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Macroscopic dark matter (or macro) provides a broad class of alternative candidates to particle dark
matter. These candidates would transfer energy primarily through elastic scattering, and this linear
energy deposition would produce observable signals if a macro were to traverse the atmosphere.
We study the fluorescence emission produced by a macro passing through the atmosphere. We
estimate the sensitivity of EUSO-SPB2 to constrain the two-dimensional parameter space (𝜎 vs.
𝑀), where 𝑀 is the macro mass and 𝜎 its cross sectional area.
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1. Introduction

In this communication we reexamine the well-motivated hypothesis which postulates that rather
than being intrinsically weakly interacting, DM can be effectively weakly interacting because it is
massive and hence has a much lower number density. The rate of DM-baryon interactions go as
∼ 𝑛DM 𝜎 𝑣, where 𝑛DM ∼ 𝜌DM /𝑀 is the DM number density, 𝜎 is the DM-baryon scattering crosssection, and 𝑣 ∼ 250 km/s is the characteristic velocity of the Sun’s galactic rotation. The event rate
is proportional to the reduced cross section 𝜎/𝑀 for a given 𝜌DM , which in our galactic neighborhood
is approximately 1 proton-mass for every 3 cubic centimeters, i.e. 𝜌DM ∼ 7 × 10−25 g/cm3 [10]. In
the WIMP paradigm DM has thus far evaded detection because the particle species has a weak-scale
mass and interaction strength; dimensional analysis gives 𝜎 ∼ 𝑔 4 /(4𝜋𝑀) 2 ∼ 10−8 GeV−2 , with
𝑀 ∼ 𝐺 −1/2
∼ 245 GeV and the coupling 𝑔 ∼ 0.65, yielding 𝜎/𝑀 ∼ 4 × 10−11 GeV−3 . However, it
𝐹
can equally be that DM interacts strongly, but has escaped detection because 𝑀  𝑀Pl ∼ 1019 GeV;
e.g., for a macroscopic DM particle (a.k.a. macro) of 𝑀 ∼ 1018 g we would expect DM to
hit the Earth about once every billion years. Indeed, the local flux of DM is estimated to be
FDM ∼ 𝑣𝜌DM ∼ 1.7 × 10−17 g cm−2 s−1 and thus the annual Earth infall is roughly 109 g [11].
Among the most appealing macro candidates is Witten’s proposal [12] wherein the QCD phase
transition in the early universe resulted in an abundance of baryons alongside macroscopically
sized nuggets of strange quark matter [13, 14], with a density 𝜌 𝑠 ∼ 3.6 × 1014 g/cm3 [15]. A
related proposal is that of dark quark nuggets [16]. Another possibility for macroscopic DM is
to be a population of primordial black holes with 𝑀 & 1015 g [17–19], which are unaffected by
Hawking radiation [20]. While specific models have their own charm (or better say strangeness),
we find it sagacious to reexamine the phenomenology of generic models in which DM interacts
strongly, with interaction probability determined predominantly by geometry and kinematics. More
concretely, we investigate the feasibility to search for macro interactions in the Earth’s atmosphere
using the second generation Extreme Universe Space Observatory on a Super-Pressure Balloon
(EUSO-SPB2) mission, which has been approved by NASA for a long duration flight in 2022 [21].
The layout of the paper is as follows. We begin in Sec. 2 with a concise description of the
EUSO-SPB2 mission. In Sec. 3 we study the interactions produced by a macro passing through the
atmosphere and characterize the signal visible to the EUSO-SPB2 fluorescence detector. The paper
wraps up with some conclusions presented in Sec. 4.
2

PoS(ICRC2021)519

The underlying goal of the particle physics program is to discover the connection between the
Standard Model (SM) and dark matter (DM). For the last few decades, the favored DM model has
been a relic density of weakly interacting massive particles (or WIMPs) [1–4]. However, LHC
experiments have run extensive physics searches for WIMP fingerprints that have returned only
null results [5–7]. There has also been a broad WIMP search program using direct and indirect
detection methods, which so far has also given unsatisfactory answers [8, 9]. Even though a thorough
exploration of the WIMP parameter space remains the highest priority of the DM community, there
is now a strong motivation to seek alternatives to the WIMP paradigm.
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2. Generalities of the EUSO-SPB2 mission

