Wdt ionized particles are
emitted isotropically from the anti-QN. At any given
moment of time, these particles ionize the air in a spheri-
cally symmetric way, with density which drops according
to the inverse square law,

WdtnðrÞ ¼ Wdt
n0
r2

; ðA1Þ

where nðrÞ ¼ n0=r2 is the electron density per one ionizing
particle at distance r from anti-QN, and n0 is some
constant.
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Let N be a mean number of electrons produced by one
ionizing particle along the distance L. This number may be
written as N ¼ E0=I, where E0 is the initial (kinetic) energy
of the ionizing particle, and I is the mean energy required to
produce one electron in the air. The latter quantity may be
roughly taken as I ≈ 33 eV for a variety of fast ionizing
particles, including x-rays, α, β and γ particles [38].
By integrating Eq. (A1) over a spherical volume V of

radius L we find the total number of electrons in the air
produced by ionizing particles during the time dt,

W dtN ¼ W dt
Z
V
nðrÞd3r ¼ 4πLn0 W dt: ðA2Þ

Thus, the constant n0 may be expressed via N as

n0 ¼
N
4πL

: ðA3Þ

Consider now a point A at the distance a ≤ L from the
anti-QN trajectory [directed along the x-axis as in Fig. 5(b).
From geometric considerations it is clear that only a part of
the anti-QN trajectory with jxj ≤

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2 − a2

p
should be

considered in calculations of the electron density at point
A. Then, representing rðtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ a2

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2t2 þ a2

p
, and

integrating the expression (A1) over the corresponding time
interval we find the electron density in the point A:

neðaÞ¼ 2

Z
1
v

ffiffiffiffiffiffiffiffiffiffi
L2−a2

p

0

Wn0dt
r2

¼ 2Wn0
av

tan−1

ffiffiffiffiffiffiffiffiffiffiffiffi
L2

a2
−1

s
: ðA4Þ

With Eq. (A3) the electron density (A4) becomes

neðaÞ ¼
WN

2πLav
tan−1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
L2

a2
− 1

s
: ðA5Þ

Note that a ≤ L, and neðLÞ ¼ 0.
It is useful to consider also the electron line density

defined as the integral of the volume density neðaÞ over the
ionized trail cross sectional area,

q ¼ 2π

Z
L

0

neðaÞa da: ðA6Þ

This integration may be performed explicitly for the
function (A5):

q ¼ 4πWn0L
v

¼ WN
v

: ðA7Þ

As a result, the electron density (A5) may be written in
terms of the line density q as

neðaÞ ¼
q

2πLa
tan−1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
L2

a2
− 1

s
: ðA8Þ

The function (A8) has nonphysical behavior both at small
and large values of the parameter a. The small-a singularity
of this function may be eliminated by simply taking a ≥ r0
where the cutoff parameter r0maybe identifiedwith anti-QN
radius, r0 ∼ R0. At large a, this function should decay
exponentially rather than having a sharp boundary. This
may be fixed by taking the function nðrÞ ¼ n0e−r=L=r2 in
Eq. (A1). In this case, Eq. (A8) modifies as

neðaÞ ¼
q

2πL

Z
∞

0

exp½− 1
L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ a2

p
�

x2 þ a2
dx: ðA9Þ

At the intermediate values of a, a < L, however, the
functions (A8) and (A9) are similar, and we prefer to use
the simpler one (A8) in our estimates.
Note that in this appendix we studied the initial electron

density in the anti-QN trail. Time evolution of this trail
should be similar to the meteor trails studied in Ref. [42]. In
particular, it was shown that after a relaxation time τ the
electron density distribution may be described by a
Gaussian function regardless of the shape of the initial
electron density distribution.

APPENDIX B: MUON STOPPING POWER IN AIR

In this appendix, we collect the data on the muon
stopping power and range in the air from Ref. [40].
Here we present these data for the readers’ convenience.

FIG. 5. Electron density distribution in the anti-QN trail. (a) Anti-QN moving with velocity v in a homogeneous medium creates a
cylindrical ionized trails with diameter 2L. (b) Contributions to the electron density in a point A situated at the distance a from the anti-
QN trajectory.
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When a muon moves through the air along the direction
x, it loses its kinetic energy E with the rate dE=dx, and its
range may be denoted as L. It is convenient to normalize
these quantities to the air density as follows: ρ−1airdE=dx and
ρairL. These normalized quantities are tabulated in Ref. [40]
as functions of the muon kinetic energy E. In Table II, we

present the values of these functions in the range from
about 1 to 300 MeV, which is of interest in this paper. We
stress that in this range the muon loses its energy pre-
dominantly to the air molecule ionization. Therefore, these
data are suitable for calculations of the electron density
produced by near-relativistic muons moving through
the air.

APPENDIX C: AVERAGE ELECTRON DENSITY
IN THE IONOSPHERE

Normal density of electrons in the ionosphere varies
daily and annually, as well as it depends on the location on
the Earth. In our work, it is sufficient to consider the mean
electron density in the ionosphere presented, e.g., Ref. [53].
This density is a nonlinear function of altitude. Numerical
values of this function at the altitudes of interest are given in
Table III.
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