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Abstract: This study explores the potential for dark matter annihilation within brown dwarfs,
investigating an unconventional mechanism for neutrino production. Motivated by the efficient
accumulation of dark matter particles in brown dwarfs through scattering interactions, we focus
on a mass range above 10 GeV, considering dark matter annihilation channels χχ → νν̄νν̄ through
long-lived mediators. Using the projected sensitivity of IceCube Generation 2, we assess the detection
capability of the local population of brown dwarfs within 20 pc and exclude dark matter-nucleon
scattering with cross-sections as low as a few multiples of 10−36 cm2.

Keywords: brown dwarf; dark matter; capture rate and self-annihilation; neutrino; IceCube Gen 2

1. Introduction

The brown dwarf (BD) stands as a distinctive category of celestial bodies, bridging
the gap between the least massive main-sequence stars and enormous gas giants. In con-
trast to typical main-sequence stars, their mass falls short of the threshold (approximately
0.07–0.08 M⊙) required for hydrogen fusion through thermonuclear processes. However,
they possess the ability to sustain the burning of the limited deuterium quantities they con-
tain. Observation suggests that they share a similar radius to that of Jupiter while weighing
anywhere from 15 to 80 times the mass of Jupiter, which equals MX ≃ 1.9 × 1027 kg, allow-
ing for the ignition of deuterium but not hydrogen fusion. The concept of their existence
was initially proposed in the 1960s [1–3], but it took nearly three decades for observational
confirmation to follow [4,5]. Owing to their low luminosity and predominant emission in
the infrared spectrum, only a few thousand BDs have been identified, despite the possibility
of the Milky Way hosting a billion or more of these objects. Strikingly, even though they
do not exhibit particularly conspicuous characteristics, BDs have exhibited non-thermal
emissions in both radio [6] and X-ray wavelengths [7]. This phenomenon seems to be
primarily, if not exclusively, associated with flares (similar to analogous occurrences in
the relatively unassuming red dwarfs), and there is speculation that it might be linked to
sub-surface magnetic activity.

In general, BDs may not be the most suitable candidates for traditional neutrino and
gamma ray production, as they exhibit minimal thermonuclear fusion activity. However,
they hold promise as potential sources for signals from dark matter (DM). If the universe’s
DM consists of particles (χ) with non-negligible couplings to the Standard Model (SM),
compact astrophysical objects like BDs could efficiently accumulate them through scattering
interactions. Recent studies have expanded their focus to include exoplanets and BDs in
this context [8–10]. The “evaporation mass”, dependent on the temperature and density
of the celestial object, defines the lightest DM particle that can be efficiently captured.
BDs in particular offer advantages over the Sun for capturing sub-GeV DM due to their
lower characteristic mass and temperature [11], making them prime candidates for DM
capture [8]. While BDs may not be as efficient as neutron stars (NSs) in capturing DM with
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weak interactions, their larger size can help compensate for their lower gravitational pull.
Furthermore, BDs are more numerous and closer to us compared to NSs, making them
appealing targets for light and strongly interacting DM [10,12].

The question now arises: how can we detect the consequences of DM capture in BDs?
In our previous investigation [10], our focus was on a mediator (ϕ) that is both light and
long-lived. In this scenario, DM annihilation leads to the mediator, which subsequently
decays into gamma rays, neutrinos, or any other standard model (SM) candidates. Im-
portantly, the mediator has a considerable lifetime [13–19], resulting in these processes
occurring outside the BD rather than within. Interestingly, such scenarios, which are by
no means rare in theoretical considerations, are actively explored in current endeavors to
discover light DM particles at particle colliders [20].

In this study, we extend our exploration beyond gamma rays to include neutrinos
in the search for DM. While gamma ray telescopes often provide stronger limits in the
quest to detect DM annihilation, neutrino telescopes offer advantages, such as less reliance
on uncertain DM density profiles and longer observation times. Neutrino telescopes can
also simultaneously monitor multiple sources, making them a competitive avenue for DM
research [21,22]. The gamma rays from BDs have been considered in some recent stud-
ies [8–10,23,24], but neutrinos have not been probed earlier from BDs. Neutrino searches
offer unique advantages in the quest for DM. Neutrinos, being electrically neutral and
weakly interacting, travel directly and unhindered from their sources without deflection
or attenuation. This makes neutrinos valuable for gaining insights into dense sources,
even those at cosmological distances, where other SM particles cannot reach. Another
compelling reason to investigate neutrinos is that many SM particles ultimately decay,
yielding neutrinos and gamma rays as final products. Detecting neutrinos complements the
exciting recent advancements in DM annihilation searches through gamma rays [25–29].

