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Several astrophysical and cosmological observations suggest the existence of dark matter (DM) through
its gravitational effects, yet its nature remains elusive. Despite the lack of DM signals from direct detection
experiments, efforts continue to focus on the indirect detection of DM from DM-rich astrophysical objects.
Dwarf spheroidal galaxies (dSphs) are among the most promising targets for such searches. In this work,
we aim to investigate the expected DM capture rate from the stellar component of ten nearby DM-rich
dSphs, assuming that the accumulated DM eventually annihilates into light, long-lived mediators (LLLMs)
which decay into gamma rays outside the dSphs. We analyze nearly 16 years of Fermi-LAT data to search
for DM annihilation through LLLMs, and, from the observed stacked flux upper limits, set limits on the
DM-nucleon scattering cross section for the case of a generic DM scenario. Additionally, we incorporate
the Sommerfeld enhancement (SE) effect into the DM annihilation process assuming a scalar DM model,
and obtain bounds on the DM-nucleon scattering cross section of ∼10−36 cm2 for DM masses around
100 GeV. This allows us to explore an alternative avenue for exploring DM phenomena from dSphs and
compare our results with the bounds reported by direct DM detection experiments and other celestial
bodies.
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I. INTRODUCTION

Dwarf spheroidal galaxies (dSphs) are among the faintest,
most dark matter (DM)-dominated galaxies in the Universe
[1–4]. These small, low-luminosity systems, often found as
satellites orbiting larger galaxies like the Milky Way, are
characterized by an unusually high mass-to-light ratio,
indicating a significant amount of DM relative to visible
matter. Their lack of gas and star formation makes dSphs
valuable targets for indirect DM detection, as this absence of
astrophysical activity creates a relatively clean environment
with minimal background noise [3,5]. The DM content in
dSphs is inferred from the velocity dispersion of their stars
[6], suggesting that the gravitational influence of unseen
mass is substantial. Consequently, dSphs are promising
candidates for searches aimed at detecting potential signals
from DM annihilation or decay processes.
In indirect detection, dSphs are particularly valuable for

gamma-ray searches because of their proximity and dense
DM halos. Gamma rays, especially within the energy range
of interest and resulting from DM annihilation, are of

particular significance because they are electrically neutral,
allowing them to travel directly from their source without
being affected by Galactic or extragalactic magnetic fields,
thus preserving information about their origin. The gamma-
ray space telescope like the Fermi Large Area Telescope
(Fermi-LAT) has conducted extensive searches for gamma-
ray emissions from dSphs to constrain the DM annihilation
cross section [7–17]. While no conclusive signals have yet
been detected, the clean astrophysical environment of
dSphs reduces the risk of false positives due to background
contamination, making these galaxies ideal for setting
stringent bounds on DM models and advancing our under-
standing of this elusive component of the universe.
Most studies on DM signal from dSphs establish upper

bounds on the thermally averaged DM annihilation cross
section [18–23], making comparisons with direct detection
challenging. This study, however, explores a distinctive
mechanism: we investigate DM annihilation into light long-
lived mediators (LLLMs) that decay into gamma rays
outside the galaxies, allowing us to constrain the DM-
nucleon scattering cross section as a function of DM mass.
The minimum detectable DM mass from celestial bodies
and dSphs is governed by the DM evaporation rate, setting
a limit on sensitivity in both indirect and direct detection
approaches. This mechanism has been developed under
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secluded DM models [24,25], which naturally predict the
existence of LLLMs [26]. Theoretically, such particles are
well motivated [27–30] and are actively being searched for
in collider and fixed-target experiments [31–34]. Numerous
works have considered LLLM scenarios in indirect detec-
tion (e.g., [29,30,35–43]). In particular, LLLMs have been
invoked to explain the observed excesses in cosmic-ray
electrons and positrons, as discussed in Refs. [44–46].
Reference [25] further shows that LLLM scenarios can
enhance the DM annihilation rate, leading to stronger
indirect detection signals. Various astrophysical objects
have been considered as potential probes of secluded DM
and LLLMs, including the Sun [36,38,39], Jupiter [47,48],
the Earth [49], as well as brown dwarfs (BDs) and neutron
stars (NSs) [50,51]. Yet our approach combines this with
the inclusion of the Sommerfeld effect, which enhances
annihilation rates at low velocities, providing a boost to the
DM signal. Sommerfeld enhancement (SE) is the widely
discussed phenomenon in the context of DM annihilation
[21,45,52–54]. The authors in [20] explored the effects of
SE on the DM annihilation cross section in dSphs using
Fermi-LAT data. Reference [52], for instance, considers a
combined effect of resonant annihilation and SE in the
Standard Model (SM) Higgs portal and MSSM-inspired
DM scenarios.
In this work, to the best of our knowledge, for the first

time, we investigate the expected DM capture rate within
the stellar component of ten nearby dSphs, hypothesizing
that captured DM annihilates into LLLMs. Later we also
incorporate the Sommerfeld effect in this framework
considering a particular scalar DM model interacting with
the scalar mediator.1 Using nearly 16 years of Fermi-LAT
gamma-ray data, we set upper limits on the gamma-ray flux
and refine constraints on the DM-nucleon scattering cross
section. This complementary method broadens traditional
indirect detection approaches by focusing on stellar capture
and mediator decay scenarios, offering a new avenue for
probing DM interactions in dSphs.
We organize the paper in the following manner.

Section II begins with a brief discussion about the choice
of our selected dSphs, listing their important properties
used in this work. Section III deals with the Fermi-LAT
data analysis of the selected dSphs and calculation of
gamma-ray flux upper limits. The formalism for DM
capture and annihilation via LLLM from dSphs and the

estimation of the gamma-ray spectrum from such processes
have been reviewed in Secs. IVand V. In Sec. VI, we derive
the constraints on DM-nucleon scattering cross section
using Fermi-LAT observational data. Section VIII explores
the simple model of the SE along with the decay of the
LLLM, ϕ, into gamma rays. Finally, in Sec. IX, we
conclude with a summary and prospect for future studies.