A launch from NASA’s Wanaka facility is
motivated by the opportunity for a flight of up
to 100 days. Wanaka lies under a stratospheric
air circulation that forms each Fall and Spring.
During the Austral Fall, this wide river of high
thin air circles the Southern globe to the east at
50 to 150 km/h. A March/April launch window
can insert the balloon into this circulation. The
balloon and telescopes with an apparent wind
speed of essentially zero. The super pressure
balloon is sealed. At float it expands to a maximum constrained volume with a slight overpressure that remains positive at night to maintain the fixed volume. Hence the balloon floats Figure 1: EUSO-SPB2 design with two telescopes:
Figure 4: EUSO-SPB2 design with two telescopes: a Fluorescence telescope
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area (ignoring the Earth curvature) is a circle on the ground of radius 𝑟 = ℎ tan(FoV/2). The
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The EUSO-SPB2 mission will monitor the night sky of the Southern hemisphere to pioneer
Earth-orbiting observation of cosmic rays of very high to ultrahigh energies and to search for
upward-going showers generated by energetic 𝜏 leptons produced by 𝜏-neutrino interactions in the
Earth’s limb. The payload, now in the design and fabrication stage, features a pair of telescopes:
one looking down on the atmosphere with an optical fluorescence detector from the near space
altitude of ℎ = 33 km, and the other looking towards the limb of the Earth to observe Cherenkov
signals; see Fig. 1. Both telescopes are based on a Schmidt optical design of spherical mirrors
with large fields of view (FoVs). For a down pointing (nadir), the FoV opening angle is 12◦ . The
telescopes have a larger FoV for limb observations.
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instantaneous observational area of the fluorescence telescope is then




FoV
𝐴 = 𝜋 ℎ tan
2

 2

= 32 km2 .

(1)

When this area is combined with the effective observational time of 360 hr we obtain a total expected
exposure of E = 1.2 × 104 km2 hr.

3. Macro’s fluorescence signal and EUSO-SPB2 sensitivity to the DM flux
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 exponentially increasing atmospheric density and undergoes rapid heating along its
path, which expands and radiates. There are a tremendous number of mean free paths/interactions
involved as the macro bowling ball rolls over the ping-pong air molecules. As it traverses the
atmosphere the macro transfers each particle it hits a velocity in the gas frame of O (𝑣). The rate of
energy loss per unit path-length is given by the number of molecules of the atmosphere scattered
by the macro per unit path-length times the average energy transfer per molecule hit [11]:
𝑑𝐸
= −𝜎 𝜌atm 𝑣 2 ,
𝑑𝑥

(2)

where 𝜌atm (𝜁) ∼ 10−3 𝑒 −𝜁 /(8 km) g/cm3 is the atmospheric density at altitude 𝜁 [24]. We are
interested though in the fraction of dissipated energy appearing as UV light, 𝜂. Following [11, 25],
we estimate a lower bound on the luminosity efficiency from thermodynamical arguments in which
light is emitted from an expanding cylindrical shock wave. The thermodynamic description of the
event is valid if the macro’s radius,
  1/3 
 1/3
𝜌𝑠
−6 𝑀
𝑟 0 = 8.7 × 10
cm ,
(3)
g
𝜌𝑚
exceeds the macro’s mean-free-path in air, where 𝜌 𝑚 is the macro density.
4
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Figure 2: Light pollution heat map of the world.
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A more restrictive condition emerges by demanding that the thermal fluctuations in the plasma,
h(𝐸 − h𝐸i) 2 i
∼ V −1/2 ,
h𝐸i 2

(4)

do not exceed 10% (i.e. the causal volume of the plasma V = 𝜎𝑛atm 𝐿 & 100), corresponding to an
effective cross-sectional area
  2/3 
 2/3
𝜌𝑠
2
−10 𝑀
𝜎 = 𝜋𝑟 0 = 2.4 × 10
cm2 & 3 × 10−12 cm2 ,
(5)
g
𝜌𝑚

𝑇 (𝑟, 0) =

𝑑𝐸
𝜎
𝛿(𝑟)
𝜎𝑣 2 𝛿(𝑟)
=
,
𝑑𝑥 2𝜋𝜌atm 𝜎𝑐 𝑝 𝑟
2𝜋𝑐 𝑝 𝑟

(6)

where 𝑐 𝑝 ≈ 25 kJ/(kg K) is the air specific heat. After some time 𝑡 the temperature field evolves
into a Gaussian in 𝑟


1 𝜎𝑣
𝑟2
𝑇 (𝑟, 𝑡) =
,
(7)
exp −
𝑡 4𝜋𝛼𝑐 𝑝
4𝑡𝛼
where 𝛼 ≈ 10−4 𝑒 𝜁 /(8 km) m2 /s is the thermal diffusivity of air [27]. We can invert (7) to obtain