The IceCube Neutrino Observatory, located at the South Pole, is one of the leading sci-
entific facilities designed to detect high-energy neutrinos in the TeV–PeV energy range [30].
It consists of a cubic kilometer array of optical sensors embedded deep in the polar ice.
IceCube’s primary mission is to investigate the origins and characteristics of the most
energetic neutrinos in the universe, shedding light on extreme astrophysical events. Its
innovative design and remote location shield it from cosmic rays, allowing for precise
neutrino detection. IceCube has made significant contributions to astrophysics and particle
physics, uncovering insights into neutrinos and high-energy cosmic phenomena [31–33]
and has been engaged in the quest to identify high-energy neutrino emissions from specific
time-integrated point sources, encompassing comprehensive all-sky investigations [31–33].

The next planned extension of IceCube, IceCube Gen 2, plans to probe the high-energy
neutrino spectrum from TeV to PeV energies [30,34], offering five times better sensitivity
than the current IceCube detector. It will include 120 new strings with larger spacing,
enhancing sensitivity for neutrinos above 10 TeV and targeting detections over 100 PeV [34],
and will improve the detection thresholds down to 1 GeV. This will be very promising,
especially for detecting the fainter sources [35], and will make IceCube Gen 2 the leading
neutrino observatory to support diverse scientific avenues such as DM searches, particle
physics, and supernova neutrino detection [36], which are yet to be addressed by current
IceCube generation.

In our earlier study [10], we showed that the BD can be sensitive to both spin-
dependent and spin-independent DM-proton scattering due to its hydrogen content. DM
particles from the galactic halo can elastically interact with nuclei, resulting in their capture
and thermalization in the BD. In this study, we search for the cumulative emission of
neutrino signals from the population of local BDs within 20 pc with the projected sensitivity
of IceCube Gen 2 to investigate the DM capture rates in BDs. We also perform a com-
parative study between the projected sensitivity of IceCube Gen 2 and the sky survey of
astrophysical neutrinos performed by IceCube using 10 years of muon track events [32,37].

The remainder of the paper is arranged as follows. In Section 2, we describe the
formulation for the DM capture rate in BDs, their annihilation into long-lived mediators,
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and the expected spectra for neutrino flux. In Section 3, we briefly review the sources we
considered for this study. In Section 4, we present our results followed by a methodology
to utilize the IceCube and IceCube Gen 2 sensitivity for our sources. Finally, we conclude
our study in Section 5.

2. DM Capture and Annihilation in BDs

In this section, we briefly review the mechanism of DM capture by BDs and their
self-annihilation to neutrinos. We divide the formulation part into two steps: (i) the capture
of DM into BDs, which depends notably on the local density and velocity distribution; and
(ii) the DM self-annihilation to a low-mass scalar mediator that will eventually decay to
four neutrinos outside BD.

2.1. DM Capture Rate

When DM particles traverse celestial objects and undergo one or multiple collisions,
they can lose enough energy to become captured. The rate at which DM is captured is
directly proportional to the DM density. In our investigation, we characterize the DM
distribution in the galactic halo using the cuspy Navarro–Frenk–White (NFW) density
profile [38], as expressed by:

ρχNFW =
ρ0

(r/rs)γ(1 + (r/rs))3−γ
. (1)

Here, rs is the scale radius for the NFW profile, and ρ0 is normalized to the local DM
density value. The parameter γ determines the inner slope of the DM profile. We adopt the
values of rs and ρ0 from Ref. [39].