II. OUR TARGETS: NEARBY DSPHS

The Milky Way hosts a large population of dSphs, which
are small, faint, and have minimal star formation activity
compared to larger galaxies. These dSphs are highly DM
dominated, evidenced by their high mass-to-light ratios,
and often embedded within extended DM halos. Their
simple structure and relatively low baryonic content make
dSphs ideal laboratories for studying DM properties
because the effects of DM are less contaminated by stellar
and gas dynamics. Given their proximity and abundance in
the Milky Way, these halos provide an accessible means to
examine DM interactions, including capture rates by stars
within dSphs. By analyzing how DM might accumulate in
stars, we can infer properties about DM particle inter-
actions, helping to constrain models of DM capture and
potentially shine a light on the nature of DM particles.
In this study, we are interested in assessing the poten-

tiality of dSphs in constraining the DM parameter space
under the mechanism where DM annihilates through the
decay of intermediate particles, as mentioned above. In this
regard, we restrict ourselves to only those dSphs whose
distance from the Milky Way is less than 50 kpc which
corresponds to only ten nearby dSphs (Table I), as the flux
falls with distance (∝ 1=d2).
In Table I, we describe the characteristic of our selected

dSphs as follows: columns I and II: right ascension (RA)
and declination (DEC) of our targets in degree; column III:
heliocentric distance (d) in kpc; column IV: stellar radius
(R⋆) in pc; column V: velocity dispersion (σl:o:s) in km/s;
and column VI: total stellar mass (M⋆;tot) in unit M⊙. We
calculate the stellar radius R⋆ and M⋆;tot in Sec. IV
following Ref. [55]. To estimate M⋆;tot and R⋆, we take
the values of Ntot from Table 3 of [55] except for Sagittarius
(Sgr) and Carina II cases for which we use the approximate
values of total stellar mass reported in [56]. The values of
other parameters such as RA, DEC, d, and σl:o:s are taken
from [57,58] unless indicated in Table I. This Table also
mentions the astrophysical uncertainties corresponding to
the relevant dSph parameters d and σl:o:s.

III. FERMI-LAT DATA ANALYSIS FOR DSPHS

A. Data selection

We analyze nearly 16 years of Fermi-LAT data, spanning
from August 4, 2008, to June 2, 2024. For our analysis, we
utilize Fermipy version 1.1.0 and Fermi ScienceTools version

1In the first part of this work, we derive bounds on DM-
nucleon scattering cross section without assuming any specific
particle nature of DM and thus refer to these bounds as “model
independent.” In the second part, we incorporate the Sommerfeld
enhancement (SE), which depends on the details of the DM
model. For this (SE) case, we consider a scalar DM model,
making our results model dependent. Please note that in both
cases (with and without SE) the mediator is taken to be a scalar
particle, which subsequently decays into gamma photons to
produce observable signals.
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2.2.0.2 The data is processed with the source class instru-
ment response function P8R3_SOURCE_V3.3

B. Analysis technique and gamma-ray flux upper limits

We focus on the energy range E∈ ½0.5; 500� GeV and
extract data within a 15° region of interest (ROI) centered on
each dSph location.Our “sourcemodel” includes the “source
of interest” alongwith all sourceswithin the 15°ROI from the
4FGL-DR4 catalog [59].4 Additionally, we incorporate the
galactic diffuse model (gll_iem_v07.fits) and the isotropic
diffuse model (iso_P8R3_SOURCE_V3_v1.txt).5 After
constructing the source model and generating all necessary
input files, we perform a bin-by-bin binned likelihood
analysis6 on the extracted data. During this analysis, the
spectral parameters of all sourceswithin a 10° × 10° ROI and
the normalization parameters for the two diffuse background
models are allowed to vary freely.
We model the gamma-ray emission from each dSph as a

new pointlike source, assuming a power-law spectrum,
dN=dE ∝ E−Γ, with a spectral index Γ ¼ 2. To search
for evidence of excess emission from the dSph location,
we calculate the test statistic (TS), defined as TS ¼
−2 lnðLmax;0=Lmax;1Þ, where Lmax;0 and Lmax;1 are the
maximum likelihood values for the null hypothesis (back-
ground only) and the alternative hypothesis (including the
additional source), respectively. No significant excess
emission is detected at any dSph location, with TS values
falling well below the point source detection threshold
of TS ¼ 25.
In the absence of excess emission, we calculate the

95% confidence level (CL) upper limits on the gamma-ray

flux for each dSph using the profile likelihood method [60].
In this approach, the fit is performed until the difference in
the log-likelihood function, −2Δ lnðLÞ, reaches 2.71,
corresponding to the one-sided 95% CL.
In Fig. 1, we show the observed bin-by-bin E2dΦ=dE

flux upper limits for all ten dSphs considered in this
work.

IV. FORMALISM FOR GAMMA-RAY FLUX
CALCULATION VIA LLLMS FROM STARS

INSIDE DSPHS

In this section, we present the key formulas and assump-
tions necessary to calculate the gamma-ray flux resulting
from the two-step cascade annihilation of DM particles. We
consider a scenario in which DM is captured by stellar
components of dSphs in sufficient quantities, primarily
through the scattering of nucleons. This interaction causes
DM to lose kinetic energy and become gravitationally bound
to the dSph. If accumulated in considerable amounts, such
DM particles undergo self-annihilation producing gamma
rays. It should be noted that in the two-step annihilation
process, the DM particles first annihilate into LLLMs which
later decay into gamma rays.

A. DM capture inside the stars of dSphs

DM, when traversing through celestial objects, under-
goes single or multiple scattering with nucleons depending
on the kinetic energy of DM. In due time, this process leads
to their thermalization and eventual capture when their
velocity falls below the escape velocity of dSph.
It should be noted that, in dense stellar environments stars

such as neutron stars or white dwarfs, the stellar density,
ρ�ðrÞ, is extremely high. In contrast, dSphs present a different
scenario, as the majority of their mass resides in DM rather
than baryons. Thus, to treat dSph, we need to account for the
fact that: (i) the dSph galaxies have a very low baryon-to-DM
ratio, and (ii) the nucleon density in dSphs is primarily
from old stars with minimal contributions from gas or dust.
These factors may produce enough DM interactions in the

TABLE I. Properties of our selected dSphs. Please see the text for more details.

