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Abstract: The recently discovered satellite dwarf galaxy Ursa Major III provides a promising opportunity to ex-
plore the signatures resulting from dark matter (DM) annihilation owing to its proximity and large J-factor. Given
the absence of an excess of y-ray signatures originating from Ursa Major III, observations of y-rays, such as those
from Fermi-LAT, can be utilized to set constraints on the DM annihilation cross-section. In this study, we determ-
ined the DM density profile and considered the relationship between DM density and velocity dispersion at different
locations within Ursa Major III through Jeans analysis. We calculated the J-factor of Ursa Major III for s-wave anni-
hilation along with the effective J-factors for p-wave and Sommerfeld enhanced annihilation scenarios. Employing
these derived J-factors, we set stringent constraints on DM annihilation cross-sections in three scenarios. Given the
substantial impact of member star identification on the J-factor of Ursa Major III, we further calculated J-factors un-
der the exclusion of the largest velocity outlier. Our analysis reveals a notable reduction in the median value and an
increase in the deviation of J-factors, thereby leading to considerably weaker constraints.
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I. INTRODUCTION

Weakly interacting massive particles (WIMPs) [1-3]
constitute a popular candidate for cold dark matter (DM).
The current abundance of WIMPs can explain the ob-
served DM relic density in the thermal freeze-out scen-
ario. The annihilation of WIMPs can directly or indir-
ectly produce y-rays. These y-rays are expected to be pre-
dominantly generated in regions with high DM densities
and can be detected by satellite and terrestrial experi-
ments.

Dwarf spheroidal galaxies (dSphs) have long been re-
garded as promising targets for detecting such signatures.
This is attributed to their proximity, high DM densities,
and absence of conventional astrophysical y-ray sources
[4, 5]. These characteristics make dSphs ideal candidates
for probing DM signatures. While significant signatures
have not yet been detected, studies in the literature have
provided valuable constraints on the DM annihilation
cross-section [6—27]. These constraints primarily rely on
the profile and proximity of the discussed dwarf spher-
oidal halos, characterized by an integrated parameter
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known as the J-factor. Some dSphs exhibit high DM
density and close proximity, with J-factors that notably
surpass those of others, therefore playing a crucial role in
shaping the constraint. The recently identified Ursa Ma-
jor III/ UNIONS 1, located at a heliocentric distance of
~10kpc and unveiled by the Ultraviolet Near Infrared
Optical Northern Survey [28, 29], emerges as a potential
candidate for such a dSph.

Ursa Major I[II/UNIONS 1 contains an old and metal-
poor stellar population. If this system is a self-gravitating
star cluster, the galactic tidal field would disperse it with-
in approximately 0.4 Gyr. The detection of Ursa Major
III/UNIONS 1 in this scenario can be viewed as an acci-
dental event, providing a unique window into its final or-
bital path around the Milky Way. If this observation is
not a mere coincidence, it would necessitate the presence
of a DM halo with a mass of ~ 10°M,, thus rendering the
system a remarkably close dSph [28]. In the context of
this paper, we refer to this system as dSph Ursa Major III
hereafter.

Despite the relatively lower mass of its DM halo in
comparison to other massive dSphs, the close proximity
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of Ursa Major I1I makes it a notable source of gamma-ray
emissions resulting from DM annihilation, leading to a
potentially large J-factor. By applying the analytic for-
mula incorporating the heliocentric distance, projected
half-light radius, and line-of-sight velocity dispersion of
the dSph [30, 31], the J-factor within 0.5° of the Ursa
Major III center is estimated to be on the order of
~10%" GeV?s™ [28, 32]. For comparison, the J-factors of
conventional dSphs rarely exceed 10 GeV?s™.

