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Abstract — We compare two different formalisms for modeling the energy deposition of macro-
scopically sized/massive quark nuggets (also known as macros) in the Earth’s atmosphere. We
show that for a reference mass of 1g, there is a discrepancy in the macro luminosity of about
14 orders of magnitude between the predictions of the two formalisms. Armed with our finding
we estimate the sensitivity for macro detection at space-based (Mini-EUSO and POEMMA) and

suborbital (EUSO-SPB2) experiments.

Copyright © 2021 EPLA

The conventional textbook dark matter (DM) particle
species is assumed to interact with Standard Model
(SM) fields only gravitationally [1]. Actually, the cross-
section of the canonical weakly interacting massive parti-
cle (WIMP) [2] to scatter from baryons is non-zero though
small enough to be considered effectively zero for mass
scales above a solar mass [3]. Yet, since the WIMP pa-
rameter space keeps shrinking due to null results at the
LHC [4-6] and unsatisfactory answers from the WIMP
search program using direct and indirect detection meth-
ods [7,8], the case for alternative (and especially SM)
candidates featuring stronger DM-baryon interactions has
grown stronger, and attracted increasing attention.
Macroscopic DM is a general class of models with DM
in a compact and composite state with a large radius and
mass. Nuclearites and their dark quark nuggets cousins

(2) E-mail: 1luis.anchordoqui@gmail.com (corresponding author)

provide two compelling examples. Nuclearites are macro-
scopically sized nuggets of strange quark matter which
could have been produced during the QCD phase transi-
tion in the early universe [9-12]. If this were the case then
DM would have nuclear density ps ~ 3.6 x 1014 g/cm3 [13].
However, this constraint may be relaxed for the case of
dark nuclearites as the dark quark nugget’s energy density
may span several orders of magnitude depending on the
confinement scale and the magnitude of the dark baryon
asymmetry [14]. Herein we refer to all such macroscopic
DM candidates generically as macros [15], and follow-
ing [16], we let the internal energy density of the macro
vary in a generous range 10° < p,,,/(g/cm?®) < 101°, with

(1)

Elastic scattering allows macros and baryons to ex-
change momentum. The process has two undetermined

T = pm/ps-
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parameters: the mass of the macro M and the interac-
tion cross-section o, generally taken to be the geomet-
ric cross-sectional area of the macro. Before proceeding,
we pause to note that there remains a large range of
the M-o parameter space which is still unprobed by
experiment [17].

If a macro were to traverse the Earth’s atmosphere its
energy deposition would excite the nitrogen molecules of
air producing observable signals at fluorescence detectors.
In this letter we reexamine the methodology for estimat-
ing the sensitivity for macro detection at space-based and
suborbital experiments. More concretely, we compare one
approach for estimating the macro luminosity originally
developed in the eighties [11] to a more recent exam-
ination of the problem [16]. We adopt three projects
of the Joint Experiment Missions for Extreme Universe
Space Observatory (JEM-EUSO) as reference in our
discussion:

— the Mini-EUSO detector, currently taking data on
board the International Space Station [18];

— the second generation Super-Pressure Balloon long
duration flight (EUSO-SPB2), which has been ap-
proved by NASA to be launched in 2022 [19];

— the future Probe Of Extreme Multi-Messenger Astro-
physics (POEMMA) mission [20].

Like meteoroids, macros are susceptible to rapid heat
loss upon entering the Earth’s atmosphere as a result of
elastic collisions with the air molecules. Actually, it is at
lower altitudes where the macro encounters the exponen-
tially increasing atmospheric density and undergoes rapid
heating along its path, which expands and radiates. The
power dissipation rate of macros going through the atmo-
sphere is given by

dFE
a ~ Patm O U37 (2)
where putm is the atmospheric density and v ~ 250km/s
is the characteristic velocity of the Sun’s galactic rota-
tion [11]. To describe the atmospheric density variation

we adopt an isothermal atmosphere,
3)

where patm,0 = 1073 g/cm? and z* = 8km [21]. Now, the
power dissipated to useful light is given by

z
Patm = Patm,0 €XP (*;> 5

L= UpathUB, (4)

where 7 is the luminous efficiency.

In the model of [11] it is assumed that the expanding
hot cylinder emits black-body radiation, and its luminous
efficiency is estimated to be

__\3/2
_ w Pwater z

~2%x107°% ([ — Dwalet ©0.04 (—) 5

m X (18> exp (5)

Patm

Table 1: Macro luminosity parameters.
Model 1 Model 2
o 2/3 2
L; (W) 15 4.32 x 10712
fi 1 exp (=5 z/z*%)

where w ~ 29 is the average molecular weight of air
molecules and pyater is the water density. Substituting (5)
into (4), the macro luminosity (for model 1) can be re-

cast as 2/3
M
Li~15 <—> x2BW,

. (6)

or, as written in [11] (with a scribal error!) assuming

z=1,
M 23
Li~15x1073 <—> W,

Heg @)

where

2/3
c=24x10"1° (M) =23 cm?. (8)

g

An alternative approach to describe the interactions of
macros in the atmosphere, which includes a precise deter-
mination of the probability for transitions in a nitrogen
plasma to produce a photon in the 350 to 400 nm detec-
tion range, has been recently developed in [16]. Within
this model the luminous efficiency is given by

5/ 0 \2 v : z 4

=210 (@) (250km/s) [eXp (710km)} '
(9)
We note that the exponential comes from the height de-
pendence of several functions on the atmospheric density,
which are modelled as in (3), but with z* = 10km. To
remain consistent with the isothermal atmospheric model

adopted for our calculations we write (9) as

M\, 4
ny & 1.15 x 10714 (E) ™43 exp (Z—Z) . (10)

With this in mind, the macro luminosity for model 2 is
given by

M\? 5
Ly~432x 1072 — ] 272 exp “22) w. (11)
g 2"

By comparing (7) and (11) it is straightforward to see that
for a reference mass of 1 g, x =1, and z = z* there is a
discrepancy of about 14 orders of magnitude between the
predictions of the two models.