Source RA [deg] DEC [deg] d (kpc) R� (pc) σl:o:s (km/s) M�;tot (M⊙)

Draco II 238.17 64.58 21.57þ50
−0.49 13.03 < 5.9 30 [55]

Segue I 151.75 16.08 22.90þ2.21
−2.01 15.33 3.7þ1.4

−1.1 220 [55]
Sagittarius 283.83 −30.55 26.30þ1.88

−1.75 1199.45 11.4þ0.7
−0.7 21 × 106 [56]

Hydrus I 37.39 −79.31 27.54þ0.51
−0.50 40.62 2.7þ0.51

−0.43 3.0 [55]
Reticulum II 53.92 −54.05 31.62þ1.49

−1.42 23.76 3.6þ1
−0.7 764.0 [55]

Ursa Major II 132.87 63.13 34.67þ2.13
−2.01 65.15 6.7þ1.4

−1.4 296.0 [55]
Carina II 114.11 −58.0 37.39þ0.39

−0.39 59.01 3.4þ1.2
−0.8 0.38 × 106 [56]

Bootes II 209.51 12.86 41.68þ1.16
−1.13 29.89 2.9þ1.6

−1.2 298.0 [55]
Willman I 162.34 51.05 38.01þ7.68

−6.39 15.33 4þ0.8
−0.8 455.0 [55]

Coma Berenices 186.75 23.91 42.26þ1.58
−1.52 43.68 4.6þ0.8

−0.8 1307.0 [55]

2https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
3https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/

Pass8_usage.html
4https://fermi.gsfc.nasa.gov/ssc/data/access/lat/14yr_catalog/
5https://fermi.gsfc.nasa.gov/ssc/data/access/lat/Background

Models.html
6https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/binned_

likelihood_tutorial.html
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dSphs population, despite significantly smaller star counts.
The stellar density can be modeled using a Plummer profile:

ρ�ðrÞ ¼
3M�;tot
4πR3�

�
1þ r2

R2�

�−5=2
; ð1Þ

whereM�;tot [55] is the stellar mass, expected to be ∼Ntot ×
M⊙ and R� is the stellar radius of each star related to the

half-light radius (Rh) as R� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
22=3 − 1

p
Rh. Ntot represents

the total expected number of stars in each dSph, determined
by the stellar density profile of dwarf spheroidal galaxies. For
the Plummer profile mentioned in Eq. (1), we adopt values
from recent studies [55,61], where the number of member
stars was derived by fitting the Plummer density profile to
observational data. Alternatively, the star counts can be
approximated using the luminosities of each dSph, as utilized

FIG. 1. Bin-by-bin flux upper limits at 95% CL observed by Fermi-LAT for our selected dSphs.
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in [62]. We verify that both methods yield consistent results,
withno significant impact onour conclusions.Themaximum
capture rate of DMparticles by the stars of the dSphs is given
by [63–66]

Cmax ¼ πR2�nχðrÞv0
�
1þ 3

2

v2esc
vdðrÞ2

�
: ð2Þ

The number density of DM particles, nχðrÞ, at a distance r
from the Galactic Center is nχðrÞ ¼ ρχðrÞ=mχ , where mχ is
DMmass andρχðrÞ isDMdensity. Thevelocity dispersionof
the DM halo vdðrÞ is related to the orbital velocity vcðrÞ at
distance r by v2dðrÞ ¼ 3

2
v2cðrÞ, with v2cðrÞ ¼ GMðrÞ

r , where G
denotes the universal gravitational constant and MðrÞ the
mass of dSph within a radius of r. The average speed in the
DM rest frame v0 is computed using the relation v20 ¼
8
3π v

2
dðrÞ and for escape velocity we use v2esc ¼ 2GM1=2

R1=2
, where

M1=2 is the expected mass of dSphs contained within half-
light radius, R1=2. For the case of dSphs we fix
r ¼ R1=2;MðrÞ ¼ M1=2. It should be noted that M1=2

approximately can be expressed in terms of velocity
dispersion of dSphs, σl:o:s, as M1=2 ¼ 2.5

G σ2l:o:sR1=2 [67].
To model the distribution of DM, we select the widely

recognized Navarro-Frenk-White (NFW) density profile
[68,69]. The NFW profile is particularly suited for describ-
ing DM halos in galaxies and clusters, capturing their
density structure on a large scale. The general form of the
NFW profile is given by

ρNFWχ ðrÞ ¼ ρs
rs
r

�
1þ r

rs

�
−2
; ð3Þ

where ρs and rs represent the characteristic density and
scale radius, respectively. In the present analysis, we use the
analytical formulas7 for rs and ρs taken from Refs. [67,75].
In our investigation, in addition to single scattering, we

also incorporate multiple scattering of DM particles as for
massive DM particles, the energy loss in one collision may
not be enough for gravitational capture. The inclusion of
multiple collisions modifies the total capture rate of Eq. (2)
as a series given by

CtotðrÞ ¼
X∞
n¼1

CnðrÞ; ð4Þ

where Cn denotes the capture rate corresponding to the “n”
number of collisions after which the DM velocity falls

below the escape velocity and eventually gets captured by
dSph. The approximate formula for Cn is adopted from
Refs. [76,77] and is written as

CnðrÞ ¼ πR2
1=2PnðτÞ

ffiffiffi
6

p
nχðrÞ

3
ffiffiffi
π

p
vdðrÞ

�
ð2vdðrÞ2 þ 3v2escÞ

− ð2vdðrÞ2 þ 3v2nÞ exp
�
−
3ðv2n − v2escÞ
2vdðrÞ2

��
; ð5Þ

where vn ¼ vescð1 − 2mχmn

ðmχþmnÞ2Þ
−n=2, with mχ and mn denot-

ing the DMmass and mass of the nucleon, respectively. The
probability [PnðτÞ] of the DM particles with optical depth τ
to collide exactly n times before they get captured by the
dSph can be written as

PnðτÞ ¼ 2

Z
1

0

ze−zτðzτÞn
n!

dz: ð6Þ

The optical depth τ is defined in terms of DM-nucleon

scattering cross section (σχn) as τ ¼ 3σχnNT

2πR2�
, where NT ¼

M�;tot
mn

is the total number of nucleons in the target.