The remarkable J-factor of Ursa Major III highlights
its potential to impact the constraints on DM annihilation
significantly. Utilizing 15 years of Fermi-LAT data from
Ursa Major 111, the authors of Ref. [32] have established
notably more stringent constraints on velocity-independ-
ent DM annihilation cross-sections compared to previous
constraints derived from observations of other dSphs.
Given that DM particles exhibit different velocity disper-
sions in diverse astrophysical systems, their annihilation
cross-sections may also exhibit significant variations in
velocity-dependent annihilation scenarios. Consequently,
the J-factors and corresponding constraints on the local
DM annihilation cross-section derived from observations
of dSphs necessitate adjustments [33—45]. In this context,
in addition to investigating the conventional velocity-in-
dependent s-wave annihilation scenario, we explored the
implications of velocity-dependent annihilation  pro-
cesses by incorporating the observations of Ursa Major
II1. The corresponding effective J-factors for velocity-de-
pendent annihilation should encompass information about
the DM velocity distribution [34—45]. To elucidate the re-
lationship between the DM annihilation cross-section and
velocity dispersion at different spatial positions, we can
determine the DM density profile and resolve the DM ve-
locity dispersion through Jeans analysis [36].

In this study, we employed the Markov Chain Monte
Carlo (MCMC) toolkit GreAT, which is integrated with-
in the CLUMPY package [46], to conduct a Jeans analys-
is. This framework allowed us to derive the DM density
profile of Ursa Major III by incorporating the current res-
ults from stellar kinematic observations. Based on the
DM profiles derived from the Jeans analysis, we determ-
ined the J-factor for s-wave annihilation, alongside the ef-
fective J-factors for p-wave annihilation and Sommer-
feld-enhanced annihilation in the Coulomb limit. The ef-
fective J-factors derived from this analysis have import-
ant applications in specific scenarios, allowing us to es-
tablish constraints on velocity-dependent DM annihila-
tion.

It is worth noting that the aforementioned large J-
factor of Ursa Major 11l was estimated through an analys-
is encompassing 11 member stars. Upon the exclusion of
the largest velocity outlier, the intrinsic line-of-sight velo-
city dispersion experiences a notable reduction from
3.7714 km/s to 1.9%} km/s [29]. Consequently, a wide J-
factor range spanning approximately 10" —10%

GeVZecm™ was derived in Ref. [28]. To provide a com-
prehensive analysis, we further determined the DM pro-
files and J-factors through Jeans analysis under the exclu-
sion of the largest velocity outlier. This comparative ap-
proach shows the influence of the identification of mem-
ber stars on the DM profile and associated J-factor calcu-
lations for Ursa Major II1.

This paper is organized as follows. In Sec. II, we in-
troduce the Jeans analysis methodology employed to as-
certain the DM density profile of Ursa Major III. In Sec.
111, we present the J-factor for velocity-independent anni-
hilation and the effective J-factors for two velocity-de-
pendent annihilation processes. We set constraints on DM
annihilation cross-sections based on results from Fermi-
LAT. In Sec. IV, we calculate the J-factors under exclu-
sion of the largest velocity outlier. Finally, Sec. V in-
cludes discussion and conclusions.

II. JEANS ANALYSIS

In this study, we conducted a Jeans analysis to derive
the DM density profile of Ursa Major III. The dynamics
of a stellar system under the influence of a gravitational
field are governed by the Jeans equation, which is de-
rived from the collisionless Boltzmann equation. Assum-
ing spherical symmetry, a steady-state system, and negli-
gible rotational support, the second-order Jeans equation
is simplified to [47]

1 d

3 GM(r)
v(r) dr ’

[V(r)o2]+2 "

(D

ﬁani(r)a—% _
r

where G denotes the gravitational constant, v(r) repres-
ents the three-dimensional stellar number density, o2 is
the radial velocity dispersion of stars in dSphs, M(r) is
the enclose mass given by M(r) =4n forpDM(s)szds, and
Bai(r) = 1—=02/0? denotes the stellar velocity anisotropy,
which depends on the ratio of tangential to radial velo-
city dispersions. The use of the DM mass density ppy in
the enclose mass, instead of the total mass density profile,
is motivated by the minor contribution of the stellar com-
ponent in comparison to the DM halo.