In our calculations, we account for both single and multiple scattering of DM candi-
dates following the formulation of Refs. [40,41]. The probability of DM particles scattering
N times before being captured is given by:

pN(τ) = 2
∫ 1

0
dy

y e−yτ (yτ)N

N!
. (2)

Here, τ is the optical depth, which depends on saturation cross-section (σsat), i.e., τ= 3
2

σχn
σsat

of the compact object with mass M⋆ and radius R⋆, while σχn is the DM-nucleon scattering
cross-section, and σsat = π R2

⋆/Nn, where Nn = M⋆/mn is the number of nucleons in the
target, with mn being the nucleon mass.

The total capture rate (Ctot) after single and multiple scattering is expressed as:

Ctot(r) =
∞

∑
n=1

CN(r) , (3)

where the capture rate associated with N scatterings, or CN in a DM environment with
number density nχ = ρχ/mχ, is given by:

CN(r) =
π R2

⋆pN(τ)

1 − 2GM⋆/R⋆

√
6nχ(r)

3
√

πv̄(r)
×
[
(2v̄2 + 3v2

esc)− (2v̄(r)2 + 3v2
N) exp

(
−

3(v2
N − v2

esc)

2v̄(r)2

)]
(4)

with

vN = vesc(1 − β+/2)−N/2,

β+ =
4mχmn

(mχ + mn)2 ,

where r is the galactocentric distance, and the other terms are specified as: (i) escape velocity
(vesc): vesc =

√
2GM⋆/R⋆, where G is the gravitational constant; (ii) ’typical’ velocity in the

DM rest frame (v0): v0 =
√

8/(3π)v̄, where v̄ is root mean square DM velocity; note that v̄
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is related to the circular velocity at distance r, vc(r), as v̄(r) = 3/2vc(r); and (iii) circular

velocity (vc(r)): vc(r) =
√

GM(r)
r , where M(r) is the total Galactic mass enclosed within

r [42].

2.2. DM Annihilation Rate

In Section 2.1, we discussed the formalism of DM capture in the BD. In this section, we
explore the annihilation of the captured DM particles. The time derivation of the number
of trapped DM particles N(t) inside BD is as follows:

dN(t)
dt

= Ctot − CannN(t)2 − CevapN(t) . (5)

Here, Ctot is the total capture rate of DM obtained in Equation (3), and Cann and Cevap
are the thermally averaged annihilation cross-section over the containment volume Vc
and the evaporation rate of DM, respectively. The recent study by Ref. [11] estimated
the evaporation mass of BD around ∼0.7 GeV. Thus, we can safely neglect the effect of
Cevap [11] for the DM mass range of our interest.

Equation (5) admits the solution

N(t) = Ctot teq tanh(t/teq + t0/teq) , (6)

where t0 is an integration constant related to N(t = 0) and

teq ≡ (CannCtot)
−1/2 . (7)

In Equation (7), teq is the equilibrium timescale over which the equilibrium between
Ctot and Cann will take place. Once equilibrium is reached, the DM annihilation rate, Γann,
can be written as

Γann(t) =
CannN(t)2

2
→ Ctot

2
. (8)

In Equation (8), the factor of 2 derives from the fact that two DM particles participate
in each self-annihilation.

2.3. Neutrino Spectrum

In this paper, we delve into the realm of particle physics to determine the neu-
trino flux resulting from DM annihilation. Generally, when DM particles directly an-
nihilate into 2-body final states, such as (i) χχ → µ+µ−, (ii) χχ → νν, (iii) χχ → τ+τ−,
(iv) χχ → W+W−, (v) χχ → bb̄, and so on, they can generate a detectable neutrino signal,
as indicated in Ref. [43]. These scenarios are of interest due to their potential for sensitivity
in measuring the σχn parameter using neutrino telescopes.

In the case of DM annihilation within celestial bodies like BDs, there is a possibility
that if DM particles directly annihilate into SM states, they may become trapped within the
BD, leading to its heating. However, the likelihood of detecting a neutrino signal increases
when DM annihilation to SM states occurs through long-lived mediators that can escape the
BD’s surface, as suggested by Refs. [14,15,44–55]. The decay products of these mediators
may yield observable signals in current or future neutrino telescopes.