B. Gamma-ray spectrum from DM
annihilation via LLLMs

The captured DM particles may undergo self-annihila-
tion if their accumulation inside dSph is sufficient. At time
t, the evolution of the total number of captured DM
particles NðtÞ can be expressed as

dNðtÞ
dt

¼ CC − CENðtÞ − CannN2ðtÞ; ð7Þ

where CC is the total capture rate, which is redefined as
CC ¼ min½Ctot; Cmax� to properly incorporate the perturba-
tive estimation, especially relevant for multiple scattering,
while CE denotes the rate at which the captured DM
evaporates by scattering. In Eq. (7), Cann ¼ hσannvi=V0

represents the annihilation rate with hσannvi and V0 being
the velocity averaged annihilation cross section and volume
over which annihilation occurs. We find that the evapora-
tion mass (mevp) of a typical dSph is around ∼8 GeV [78]
which is higher than the mevp of Sun, i.e., mχ ≥ 4 GeV
[79,80]. It is important to note that in the present analysis,
we only consider the DM mass mχ⪆10 GeV and for such
higher DM masses, we can safely disregard the contribu-
tion of DM evaporation effect due to scattering (CE) in our
calculation. Assuming the initial condition as Nð0Þ ¼ 0 at
t ¼ 0, the general solution of Eq. (7) is given by

NðtÞ ¼ CCteq tanhðt=teqÞ; ð8Þ

where teq is the time required to reach equilibrium between
DM capture and annihilation and is defined as

7It is worthwhile to mention here that though for the NFW
parameters, namely, ρs and rs, we use the above-mentioned
expressions, we have also calculated the gamma-ray flux adopt-
ing the ρs and rs values directly from the various Refs. [70–74]
and compared with those obtained from the analytical expres-
sions and we find no significant changes in the main results.

SEARCHING FOR DARK MATTER ANNIHILATING INTO LIGHT … PHYS. REV. D 111, 123002 (2025)

123002-5



teq ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

CCCann
p : ð9Þ

The dSphs are primarily composed of old, low-mass stellar
populations. The majority of stars in dSphs are ancient,
typically over 109 years old, having formed early in the
universe’s history. These stars are metal poor because star
formation in dSphs ceased relatively early, limiting the
enrichment of heavy elements. The equilibrium timescale,
teq, between DM annihilation and capture rate depends on
the core density (ρ⋆;c) and core temperature (T⋆;c) of stars
inside dSphs where annihilation takes place. In the case of
dSph stars, accurately estimating these stellar properties is
particularly challenging due to the limited availability of
high-resolution photometric and spectroscopic studies.
Consequently, it remains uncertain whether these systems
have reached equilibrium. However, adopting a con-
servative approach, we assume equilibrium is achieved.
Under this assumption, the total annihilation rate (Γann) of
DM particles can be expressed as

Γann ¼
CannN2

2
→

CC

2
; ð10Þ

where a factor of 2 indicates that, in each self-annihilation
process, two DM particles participate. After computing the
total annihilation rate, we can express the expected flux
(E2dΦ

dEexp) from DM annihilation for LLL mediators and
later compare that with the observed differential flux of
gamma rays at the Fermi-LAT detector by the following
equations:

E2
dΦ
dEexp

¼ Γann

4π d2
× E2

dNγ

dE
; ð11Þ

E2
dΦ
dEexp

¼ E2
dΦγ

dE Fermi-LAT
; ð12Þ

where dNγ

dE is the gamma-ray spectrum from dSph and d
denotes the heliocentric distance of dSph. In this work, we
consider a model in which the spectrum dNγ=dE originates
from the decay of the mediators (χχ → ϕϕ;ϕ → γγ) unlike
the case where DM directly annihilates to gamma rays
(χχ → γγ). The two-step process has an advantage over the
annihilation of DM particles directly to SM states as shown
in Ref. [25]. In scenarios where DM directly annihilates
into SM particles within astrophysical objects, the resulting
flux of SM particles may be reduced due to further trapping
within the object. However, if DM instead annihilates into
SM particles through LLLMs (ϕ) that can escape the
dSphs, the observable flux could be enhanced, increasing
the potential for detection. Additionally, in this latter
scenario, four photons are produced per annihilation,
further boosting the gamma-ray flux compared to direct
annihilation. Note that following Refs. [50,51], we also

here ignore any possible interactions of the mediator and
SM particles inside the dSphs and assume all the mediators
decay outside the dSph yielding detectable gamma-ray
flux. This two-step mechanism also assumes that the decay
length of the mediator Lϕ ¼ mχ

mϕΓ
, with Γ being the decay

width, is much larger than the half-life radius of dSph R1=2.
This automatically implies that the mediator should be
“light,” i.e., mχ ≫ mϕ and “long-lived,” i.e., the decay
width should be very small or the mediator’s lifetime (τϕ)
should be considerably long. This is indeed the case for the
secluded DM models [24,25,45]. One can get an estimate
of mϕ and τϕ by using the fact that ϕ should decay outside
the dSphs, i.e.,

Lϕ ¼ γϕcτϕ ≫ R1=2; ð13Þ

where γϕ ¼ mχ=mϕ is the boost factor and c denotes the
speed of light in vacuum. Considering a half-light radius
R1=2 ¼ 100 pc and for DM mass in GeV-TeV scale, the
typical values of the mediator lifetime and mass are τϕ ≈
1010 s and mϕ ≪ Oð1Þ MeV (using mχ=mϕ ≫ 1010=τϕ).
Mediators with such long lifetimes, particularly for
indirect detection of DM, have been discussed in previous
works; for instance, the positron excess has been
explained using LLLMs in Refs. [44,46]. The authors
in Ref. [81] have studied DM searches from dSphs from
the decay of such LLLMs. From the cosmological point of
view, such long-lived mediators are possible if their
abundance is small enough during the early Universe.
Several mechanisms to accommodate such scenarios are
explored in Refs. [44,46,82]. Here, we mainly focus on
the observations of DM annihilation via such LLLMs.
Since, in the present work, we are considering DM mass
mχ ≥ 10 GeV, so for mϕ < Oð1Þ MeV the condition
mχ ≫ mϕ is satisfied all of the time.
With the assumptions mentioned above, the gamma-ray

spectrum originating from the DM annihilation from dSphs
through an LLLM is then given by a box-shaped spectrum
described in [83] and can be written as

dNγ

dE
¼ 4

ΔE
ΘðE − E−ÞΘðEþ − EÞ; ð14Þ

where Θ denotes the usual Heaviside function while the
upper and lower limits of gamma-ray energy are written as

E� ¼ 1
2
ðmχ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

χ −m2
ϕ

q
Þ which are also referred to the

right (+ sign) and left (− sign) edges of the box. The width

of the box is defined as ΔE ¼ Eþ − E− ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