!Equation (7) in this paper differs from eq. (15) of ref. [11]; the
latter lacks the 2/3 exponent.
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Fig. 1: Values of the apparent magnitude m; (left) and ms (right) as a function of y = M/(zg) and altitude z for POEMMA.
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Fig. 2: Values of the apparent m; (left) and ms (right) as a function of y = M/(xzg) and altitude z for EUSO-SPB2
Substituting (14)

The apparent magnitude of an object at a distance d with parameters given in table 1.
into (13) we obtain

and with luminosity L is defined as

7. ) M1
Lz 50&11 g( >+510gdi

5 L
= ——log——+ 12
MY R ey (12) 5
m; = ——log o —=
where £y ~ 2.52 x 1078 Wm~2 [22]. For convenience, we 2 " dndibo g
rewrite (12) as _g log fi (). (15)
d L
* 0 Following [11], we choose a scale d, = 10km and a vertical
observation altitude h ~ z + d, yielding

where d, is any reference distance. The luminosity can be
rewritten as
= M\ , 5 M -z 5
Li=L; | — ) x %fi(2), 14 =0.811 — = log — + 5log —— + - log z, 16
(3) wne (14 m, Slog T+ 5log [+ Sloga,  (16a)
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Fig. 3: Regions of the (z, M) parameter space for macros at altitudes from zero to 20 km which produce an apparent magnitude
of m = 6 (left) and m = 10 (right). The regions below the lines produce larger magnitudes, so they are harder to observe than
those above them. The dashed lines show the strength stability constraint § < 1.

and
M —
my = 32.16 — 5log — + 5log - + 5logx
g 10 km
25 z 1
—_—— 16b
2 z*In10 (16b)

For the purpose of comparison with [11], after setting
x =1, (16a) can be recast as

5 M
m; = 10.811 — — log — + 5log (17)
3 T ug

10km’
Setting h = 33 km it is straightforward to see by compar-
ing (16a) and (16b) that for our fiducial values (M =1 g,
x =1, z = z*) the 14 orders of magnitude discrepancy
in luminosity translate into a macro apparent magnitude
difference Am = 36.8.

Mini-EUSO has demonstrated the capability to detect
meteors [18]. Indeed Mini-EUSO (at an orbit of 400 km)
is sensitive to meteors of apparent magnitude m = 6,
whereas POEMMA (at an orbit of 525 km) will be able to
detect meteors of m = 10. These estimates do not include
effects due to potential atmospheric absorption, which will
be discussed elsewhere. Macros travel much faster than
meteors (which being bound to the solar system travel at
less than 72 km/s relative to the Earth) allowing for clean
discrimination among the atmospheric signals. Moreover,
clear differences in the meteor/macro light profiles have
been observed in numerical simulations [23].

In order to study the observational sensitivity of JEM-
EUSO instruments to M and x under both models we
define the parameter y = M/(xg). In fig. 1, we show
constant apparent magnitude contours in the (y, z)-plane,
considering the observation altitude of POEMMA space-
craft. For comparison, in fig. 2 we show the same con-
tours for EUSO-SPB2, which will fly at an altitude of
about 33km [24]. There is no appreciable difference be-
tween the contours for Mini-EUSO and POEMMA, but
of course they are sensitive to different apparent magni-
tudes. An apparent magnitude m = 10 corresponds to

values y ~ 0.37 for the first model, and y ~ 5 x 10° for the
second at z &~ z*. Substituting this result into (16b) we
can explore the sensitivity of Mini-EUSO and POEMMA
scanning the (M, x) parameter space. The results of this
exploration are encapsulated in fig. 3 where we show the
corresponding values in the (x, M) parameter space, for
both models, in a generous range z € [0 km, 20 km].

The requirement of macro stability as it traverses the
atmosphere sets an additional constraint on the cross-
section, as EyM/mp > paimov?l, where [ is the length
travelled by the macro through the atmosphere, m; the
baryon mass, and the macro binding energy is FEj, ~
10eV]p,m/(g/cm?)]>/T [25].  Substituting o and pagm
from (3) and (8) this translates into a condition § < 1,
where

2 —-1/3
p=Lam Ol g 10718 (%) L g

Ey M /my, g km

and where we have considered the upper bound on the
density, patm = Patm,0 to be conservative. The lines with
constant /1, which allow to determine the excluded areas
for multiple lengths, are shown in fig. 3. An upper bound
for [ may be set by assuming a trajectory tangent to the
Earth’s surface that starts and ends at a height z over the
surface. In such case, (Rg+2)? = R%+(1/2)?, which yields
Il =~ /8Rgz, with a value of a few hundreds depending
on the chosen z. A very conservative overestimate, for
z ~ 20km, is [ ~ 1000 km.
All in all, we can conclude that:

— Mini-EUSO is sensitive to macros of z ~ 1.3 x 1078
for M > 1g, and macros of x ~ 1 for M > 8.1 x 107 g;

— the future POEMMA mission will be sensitive to
macros of x ~ 6.1 x 1078 for M > 1g, and macros of
r~1for M 21.6x107g.

* % %
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