Nonetheless, these mediators could also interact with SM constituents within the BD
before escaping, potentially leading to a significant reduction in the observed neutrino
flux. As demonstrated in [9,10], by selecting appropriate model parameters, it is feasible
to reduce this attenuation considerably. Therefore, we assume that all mediator particles
ultimately decay outside the BDs, producing detectable neutrino flux. The concept of
captured DM annihilation through long-lived mediators has been explored previously in
the context of the Sun [45,46,56–72] and more recently in the context of exoplanets [9,10,70].

We make an assumption that DM annihilates into mediators that are both “light” and
“long-lived”, described as χχ → ϕϕ. Here, “long-lived” implies that the decay range,
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denoted as L, greatly exceeds the characteristic scale R⋆, while “light” signifies that we
operate under the simplifying assumption that the mediator’s mass mϕ is much smaller
than that of the DM particle mχ.

This choice is motivated by secluded DM models [44,73], wherein DM annihilates
into two light vector bosons or a similar mediator, each of which subsequently decays into
SM particles and can be experimentally observed [45,52,59]. Although our primary focus
centers on light and long-lived mediators, our approximation remains valid within a finite
range of mediator mass mϕ. Assuming our stated hypothesis, the neutrino spectrum is
envisaged as a box-shaped distribution, as expressed [74] in Equation (9):

dNν

dEν
=

4
∆E

Θ(Eν − E−)Θ(E+ − Eν) , (9)

where Θ represents the Heaviside-theta function. The upper and lower bounds of neutrino

energy are denoted by E± = (mχ ±
√

m2
χ − m2

ϕ)/2, and the width of the box function is

defined as ∆E =
√

m2
χ − m2

ϕ.
In this study, our objective is to assess the sensitivity of neutrino telescopes to σχn for

DM annihilation into neutrinos. Specifically, we plan to optimize the sky survey sensitivity
of IceCube Gen 2 [30] (and also for IceCube, utilizing 10 years of data [32,37]), with a focus
on the muon neutrino flux originating from DM capture in BDs.

The expression of the differential neutrino flux reaching Earth due to captured DM
annihilation through a long-lived mediator is:

E2
ν

dϕν

dEν
=

Γann

4 π d2
⋆
×
(

1
3

E2
ν

dNν

dEν

)
×
(

e−
R⋆
ηcτ − e−

d⋆
ηcτ

)
, (10)

where d⋆ represents the Earth’s distance from the BD location. This formula also includes

the contribution of the “survival” probability (Psurv = e−
R⋆
ηcτ − e−

d⋆
ηcτ ) of neutrinos reaching

Earth’s detectors, which is near unity within the range of mediator decay lengths. Achieving
this entails either a sufficiently long mediator lifetime (τϕ) or a considerably high boost,
denoted as η = mχ/mϕ. Under these conditions, the mediator’s decay length L ≈ ηcτϕ

exceeds R⋆.

3. Source Selection

Since the first discovery of BD, several hundred BDs have been identified, mostly in
the large-scale optical and near-infrared imaging surveys performed by the Two-Micron All-
Sky Survey (2MASS, [75]) and the Sloan Digital Sky Survey (SDSS, [76]). In the recent era,
large-area surveys like the UKIRT Infrared Deep Sky Survey (UKIDSS, [77]), the Canada–
France Brown Dwarfs Survey (CFBDS, [78]), etc., used much deeper imaging technology.
As a result, the detection of the fainter and cool brown dwarfs has increased.

For this study, we select the same set of BDs that we considered for our previous
study [10] and follow the same nomenclature. For the details, please see Section 2 and
Table 1 of Ref. [10]. Apart from considering those closest BDs, in this study, we also
estimate the distribution of local BDs using the list of detected BDs mentioned in Ref. [79].
We only use the ∼800 T and Y type BD sources (Ntotal lie within 1200 pc in Equation (11))
from Ref. [79] and derive the local population density of detected BDs (nBDloc(b, l, D)) as a
function of latitude (b), longitude (l), and distance (D) in Equation (12). We find that the
distribution with longitude is almost constant, whereas with latitude, it follows a normal
distribution with a mean of 5.69 and a sigma of 30.49. The distribution with distance almost
varies the same as the chi2 distribution (with degrees of freedom = 2.58). This population
study has an advantage in predicting an improvement in scattering cross-section bounds
with respect to individual local BDs, as we discuss in Section 4.