χ −m2
ϕ

q
,

while the center is given by E0 ¼ ðEþ þ E−Þ=2 ¼ mχ=2.
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V. EXPECTED FLUX FROM DM ANNIHILATING
TO LLLMS FROM DSPHS

In this section, we study the expected flux from our targets
following Eq. (11) for mχ ≫ mϕ. Figure 2 illustrates the
variation of gamma-ray differential flux from DM annihila-
tion as a function of DM mass for our selected dSphs. In
Table II, we mention the values (and their associated
uncertainties) of R1=2,M1=2, rs, and ρs for all of our targets,
which are crucial to derive the flux limits presented in Fig. 2.
Here we would like to note that, throughout this paper, we
adopt the central values of theparameter sets (seeTables I and
II) to derive limits from the selected dSphs and inSec.VII,we
discuss how the uncertainty on parameter space can propa-
gate through our obtained limits. The range of DM mass is
taken from 10 to 1500 GeV, and a typical value of the DM
nucleon scattering cross section, σχn ¼ 1 × 10−30 cm2, is
adopted. It should bementioned that, as long as the condition

mχ ≫ mϕ holds, the DM-induced gamma-ray flux limits are
more or less independent of the mediator mass mϕ. With
increasingmediatormass, thewidth of the spectrum changes,
and the flux is shifted towards higher DM masses.
From the left panel of Fig. 2, we observe that for the

Sagittarius (Sgr) dSph, the expected gamma-ray flux is
stronger compared to other chosen dSphs. This is because
Sgr has significantly higher M�;tot and R�, leading to
increased DM accumulation and, consequently, a higher
DM annihilation rate compared to other dSphs such as
Draco II and Segue I. Therefore, we expect the Sgr bounds
on DM parameter space to be stronger than other dSphs.
The right plot of Fig. 2 displays how the gamma-ray flux
from Sgr dSph varies with different values of σχn. We show
the expected behavior of flux, i.e., the flux decreases with
the DM-nucleon scattering cross section. This occurs
because higher scattering cross sections result in more
efficient capture of DM by the stellar component, reducing

FIG. 2. Differential gamma-ray flux as a function of DM mass (mχ) for ten different dSphs. The left (right) plot corresponds to a fixed
(different) value of DM-nucleon scattering cross section (σχn).

TABLE II. Sample of dSphs used in this study with the median value of their associated NFW density profile
parameters. column I:M1=2 in unitM⊙ [57,58]; column II: R1=2 in (pc) [57,58]; column III: ρs in unit GeV=cm3; and
column IV: rs in unit kpc. The values of ρs and rs are computed following the expressions given in [67,75].

Source M1=2 (M⊙) R1=2 (pc) ρs (GeV=cm3) rs (kpc)

Draco II < 5.34 × 105 16.01þ3.60
−3.51 < 44.13þ30.19

−13.57 0.08þ0.02
−0.02

Segue I 2.45þ2.06
−1.39 × 105 19.51þ3.38

−3.13 11.69þ20.45
−7.41 0.09þ0.01

−0.01
Sagittarius 1.88þ0.30

−0.26 × 108 1565.80þ133.09
−126.16 0.02þ0.01

−0.01 7.83þ0.66
−0.63

Hydrus I 3.50þ1.43
−1.13 × 105 52.42þ5.33

−5.55 0.86þ0.67
−0.36 0.26þ0.03

−0.03
Reticulum II 4.30þ2.46

−1.85 × 105 36.46þ5.25
−5.61 3.17þ4.18

−1.57 0.18þ0.03
−0.03

Ursa Major II 3.83þ1.82
−1.44 × 106 92.06þ7.40

−7.03 1.72þ1.24
−0.79 0.46þ0.03

−0.03
Carina II 8.12þ5.79

−4.06 × 105 76.51þ7.69
−7.72 0.64þ0.82

−0.33 0.38þ0.04
−0.04

Bootes II 2.52þ3.19
−1.84 × 105 32.99þ5.01

−5.03 2.51þ6.05
−1.85 0.16þ0.02

−0.02
Willman I 2.90þ1.59

−1.13 × 105 19.97þ4.51
−4.12 13.04þ17.78

−7.28 0.09þ0.02
−0.02

Coma Berenices 1.07þ4.22
−3.46 × 106 54.94þ4.12

−4.19 2.278þ1.42
−0.93 0.27þ0.02

−0.02
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the available annihilation rate and, hence, the resulting
gamma-ray flux.

VI. BOUNDS ON THE DM SCATTERING
CROSS SECTION WITH DSPHS STARS

FROM FERMI-LAT DATA

The objective of this paper is to derive the constraints on
DM parameter space using Fermi-LAT flux upper limits
from the direction of our selected dSphs. In Sec. III we
present the bin-by-bin differential flux upper limits (Fig. 1).
We perform the binned likelihood analysis by defining the
total likelihood function Li;j for ith dSph at the jth energy
bin which can be written as

Li;j ¼ e−Nexp

Y
j

λnj i;j
nj!

; ð15Þ

where nj denotes the measured number of counts while
Nexp is the total number of expected counts from the source
model, including signal and background predictions, and
for each dSph the expected count in jth bin is labeled as λi;j.
Now for a given DM mass, we calculate the expected flux
from dSphs using Eqs. (11) and (14) for box-shaped
spectrum and then compare this flux with the Fermi-
LAT upper limits shown in Fig. 1 following Eq. (12).
We obtain the bounds on DM annihilation rate Γann which
eventually get translated into the DM parameter space
(mχ − σχn) in Fig. 3 corresponding to R� and M�;tot values
of each dSphs (Table I).
We also perform the stacked analysis using the joint

likelihood method (Ljoint ¼
Q

i Li). In Fig. 3, the stacked

constraints are shown in a dashed red color curve. As
expected from Fig. 2, in Fig. 3 we similarly observe that the
strongest bound on the DM-nucleon scattering cross
section comes from Sgr dSph.
We find that the scattering cross section of DM with

nucleon can be probed as stringent as ∼10−33 cm2 from the
stacked limits. In our study, we assume the equilibrium
hypothesis between the DM capture rate inside the dSphs
stellar population and the annihilation rate to obtain the
most stringent limits in a conservative approach. Our
relatively weak constraints on the scattering cross section
compared to other astrophysical sources [84] stem from the
shallower gravitational potential wells of dSphs. This
results in lower DM densities within the stellar bodies,
reducing the capture rate and the subsequent annihilation
signal. Nonetheless, these galaxies remain invaluable
targets due to their low background contamination and
the unique insights they provide into DM interactions.
To improve the bounds on the DM-nucleon scattering