The solution to the above Jeans equation can be ex-
pressed as

ds, 2)

GM(s)
§2

1 (oo
w(r)o? = m/ A(s)v(s)

where A(r) =4, eXp[f,rI 2B.ui(t)df]. Here, mute parameter
r1 only results in a normalization factor that cancels out
in Eq. (2) [48]. Note that only the two-dimensional pro-
jected stellar number density and line-of-sight velocity
dispersion are commonly provided by astrophysical ob-
servations. Consequently, the Jeans equation must be ad-
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apted to account for these two-dimensional observations,
leading to a solution given by

R*] v(r)o?r

) o
U?,(R) = @/R {1 —ﬁam(")?} ﬁdr’ 3)

where I(R) represents the projected light profile, specific-
ally surface brightness, and o ,(R) denotes the projected
velocity dispersion corresponding to projected radius R.

In this study, we adopted the NFW profile [49] to
model the DM halo, which is expressed as

Ps
2 b
r (1 . L) )
s s

where normalization p, and scale radius r, are treated as
free parameters in the MCMC analysis. Furthermore, an-
isotropy parameter B,,; in Eq. (3) is also taken as a free
parameter. To derive o,(R) from Eq. (3), I(R) must be
determined.

The authors in Ref. [29] estimated the surface bright-
ness of Ursa Major III by assuming that its member stars
are distributed according to an elliptical and exponential
radial surface density profile, including constant field
contamination. The profile is given by

1.68? (—1.68r)
Stars — N 5 5
Poan =N g P\, )

PpMm =

with elliptical radius

1
"= {m [(x—xo)cos&—(y—yo)sinﬂ2

+ [(x—xo)sin9+(y—y0)cosﬂ}2}2, (6)

where € represents the ellipticity, 9 is the position angle
of the major axis, half-light radius r, corresponds to the
length of the semi-major axis, N is the number of stars in
the system, and (x,y,) denotes the central coordinates of
the profile. The authors provided surface brightness by
reporting the median values of these parameters along
with their 1o deviations. Using these results, we can es-
timate the averaged surface brightness at various radii
from the galaxy center.

Projected light profile I(R) can be obtained by fitting
this surface brightness to an exponential model [50]:

I(R) = Iyexp (—?) N

c

The best fit is achieved for I, = 2.58 x 10° stars/kpc® and

r. =1.52x 1073 kpc. We show this best-fit profile in com-
parison with the averaged surface brightness derived from
the results given by Ref. [29] in Fig. 1.

The kinematic data required for the Jeans analysis in-
clude the coordinates and line-of-sight velocities of the
stars, along with their corresponding errors for each indi-
vidual. In classical dSphs with substantial stellar popula-
tions, a considerable proportion of stars exhibit their
membership status, neither definitively belonging nor ex-
cluded from the galaxy. Consequently, incorporating
membership probabilities for each star is crucial. For ul-
trafaint dSphs, distinguished by a limited number of
member stars, observations often provide binary classific-
ations (P;=0 or P;=1) for individual stars. Ursa Major
III is an ultrafaint dSph, containing only 11 identified
member stars with velocity measurements. It is worth
noting that excluding the largest velocity outlier from the
11 members, despite having a membership probability of
1, leads to a substantial reduction in the intrinsic velocity
dispersion [29]. In our Jeans analysis, these 11 member
stars served as the primary dataset for determining the
DM density profile of Ursa Major III. In Sec. IV, we dis-
cuss the implications of excluding the aforementioned ve-
locity outlier star.

With given parameters r,, p,, and B, the projected
velocity dispersion o ,(R) of an individual star at projec-
ted radius R can be calculated by Eq. (3). The unbinned
likelihood function is expressed as

exp < 1 (v—») ) "

N - 7

202(R) + A2

Lunbin = H g l (8)
i=1 27T [O'?,(R,)"'Ag‘]

where v; represents the velocity of the i-th star, A,, de-
notes the uncertainty in the velocity measurement, and P;
indicates the membership probability for each star. The

I 1 Ursa Major lll ——
108 L1 I 1 I I Exponential
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Radius(kpc)
Fig. 1.  (color online) Stellar density of Ursa Major III. The

blue solid line represents the best fit resulting from the expo-
nential model.
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line-of-sight velocity is assumed to follow a Gaussian
distribution, with v denoting the mean velocity of the dis-
tribution. The observational data for R;, v;, and A,, of in-
dividual stars are taken from Table 3 in Ref. [29].