Ntotal =
∫ bmax

bmin

∫ lmax

lmin

∫ dmax

dmin
nBD(b, l, D) sin b db dl D2 dD, (11)
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where bmin = − 90◦, bmax = + 90◦, lmin = − 180◦, lmax = + 180◦, Dmin = 0 pc, and
Dmax = 1200 pc.

nBDloc(b, l, D) = K × P(b) × G(l) × H(D), (12)

where K is a normalization constant to guarantee the correct integral of Equation (11); P(b),
G(l), and H(D) are the probability distribution functions (PDFs) of latitude (b), longitude
(l), and distance (D), respectively, normalized to unity. These PDFs are derived from the
observed BD sample [79].

Following this distribution, there will be around ∼30 BDs within 20 pc that we will
use later for our study.

4. Results

The sensitivity curve of a telescope is pivotal for distinguishing the threshold signal
from background noise. In this study, our focus is on neutrinos generated through the
annihilation of captured DM in BDs, as observed by the neutrino telescopes from the
south pole IceCube and IceCube Gen 2. Neutrino interactions at IceCube and IceCube
Gen 2 generally take on two topologies: track-like and cascade-like. Track-like signals
primarily arise from charged-current interactions involving muon (anti-)neutrinos (νµ and
ν̄µ) with nucleons, resulting in the production of high-energy muons and anti-muons. Tau
(anti-)neutrinos (ντ and ν̄τ) can also generate energetic muons through charged-current
interactions, but the branching ratio is not large enough to provide a large contribution.
On the other hand, cascade-like events mainly emerge from charged-current interactions
involving astrophysical electrons or tau (anti-)neutrinos, as well as neutral current inter-
actions of any neutrino type. These cascade-like events are generally less suitable for
point-source studies. Furthermore, the abundance of track-like events greatly surpasses
that of cascade-like events, primarily because neutrinos can interact far outside the detector
before IceCube detects the secondary muon [32].

This paper is dedicated to exploring track events collected or to be probed by IceCube
Gen 2, with a focus on the significance of astrophysical signals from point-like sources. Our
analysis considers recent all-sky searches for point-like neutrino sources [32] and the time-
integrated analysis [37] conducted by IceCube using data spanning 10 years (6 April 2008
to 8 July 2018). IceCube measurements have confirmed the presence of an astrophysical
neutrino flux across various energy ranges and neutrino types. The expanded coverage of
IceCube Gen 2 enhances detection capabilities, enabling the detection of even fainter fluxes
from individual sources, surpassing current limitations. For IceCube Gen 2, we examine
the discovery potential for a single point-like source for a period of 10 years with 300 s
of exposure time [80,81]. Our analysis focuses on track events predominantly originating
from muon (anti-)neutrinos (νµ and ν̄µ), which traverse the detector from all directions,
as well as neutrino track events beginning within the instrumented volume.

Figure 1 provides insight into the 90% confidence level (C.L.) sensitivity of both
IceCube [37] and IceCube Gen 2 [81] by adopting a source spectrum with a differential flux
dN
dE ∝ E−2 as a function of source declination (sin δ). The ‘points’ denote the individual
differential muon neutrino flux obtained from Equation (10) for each BD for DM mass,
mχ = 10 GeV, and scattering cross-section, σχn = 10−37 cm2, from box-like spectra (by
assuming annihilation through a long-lived mediator).

The details of our selected source are available in our earlier study [10]. (Source 1—sin
δ = 0.238714; Source 2—sin δ = 0.39945; Source 3—sin δ = −0.231999; Source 4—sin δ =
−0.905029; Source 5—sin δ = 0.0452918; Source 6—sin δ = −0.671652; Source 7—sin δ =
0.159834; Source 8—sin δ = −0.950165; Source 9—sin δ = −0.0875628). From Figure 1, we
can also conclude that, for IceCube and IceCube Gen 2, the highest sensitivity is observed
around the equator, aligning with the optimal discovery potential, while it is the weakest
for declination near sin δ = ± 1, signifying that detecting events of interest amidst the
background requires a stronger signal in these regions. Thus, with the current sensitivity of
IceCube and IceCube Gen 2, only two of our sources, i.e., Source 3 (sin δ = −0.232) and
Source 9 (sin δ = −0.087), which lie in the vicinity of the 90% C.L. sensitivity range, have