cross section, future telescopes with higher sensitivity to
gamma rays and broader energy coverage, such as the
Cherenkov Telescope Array (CTA) [85], will play a pivotal
role. These instruments will enable deeper and more precise
observations of dSphs, providing critical data to refine our
constraints. Additionally, the application of the Sommerfeld
enhancement (SE) [86], which accounts for the velocity-
dependent amplification of the DM annihilation rate at low
velocities, can offer a promising avenue for tightening our
current bounds. This effect is particularly relevant for dSphs,
where DM particles are expected to have low velocity
dispersions, making them an ideal environment for probing
this phenomenon. Following this motivation, in the later
section, we examine how the SE can impact and improve
our current bounds obtained from this model-independent
approach.

VII. EFFECT OF ASTROPHYSICAL
UNCERTAINTIES

In this section, we assess the impact of observational
uncertainties in key physical parameters on the predicted
gamma-ray flux and the resulting constraints on the DM-
nucleon scattering cross section. This is particularly rel-
evant, as such uncertainties propagate into the inferred dark
matter density profiles. We consider the Sgr dSph as a
representative case, given that it yields the most stringent
bounds on σχn among the ten dSphs studied. Although
similar analyses can be performed for the remaining targets,
Sgr dominates the stacked constraint, with the next most
constraining system, Carina II, producing limits that are
approximately Oð4–5Þ times weaker (see Fig. 3). We
therefore restrict our analysis to Sgr to estimate the
potential impact of parameter uncertainties on the final
results. This issue is revisited in the discussion section.
From Eqs. (3) and (11), we understand that the gamma-

ray fluxes from DM annihilation are subject to uncertainties

FIG. 3. Upper limits on DM mass versus DM-nucleon scatter-
ing cross section from individual dSphs and from combined all
dSphs (stacked) using the Fermi-LAT data.
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on account of the errors in determining the astrophysical
parameters d (heliocentric distance), ρs (characteristic
density), and rs (scale radius). The values of ρs and rs
are computed from analytical expressions given in
Refs. [67,75] which in turn depend upon R1=2 (half-light
radius) and σl:o:s (velocity dispersion). Thus, the main
source of uncertainties in the flux comes from ambiguity
in the determination of d; R1=2, and σl:o:s. Using the central
values for these dSph parameters, the bounds on σχn are
displayed in Fig. 3. Here, we first study the effect of
individual uncertainty by varying one parameter at a time.
To this end, in Fig. 4, we present the possible uncertainties in
the DM-induced gamma-ray fluxes as a consequence of
ambiguities in d [Fig. 4(a)], σl:o:s [Fig. 4(b)],R1=2 [Fig. 4(c)],

and combining all three contributions [Fig. 4(d)]. We fix
σχn ¼ 1 × 10−32 cm2 for all of the plots in Fig. 4 and the
relevant parameters of Sgr dSph are varied within their 1σ
uncertainties mentioned in Tables I and II. In all plots of
Fig. 4, the standard gamma-ray fluxes (shown in red color
curves) are computed using the central values of the dSph
parameters. For simplicity and in the absence of adequate
information, we assume no correlations among these three
parameters. We notice from Fig. 4(b) that the error in the
dispersionvelocity σl:o:s has the least effect on the gamma-ray
fluxes, while the actual uncertainty band, which is a
combination of all three contributions and presented in
Fig. 4(d), shows 5–8 times uncertainty in the fluxes from
the central values (red color curve). It should also be noted

(a) (b)

(c) (d)

FIG. 4. Effect of individual and combined astrophysical uncertainties on DM annihilation fluxes from Sgr dSph. The uncertainty on
the fluxes can originate from the observational uncertainties on the measurement of dSph parameters (a) d, (b) σl:o:s, and (c) R1=2. The
variations on these dSph parameter values will affect the rs and ρs values used in the dSph DM profile [Eq. (3)].
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that, due to the large relative error in R1=2 measurement, this
parameter contributes more to the flux uncertainty and,
hence, should be measured more precisely. Finally, we
propagate the uncertainty in the DM-induced gamma-ray
fluxes into the DM-nucleon scattering cross section σχn and
the result is displayed in Fig. 5 in the σχn −mχ plane for Sgr
dSph. The bounds shown in red color correspond to the case
where central values of dSph parameters are used, while the
band between green and black color represents themaximum
possible uncertainty in the constraints for Sgr dSph. From
Fig. 5 we observe that the maximum error in the bounds on
σχn can be of Oð1Þ.

VIII. EFFECT OF SOMMERFELD
ENHANCEMENT ON SCATTERING CROSS-

SECTION UPPER LIMITS

In this section, we study a scenariowhereDMannihilation
occurs through LLLMs, incorporating the Sommerfeld
enhancement (SE), first introduced by Arnold Sommerfeld
in 1931 [86], into the DM annihilation cross section. This
effect refers to the fact that, in the presence of long-range
attractive potential, the annihilation cross section of non-
relativistic DMparticles is significantly enhanced, leading to
a larger observational signal. The Sommerfeld effect is more
pronounced at low relative velocities (Sommerfeld factor
∝ 1=velocity) and dSphs are considered some of the best
targets to observe such phenomena because the relative
velocities of DM particles in dSphs tend to be much lower
than other astrophysical objects such as galaxy clusters or
Milky Way [22,87].
It should be noted that the effects of the SE depend upon

the nature of the force carrier [45,88] as the annihilation

cross section and, hence, the Sommerfeld factor would be
different for different force carriers. In Refs. [30,49,89,90],
for instance, the mediator is a vector gauge boson (dark
photon model) which gives neutrino as DM signal.
However, the decay of a vector boson directly into two
gamma-ray photons is forbidden [30], i.e., if ϕ is a dark
photon, ϕ → γγ is prohibited. We, therefore, adopt a very
simple model in order to get gamma-ray flux from the
decay of the mediator ϕ along with the inclusion of the SE.
For the DM model considered here, we assume that the