𝜎 𝑣2
2
,
(8)
𝜋𝑟 = 4𝜋𝛼𝑡 ln
4𝜋𝛼𝑡𝑐 𝑝 𝑇
and then define the cooling time as the time 𝑡 > 0 for the cylindrical plasma to reach zero crosssectional area at 𝑇 = 𝑇𝑁 :
𝜎𝑣 2
𝑡cool =
.
(9)
4𝜋𝛼𝑐 𝑝 𝑇N
In Fig. 3 we show characteristic cooling times as a function of the cross sectional area. The EUSOSPB2 fluorescence detector integrates over small intervals, known as the bin time, 𝜏bin . For a pixel
not to be lit up in multiple time bins, we must require 𝑡cool  𝜏bin .
The macro produces a plasma, which persists for a time 𝑡cool above about 104 K, depositing
energy 𝐿 𝑑𝐸/𝑑𝑥. As the plasma cools it emits a fraction
4


 𝜎 2 
2𝑁 𝛾 𝐸 𝛾
𝑣
𝜁
5
𝜂=
∼ 2 × 10
exp −
,
250 km/s
2 km
𝜌atm 𝑣 2 𝜎𝐿
cm2

(10)

of its energy into photons, where 𝑁 𝛾 is the number of photons emitted by the plasma and 𝐸 𝛾 is the
average energy of those photons [25]. From (2) we see that the power dissipation rate of macros
going through the atmosphere is 𝜌atm 𝜎𝑣 3 , so the power dissipated to UV light is estimated to be
3

−12



L = 𝜂 𝜌atm 𝜎 𝑣 = 4.32 × 10

5

𝑀
g

2 

𝜌𝑠
𝜌𝑚

2




5𝜁
exp −
W.
8 km

(11)
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where 𝑛atm is the atmospheric number density and 𝐿 ≈ 𝑐 𝑠 𝑡cool , with 𝑐 𝑠 ≈ 300 m/s the speed of
sound in air and 𝑡cool the time required to cool the plasma below the nitrogen ionization temperature
𝑇N ∼ 104 K [25]. The effective temperature of the plasma depends on its radius 𝑟. In the spirit
of [26], we approximate the macro as a delta source and so the initial condition is fixed by equating
the heat energy with the macro energy
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Figure 3: The cooling time as a function of the macro’s cross-sectional area for a Maxwellian distribution
of velocity.

Using the luminosity (11) and requiring that the UV signal produced by the macro exceeds the noise
due to the background photons at 5𝜎 [23], a trite calculation will show that a macro visibility by
the EUSO-SPB2 fluorescence detector requires
𝜎 & 5 × 10−7 cm2 .

(12)

Now, if macros saturate the local DM density, the expected number of macro events passing
through the EUSO-SPB2 FoV is estimated to be [28]
 −1 
 

𝜌DM
𝐴
𝑡obs 
𝑀
N=
,
(13)
𝐴 𝑡 obs 𝑣 = 2.4
𝑀
3g
360 hr
32 km2
where the factor 2.4 reflects the 90% CL for statistics of small numbers [29]. Thus, the null result
of a EUSO-SPB2 search will yield a 90%CL exclusion of a macro flux at 𝑀 = 3 g of
F𝑚 < 8.8 × 10−19 cm−2 s−1 sr−1 ,

(14)

approximating the view of half the sky as 2𝜋 sr. This is comparable to the existing upper limit
based on indirect searches [30, 31]. The expected sensitivity of EUSO-SPB2 for a 100 day flight is
less than that of the planned POEMMA mission after 1 day of operation [32]. A point worth noting
at this juncture is that macros can be easily distinguished from ordinary meteors. This is because
macros travel much faster than meteors, which being bound to the solar system, travel at 72 km/s
relative to the Earth. Furthermore, meteors generally emit light only in the upper atmosphere where
they ablate and disintegrate. Clear differences in the meteor/macro light profiles have been observed
in numerical simulations [31, 33].
Combining (5), (12), and (13) we can conclude that EUSO-SPB2 will probe 𝑀 . 3 g and
𝜌 𝑚 . 10−5 𝜌 𝑠 . Since the sensitivity of EUSO-SPB2 is outside the well-motivated region of the
parameter space (𝜌 𝑚 ∼ 𝜌 𝑠 ) it is important to illustrate the boundaries available to 𝜌 𝑚  𝜌 𝑠 . We
can envisage that:
6
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4. Conclusions
We have shown that the future EUSO-SPB2 mission has the potential to detect macroscopic
DM. In the case of null result EUSO-SPB2 will provide a bound comparable and complementary
to existing limits. A more detailed evaluation of the trigger requirements (𝑡cool  𝜏bin ) as well as
the potential implementation is currently under discussion within the Collaboration.
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