Particles 2024, 7 495

the potential to be detected by IceCube and IceCube Gen 2 for certain conditions. Source 9
is especially interesting, as it lies above the 90% C.L. sensitivity curve of IceCube and also
shows the potential to be detected by IceCube Gen 2.

mχ= 10 GeV,σχn = 10
-37 cm2,

Box Spectra

-1.0 -0.5 0.0 0.5 1.0
10-17

10-16
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d
ϕ

ν
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-
1
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-
2
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IceCube 90 % Sensitivity

IceCube Gen 2 90 % Sensitivity
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Source 2
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Source 4

Source 5

Source 6

Source 7

Source 8

Source 9

Figure 1. Differential flux as the function of the sine of the declination angle (δ) for IceCube and
IceCube Gen 2, where the points define the individual differential neutrino flux for each BD obtained
from Equation (10) for DM mass, mχ = 10 GeV, and scattering cross-section, σχn = 10−37 cm−2,
from box-like spectra. The red and blue dashed lines denote the 90% C.L. sensitivity of IceCube [37]
and IceCube Gen 2 [81], respectively.

IceCube and IceCube Gen 2 possess the ability to explore both spin-dependent (SD)
and spin-independent (SI) DM-nucleon scattering cross-sections. For BDs, the constraints
obtained are nearly equally robust for SD and SI cross-sections, given that BDs primarily
consist of hydrogen. In our previous study [10], we confirmed that the age of our selected
BDs aligns with their equilibrium age (teq). Therefore, for this study, we solely focus on
the DM-nucleon scattering cross-section for equilibrium. Our analysis, as depicted in our
earlier study [10], underscores that BDs represent a promising avenue for probing small
DM-nucleon cross-sections. In Section 2.3, we delve into the advantages of opting for a box
spectrum (i.e., DM annihilates via long-lived mediators) over direct spectra. For the sake of
comprehensive comparison, in Figure 2, we present differential flux limits of Source 9 for
several conditions of mχ and σχn for both box spectra (green) and direct spectra associated
with neutrinos. In the case of direct spectra, our selections encompass: (i) µ+µ− (cyan),
(ii) νν (orange), (iii) τ+τ− (purple), (iv) W+W− (brown), and (v) bb̄ (magenta), with an
assumed 100% branching ratio to individual SM final states. In Figure 2, the solid red
and blue lines define the sensitivity of IceCube and IceCube Gen 2, respectively (from
Ref. [30]), for detecting the neutrino excess of 5σ originating from a point source situated at
the celestial equator (δ = 0◦).

Figure 2 further signifies that the flux expected from BDs (here we choose Source 9, as
it is expected to provide the best limits) is a few orders of magnitude lower than the current
(and future) sensitivity of IceCube (and IceCube Gen 2). This motivates us to perform
the population study of local BDs. We consider the population of local BDs and estimate
whether, with their present and expected sensitivity, IceCube and IceCube Gen 2 will be
able to detect the cumulative emissions coming from the local population of BDs derived
in Section 3.
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Figure 2. Differential neutrino flux of Source 9 for several DM masses and σχn values for both box
spectra and direct spectra associated with neutrinos. The solid green lines denote the box spectra,
whereas bb̄, µ+µ−, νν, τ+τ−, and W+W− annihilation channels are denoted by magenta, cyan,
orange, purple, and brown lines, respectively. The solid red and blue lines define the sensitivity of
IceCube and IceCube Gen 2, respectively, taken from Ref. [30].

In Figure 3, we report the sensitivity corresponding to the cumulative emission from
the expected BDs within 20 pc using the deepest projected sensitivity of IceCube Gen 2 [30].
As for our interest, we only focus on the nearby BDs within 20 pc from Earth and, from the
distribution function of Equation (11), we predict around 30 BDs within this distance.