DM particles experience a long-range force mediated by an
LLLM, ϕ, before they undergo self-annihilation into the
same mediator ϕwhich later decays to produce a detectable
gamma-ray signal. So, in this very simplified model, we
have the same mediator ϕ that induces the Sommerfeld
effect as well as provides a box-shaped spectrum due to
DM annihilation via LLLM. Under this assumption, the
SE-induced annihilation cross-section rate [hσannviS] can
be expressed as the product of the Sommerfeld factor
and the Born-approximated annihilation cross section
[hσannviBorn], as shown below [20]:

hσannviS ¼ hσannviBornhSswavei; ð16Þ

where hSswavei denotes the thermally averaged SE factor for
s wave and we consider ϕ as a scalar particle that may
eventually decay into two gamma photons. Another
important assumption we make to maximize the gamma-
ray flux is that the DM particle is also a scalar [91,92].8 In
that case, the thermally averaged annihilation cross section
at the tree level (for scalar DM interacting with a scalar
mediator) is given by [95]

hσannviBorn ¼
πα2χε

4
ϕ

4m2
χ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ε2ϕ

q
ð1 − ε2ϕ=2Þ2

; ð17Þ

where εϕ ¼ mϕ=mχ and αχ ¼ g2χ=4π represent the dark fine
structure constant with gχ being the gauge coupling of the
long-range force mediated by ϕ. The enhancement factor
for s-wave thermally averaged annihilation can be
expressed as [96,97]

hSswavei ¼
Z

Sswaveðe−v2=2v20Þ
ð2πv20Þ3=2

d3v; ð18Þ

where the DM velocity inside the object is v0 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2T⋆;c=mχ

p
. In our dSphs analysis, we use T⋆;c∼

30000K∼2.59×10−9 GeV [98]. The s-wave SE factor

FIG. 5. Effect of astrophysical uncertainties on the DM-nucleon
scattering cross-section bounds from Sgr dSph. The black (green)
limits correspond to the case where upper (lower) flux values are
used, considering the uncertainties (1σ) in dSph parameters.

8Although we have focused on the scalar DM case for SE, a
fermionic scenario can also be considered; see, e.g., [54,93,94].
However, the main issue is that, for a fermion, the χχ → ϕϕ
annihilation process suffers from p-wave suppression reducing
the gamma-ray signal from dSphs. We plan to consider such cases
in future work.
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(Sswave) can be derived analytically by approximating the
Yukawa-type long-range interaction for nonzero mediator
mass to the Hulthén potential and is given by [88,96,97,99]

Sswave ¼
π

β

sinh 2πβζ

cosh 2πβζ − cosð2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ζ − β2ζ2

p
Þ
; ð19Þ

where β ¼ v=ð2αχÞ and ζ ¼ 6αχmχ=ðπ2mϕÞ.
We compute the total annihilation rate, i.e., Γann, and

thereby the annihilation flux of gamma rays in the presence
of SE by employing equations from (16) to (19)
and Eq. (10). Next, we determine the value of αχ by
fixing the annihilation rate at freeze-out as hσannvi ¼ 2.2 ×
10−26 cm3=s [79] to satisfy the DM thermal relic density
Ωχh2 ¼ 0.12 which implies

αχ ¼
�
0.097
ε2ϕ

��
mχ

TeV

�
: ð20Þ

In Fig. 6 we demonstrate the Sommerfeld enhanced
gamma-ray flux for Sgr dSph as a function of DM mass
for different values of scattering cross section, σχn. The left
(right) plot corresponds to the mediator mass mϕ ¼
5.0ð100.0Þ MeV. The wiggles in Fig. 6 represent the usual
nature of the SE. We observe that the flux is getting
significantly enhanced due to the Sommerfeld effect (com-
pare Figs. 2 and 6). Moreover, we also notice a slight
dependence of gamma-ray flux on the mediator mass mϕ.
We then compute the bounds on DM scattering cross section
as a function of DM mass following the same approach
mentioned in Sec. VI using Fermi-LAT upper limits derived
in Fig. 1. The results are furnished in Fig. 7 for both
individual dSph and stacked analyses.

From Fig. 7, it is evident that the inclusion of the SE
significantly strengthens the constraints, improving them
by nearly 3 to 4 orders of magnitude compared to the case
without SE (Fig. 3). The current limits reach ∼10−36 cm2

for DM masses around 100 GeV. This happens due to the
presence of long-range attractive interaction of DM par-
ticles mediated by LLLMs; the equilibrium timescale
reduces significantly, increasing the DM annihilation flux
to its maximum value. It is to be noted that with the increase
of the mediator mass from mϕ the bounds become better to
some extent. Similar observations have been shown in
Fig. 6 of Ref. [49]. We also notice the rapid oscillations in
Fig. 7 which is a well-known feature of the SE due to the
formation of bound (or resonancelike) states.
In Fig. 8, we compare our results, both with SE and

without SE, to the limits reported by various direct detection
[103–105] and astrophysical observations [47,50,84,106].
Our limits are far above those reported by underground direct
detection experiments by CDMS II [103], PICO 60 [104],
and DEAP 3600 [105]. Moreover, we also plot the limits
from other astrophysical studies performed on Galactic
Center (GC) stars [84], GC population of brown dwarfs
(BDs) [50], white dwarfs (WDs) [106], and Jupiter [47]. We
notice that for DM mass around 10–20 GeV, our limits are
comparable to those obtained from BDs, and for higher DM
masses (> ∼500 GeV) stacked dSphs bounds are stronger
than Jupiter. Although the resulting bounds on DM-nucleon
interactions derived from dSphs are weaker compared to
those obtained from direct detection experiments or more
massive compact objects like BDs and WDs, they offer the
advantage of being cleaner, and relatively free from signifi-
cant astrophysical backgrounds. Furthermore, investigating
the DM capture rate within the stellar populations of dSphs
complements traditional indirect DM searches in these

FIG. 6. Effect of SE on DM annihilation flux from Sgr dSph. The left (right) plot corresponds to the mediator mass
mϕ ¼ 5.0ð100.0Þ MeV. The rapid oscillation in the flux is a distinctive feature of the Sommerfeld effect owing to the formation
of bound states near the threshold in the presence of attractive potential [22,100–102].
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galaxies [7,107], thereby enhancing the comprehensive
exploration of DM properties.