The MCMC method was used to infer the posterior
probability distributions of the parameters from the obser-
vational data. Following the principles of the Bayes' the-
orem, the posterior probability of a set of model paramet-
ers 6 given data D is expressed as P(§|D) xP(D|§)P(§),
where P(D|f) = £(6) represents the likelihood function,
and P(0) is the prior probability of the model parameters.
We set uniform prior probabilities for parameters
log,o(0s), log,y(rs), and Bu. The prior ranges for p, ry,
and B, were [10°,10'3] My/kpc®, [1072,10] kpc, and [-9,
1], respectively.

To solve the spherical Jeans equation and perform a
MCMC analysis, we used the MCMC toolkit GreAT, in-
tegrated within the CLUMPY package [46]. When deal-
ing with kinematic data presented as line-of-sight velocit-
ies for individual stars, the unbinned likelihood method
within the CLUMPY package is a better choice. This
method offers a distinct advantage over the binned likeli-
hood approach by mitigating uncertainties associated
with both the observed velocity dispersion and radius.

We employed the Metropolis-Hastings algorithm [51]
to generate eight independent MCMC chains, each con-
sisting of 10* iterations. More than 6000 DM density pro-
files with parameters following the posterior probability
distribution were obtained. For each DM density profile,
we calculated the J-factors for Ursa Major IlII, including
both the traditional J-factor for velocity-independent DM
annihilation and effective J-factors for velocity-depend-
ent annihilation scenarios. Using the derived DM density
profiles, we calculated the median values along with their
associated deviations for the J-factors. These values were
used to establish constraints on the DM annihilation
cross-section based on y-ray observations, as explained in
the subsequent section.

In various DM indirect search methodologies, the DM
source is often treated as a point source. In such in-
stances, the parameters of the density profile may exhibit
degeneracy within the source term, leading to their uncer-
tainties being reflected in the uncertainty of the J factor.
Alternatively, if the DM source is extended or the posi-
tional information cannot be easily integrated out in the
source term, one can directly utilize the derived DM
densities profiles to set constraints on the DM properties.

As an example, we present the statistical results of the
DM density at various radial distances from the center in
Fig. 2. Given a specific radius R, we computed the DM
densities based on the derived DM density profiles, and

10"

Median

~ 68%Cls — —

p(Mgkpc?)

107 F N

106 L L L

107 107 1072 107" 10°
R(kpc)

Fig. 2.  (color online) Statistical results of the DM density

within Ursa Major III. The solid line represents the median

value, while the dashed lines correspond to the 68% Cls.

determined the median value along with its correspond-
ing deviation. The solid line denotes the median value of
the DM density at the specific radius, while the dashed
lines represent the 68% confidence intervals (Cls). Not-
ably, for DM densities at small radii (below 0.1 kpc), the
upper and lower bounds of the 68% CI band are approx-
imately double and half the median values, respectively.

III. EFFECTIVE J-FACTORS AND
CONSTRAINTS ON DM ANNIHILATION

We assume that the DM annihilation cross-section
can be modeled as

OV =a-F(ve) =a- (vt /0)", ©

where v, = [v; — v5| represents the relative velocity of two
annihilating DM particles. In our analysis, we considered
three specific values of n: (i) n =0, corresponding to s-
wave velocity-independent annihilation, (ii) n = 2, corres-
ponding to p-wave annihilation, and (iii) n = —1, corres-
ponding to Sommerfeld-enhanced annihilation in the
Coulomb limit [52]".
The average value of(ov) at any position is given by

(oW =a f f Fo)fon0fomndvidd,  (10)

where f(v,r) represents the DM velocity profile at posi-
tion r. We assume that the DM velocity distribution fol-
lows a standard isotropic Maxwell-Boltzmann distribu-
tion [54—57]. The DM velocity dispersion at r is determ-
ined by the Jeans equation for DM, from which the radial