Figure 3. Comparison between the limits obtained from our work with other literature studies. We
show the constraints from direct detection, such as CEDX-10 [82], PICO-60 [83], and XENON1T [84],
on the DM-nucleon spin-dependent cross-section, as well as from DM annihilation from Sun from
IceCube [21,85].
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In Figure 3, we further conduct a comparison between our results and the outcomes of
astrophysical and direct DM detection experiments. It is particularly intriguing to compare
our constraints with the direct detection limits established by CEDX-10 [82], PICO-60 [83],
and XENON1T [84] regarding DM-nucleon SD scattering cross-sections. We could also
technically compare our bounds with the SI limits from recent studies, but they are much
stronger than our obtained limits. So, a meaningful comparison only arises with the SD
limits, where our constraints are competitive. In our previous study [10], we highlighted
the unique advantage of the constraints derived from BDs, extending to DM masses below
a few GeV compared to the existing direct detection limits. This advantage holds for
neutrinos as well but, due to the current sensitivity of IceCube Gen 2, we restrict ourselves
to probing the σχn down to at least ≈10−36 cm2 between 10–100 GeV.

5. Discussion and Conclusions

The nature of DM remains elusive despite multiple experimental and phenomenologi-
cal efforts to unravel its nature. Indirect detection through neutrinos provides a comple-
mentary way to explore DM. IceCube has a very active program for the indirect detection
of DM and can set the limits in SI/SD DM-nucleon cross-section for GeV-to-TeV parameter
space. In recent times, several studies have probed the neutrinos originating from captured
DM in the core of celestial objects [19,21–23,43,85–87].

In this paper, we explore a complimentary scenario where DM accumulated through
capture in local BDs is annihilated to the sufficiently long-lived mediator. This long-lived
mediator escapes the BDs and decays to four neutrinos to produce an observable neutrino
flux. To study the feasibility of probing this DM-induced neutrino flux, we consider the
differential neutrino flux obtained or expected from IceCube or IceCube Gen 2.

In the present work, we study a sample of nearby (within a 20 pc distance) cold and
old BDs and look for neutrino excess emission from the direction of these objects using
the sky survey data from IceCube and IceCube Gen 2. We do not find any excess from our
selected BDs. Two of our candidates show the potential to be detected by IceCube and
IceCube Gen 2 but currently lie in the vicinity of 90% sensitivity limits (Figure 1).

As a conservative approach, we derive the differential flux limits (Figure 1) as a
consequence of the capture of DM particles within the BD and subsequent annihilation into
long-lived mediators. The long-lived mediator, while interacting only feebly within the
BD, escapes the celestial object and then decays into neutrinos, leading to a characteristic
box-like spectrum. Additionally, considering long-lived mediators, we also study the
differential neutrino flux limits for direct spectra to neutrinos (Figure 2). Our study points
out that box-like spectra have more potential to be observed by IceCube and IceCube Gen 2
under certain conditions.

Even though box-like spectra would be promising compared to the direct annihilation
spectra, our study shows that, at the current epoch, the expected flux from individual
BDs (e.g., Source 9) is a few orders of magnitude weaker than the sensitivity of IceCube
or IceCube Gen 2. This work demonstrates a significant improvement in the local BD
population. With our derived number density of local BDs, there are expected to be around
30 BDs within 20 pc, and by incorporating cumulative emissions from them, we provide a
competitive bound with the deepest sensitivity of IceCube Gen 2 (Figure 3). For the final
impression, we compare the limits on σχn obtained from our work with the constraints
from direct detection on the DM-nucleon SD cross-section [82–84], as well as from DM
annihilation from the Sun [21,85].

In this study, we focus exclusively on the local population of BDs within 20 pc. As a
future extension, this work further motivates us in the direction of the Galactic Center (GC)
population of BDs and examines the relationship between the DM capture rate in the GC
BDs, estimated to be around 300 billion [8], and the diffuse neutrino emission from the
Galactic Plane. The substantial number of BDs in the GC will also play a promising role in
seeking robust constraints from current and future neutrino telescopes.
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In conclusion, this work contributes crucial insights into DM detection strategies for
local BDs, suggesting promising avenues for next-generation neutrino telescopes such as
IceCube Gen 2 to unveil the mysteries of DM. In the near future, with deeper and more
sensitive optical and infrared sky surveys such as, e.g., via JWST, the detection of ultracool
BDs would be increased, and that would positively improve the sensitivity of our analysis.
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