IX. CONCLUSION AND DISCUSSION

This paper investigates the DM signal from nearby
dSphs (< 50 kpc distance), considering a phenomenologi-
cal framework in which DM particles first capture within
the stars inside dSph and subsequently annihilate into LLL

mediators. The mediator will later decay into gamma rays
that can be detected by gamma-ray telescopes such as
Fermi-LAT. For this, we have analyzed nearly 16 years of
data from Fermi-LAT to look for the gamma-ray emission
from the selected dSphs and present the observed limits in
Fig. 1. In the absence of any excess signal, we estimate the
95% CL conservative upper limits on DM-nucleon scatter-
ing cross section (σχn) as a function of DM mass (mχ).
We find that Sgr dSph provides the best limits among all

other dSphs considered in this work, and the stacked limits
can be as low as ∼10−33 cm2. Since our goal is to estimate
the maximum possible upper limits expected from dSphs
while exploring the two-step (cascade) process of DM
annihilation into gamma photons, we assume that equilib-
rium is achieved between DM capture and annihilation.
This maximizes the rate at which captured DM annihilates
into mediators, making our bounds conservative. However,
the equilibrium timescale is somewhat larger than the actual
age of the dSphs, and the bounds might get weakened if the
above-mentioned assumption is relaxed.
In the later part of this work, a particular model has been

considered where both DM and the mediator are scalar
particles. This further allows us to explore an interesting
phenomenon, SE, in which, owing to the presence of long-
range attractive potential sourced by the scalar mediators,
the DM annihilation cross section and, hence, the detection
prospects of such DM candidates enhance significantly.
This is particularly important when the DM dispersion
velocity is low, as in the case of dSphs. We show the
resonancelike features of the SE in the DM-induced
gamma-ray flux in Fig. 6 that are also reported in [49].
We notice that the effect of the mediator mass, mϕ, on the
gamma-ray flux is not very significant, and it changes only

FIG. 7. Upper limits on DM-nucleon scattering cross section as a function of DM mass including the SE using the Fermi-LAT data.
The left (right) plot corresponds to the mediator mass mϕ ¼ 5.0ð100.0Þ MeV.

FIG. 8. Comparison between the bounds obtained from dSphs
in this work with those already available in the literature. We
also display the direct detection constraints on spin-independent
DM-nucleon cross sections from different experiments such as
CDMS II [103], PICO 60 [104], and DEAP 3600 [105], and the
indirect detection bounds from other astrophysical objects are
adapted from Refs. [47,50,84,106].
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by a factor of a few. We then derive the upper limits on DM-
nucleon scattering cross section in the presence of SE
following a similar approach as mentioned in Sec. VI. As
expected, the limits are significantly improved for Sgr dSph
(and also for the stacked limit) with the inclusion of the SE.
Our study also highlights the impact of observational

uncertainties in key astrophysical parameters on the
gamma-ray flux from DM annihilation in dSphs. Using
Sgr as a representative case, we find that variations—
especially in the half-light radius R1=2—can lead to
significant shifts in the derived limits on the DM-nucleon
scattering cross section, with uncertainties reaching up to
Oð1Þ. This underscores the need for more precise kinematic
and structural measurements of dSphs to strengthen indirect
DM searches. Although the uncertainty analysis was
performed for the case without SE, similar conclusions
are expected in its presence, as the SE factor hSswavei [see
Eq. (18)] does not depend on the dSph parameters d, R1=2,
or σl:o:s, and is thus largely free from astrophysical
uncertainties. Therefore, we expect an average error of
Oð1Þ in the limits on σχn for both SE and no SE cases.
Finally, the bounds on the DM-nucleon cross section

derived in this work are compared to those available in
other studies as illustrated in Fig. 8. The constraints shown
in Fig. 8 remain much weaker than those reported by
underground direct detection experiments. Even in the
presence of SE, the sensitivity obtained in the present
analysis is several orders of magnitude above the current
best experimental limits (say at 100 GeV, σχn < 10−46 cm2

[108,109]). On comparison with the bounds from other
celestial objects, we see that the stacked dSphs upper limits
(in the presence of SE) are stronger than Jupiter [47] for the
DM masses above ∼500 GeV and comparable to the BDs
limits [50] for masses in the 10–20 GeV range. We also
note that the direct detection bounds from various experi-
ments represent the model-independent limits whereas the
Sommerfeld enhanced constraints on σχn derived in this
work are model dependent. Other model-independent
bounds on the DM parameter space come from the cosmic
structure formation which mainly rely on DM-nucleon
scattering and not on the details of the particle nature of
DM. A few related works on the study of DM interactions
from structures formation are; limits from Lyman-alpha
forest observations [110], abundance of MilkyWay satellite
galaxies [111–113], and cosmic microwave background
(CMB) measurements [114,115]. However, all of these
bounds are more than 2 orders of magnitude weaker in the
GeV-TeV mass range than the ones obtained in this work.
Indeed the structure formation limits on σχn are very
significant for the light (sub-GeV) DM scenarios where
direct detection experiments have limited sensitivity. In this
regard, we want to highlight that, even though dSphs are
weaker than other current studies to capture DM, they
provide a relatively cleaner environment due to the lack of
gas and minimal astrophysical backgrounds. These results

contribute to a broader understanding of DM properties,
offering constraints that avoid some of the systematic
uncertainties inherent in direct detection experiments and
complement existing astrophysical bounds. Together, these
findings underline the value of multifaceted approaches to
probing the elusive nature of DM and its interactions.
To the best of our knowledge, this study represents one

of the first attempts to probe the stellar component of dSphs
to investigate the DM capture rate. By adopting a dual
approach of both model independent and model dependent
(incorporating the SE effect), our analysis offers a com-
prehensive framework for constraining the DM nucleon
scattering cross section. This novel perspective sheds light
on the potential role of stellar bodies within dSphs as
complementary probes of DM interactions, emphasizing
their significance alongside other astrophysical sources.
Our study also points to a new and alternative avenue for

exploring DM phenomena in dSphs, particularly by high-
lighting the importance of incorporating velocity-depen-
dent effects, such as the SE, to refine existing bounds.
Future telescopes with enhanced sensitivity, such as the
CTA, and advancements in stellar modeling are expected to
provide critical improvements in the accuracy of DM
capture rate estimations. Furthermore, the framework
established in this work underscores the value of low-
velocity environments in DM studies, offering a fresh
perspective on the interplay between stellar populations
and DM annihilation. These insights pave the way for a
more holistic understanding of DM behavior across diverse
astrophysical settings.
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