1) The full Sommerfeld enhancement exhibits a complex form that depends on the DM velocity, the coupling of the interaction, and the masses of the DM and medi-
ator. Specifically, only in scenarios with very low DM velocity and a small mass ratio between the mediator and DM, the Sommerfeld enhancement would take the form
of ~ v~!. For more discussions on the Sommerfeld enhancement in dSphs, refer to, for instance, Ref. [53].
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velocity dispersion o7, of DM can be solved. These
equations have the same forms as those of Egs. (1) and
(2), except for the density, radial velocity dispersion, and
velocity anisotropy replaced by those of DM. Given the
insufficient information on the DM velocity dispersion in
dwarf galaxies, we assume that the velocity dispersion
anisotropy of DM is zero. In the non-relativistic limit,
(ov) becomes a function of » given by

2
2 1 _ el
(m=a / [ —vie P Foa)dva=a- (), (11)
. v/ Vp

where v ~ 207, .. It is evident that f(r) = 1 corresponds to
s-wave annihilation. Some examples of f(r) are shown in
Fig. 3.

We define the effective J-factor as

J= / / P2 (1) f(r)dldQ
AQ Jlo.s.

fmax o 4rrpsin Gp2 (r)
/0 9y TG ar f(r)drdo, (12)
where 0,,x is the maximum integral angle, ry. is the
maximum radius of the dSph, and d is the heliocentric
distance of the dSph. We calculated the J-factor and ef-
fective J-factors within an integral angle of 0.5° for each
obtained density profile. The statistical results derived
from all derived density profiles for the s-wave, p-wave,
and Sommerfeld-enhanced annihilation scenarios are lis-
ted in Table 1. It is evident that the J-factor and effective
J-factors of Ursa Major III are larger than those of other
dSphs, as summarized in Ref. [41].
The expression for the y-ray flux from DM annihila-
tion in an energy bin can be expressed as

102
s-wave
—  p-wave, f(r)*4.6"10° -
""" Sommerfeld-enhanced, f(r)*5.9*10
- - - ~
- ~
10" ¢ -
7
= Ve
- -
10°
_1
10 . . .
107 1072 107" 10° 10!
rlkpc]

Fig. 3. (color online) Plot of f(r)for the DM density profile
with ps =3x 108 Mg/kpc® and ry=0.8kpc for s-wave (solid
line), p-wave (dashed line), and Sommerfeld-enhanced (dot-
ted line) scenarios. Note that all lines have been normalized to
the same values at 1073 kpc.

Table 1. J-factor and effective J-factors with integral angle
0.5° for Ursa Major III.
log o J
n
(log;[GeVZem™])
0 (s-wave) 21.4“:8:;
2 (p-wave) 13.6714
-1 (Sommerfeld-enhanced) 25,31'8:2
1 dn. "
o= . / —dE, / / (ovyp*dldQ
8ampy J dE, A JlLos.
a-J dN
= 5 / - dE,, (13)
8mmpy J dE,

dN
where mpy is the DM mass and diEy is the differential y-

ray spectrum from an annihilation eyvent, which has been
reported by PPPC4DM [58, 59]. Term (v.i/c)" in Eq. (9)
is already included in factor J in Eq. (13). If n =0, then
this factor corresponds to the commonly used velocity-in-
dependent J-factor, with the constant a corresponding to
(ov). For n#0, such as n=2 or n=-1, as discussed in
this study, this factor represents the velocity-dependent
effective J-factor. In this scenario, the value of local (ov)
in the Milky Way also depends on the local velocity dis-
persion, which is typically ~ 270 km/s.

The absence of y-ray excess from Ursa Major Il in 15
years of Fermi-LAT data has been reported in both point-
source and extended-source analyses [32]. In Ref. [32],
the authors calculated the upper limits on the signature
flux by assuming a point source at the location of Ursa
Major III, and presented the corresponding likelihood
profile, which illustrates the log-likelihood for y-ray sig-
nature fluxes in the energy range between 500 MeV and
500 GeV. Using this profile, the upper limits on the DM
annihilation cross-section from Ursa Major III can be de-
termined. By setting the upper limits on the DM annihila-
tion cross-section, we incorporate the uncertainty of the J-
factor in the likelihood, which is given by

e_[lOgl()(J)_l"gl()(Jmed)]Z 207

= (D; 14
L HL( ) 0 , (14)

2o

where @; is the expected signature flux in the i-th energy
bin for @;, £; is the corresponding likelihood, and J.eq
and o are the median value and deviation of the J-factor,
respectively. The upper limits on (ov) at 95% confidence
level are determined by setting that the corresponding
log £ value decreases by 2.71/2 from its maximum value.

The upper limits on local (ov) in the Milky Way for
the bb and 7*7~ annihilation channels are shown in Fig.
4. The red lines, marked with circles, triangles, and
squares, represent the results for s-wave (n=0), p-wave
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(n=2), and Sommerfeld-enhanced (n = —1) scenarios, re-
spectively. Notably, the constraints on (ov) from Ursa
Major III are remarkably stringent for velocity-independ-
ent annihilation. These constraints directly preclude the
thermal relic annihilation cross-section for DM masses
below the TeV scale for the bb channel. This is primarily
attributed to the relatively large J-factor of this dwarf
galaxy and its proximity to Earth.

For comparison, the constraints derived from the
combination of 20 dSph observations performed by the
Fermi-LAT, HAWC, H.E.S.S., MAGIC, and VERITAS
collaborations [23], 30 dSph observations performed by
Fermi-LAT [25], and the Ursa Major III observation per-
formed by Fermi-LAT with a J-factor of J=10?
GeV*cm™ [32] are also shown in Fig. 4. In comparison to
the combined results from 20 dSphs and 30 dSphs, our s-
wave constraints exhibit stringency for DM masses be-
low O(1) TeV. For the v*7~ channel, the constraints from
20 dSphs provided by Ref. [23] are stricter above several
TeVs owing to the dominant constraints set by ground-
based detectors in this mass region. Note that the Ursa
Major III constraints reported in [32] shown in Fig. 4
were established with a fixed J-factor. Although a value
of the J-factor of J = 10*' GeV2ecm™ for those constraints
closely aligns with the median value of our J-factor, our
constraints include the uncertainties associated with the J
factor. Consequently, our constraints are less stringent
than those particular results.

In the p-wave annihilation scenario, the constraints on
the local annihilation cross-section can be relaxed by
three orders of magnitude, while in the Sommerfeld-en-
hanced scenario, the constraints can be strengthened by

-18
T
10 f—e— This work s-wave
—a— This work p-wave
—=&— This work Sommerfeld-enhanced
-20 Combined 20 dsphs
10 E- - Combined 30 dsphs 5
UrsaMajorlll with Jfactor=10%"

1 0—22

10724

<csv>(cm3 5'1)

1 0—26

1 0—28

1000

10 100
mpu(GeV)

10000

Fig. 4.

one order of magnitude. Regarding p-wave annihilation,
the constraints set in this study are comparable with those
given by [36], which were derived from three sizable ul-
trafaint dSphs. The three dSphs considered in Ref. [36],
Willma 1, Reticulum II, and Triangulum II, are character-
ized by effective J-factors of log,,J = 11+£2.3, 10.6+2.7,
and 14.4+2.3 GeV*em™ ", respectively. Despite the fact
that Triangulum II has a substantial median effective J-
factor value, the uncertainties in its kinematic observa-
tions yield a large deviation in the J-factor, thereby res-
ulting in comparable constraints with respect to those of
Ursa Major II1.

IV. IMPACT OF EXCLUDING THE LARGEST
VELOCITY OUTLIER

The preceding analysis is based on the assumption of
11 radial velocity members of Ursa Major III. However,
by excluding the largest velocity outlier, which has the
lowest radial velocity among the members, a significant
reduction in velocity dispersion is observed. Furthermore,
removing an additional outlier results in an unresolved
dispersion. The uncertainty of this measurement would
lead to substantial variations in the J-factor. In this sec-
tion, we exclude the largest velocity outlier and derive the
DM profiles based on the residual 10 members.

For this analysis, we generated eight MCMC chains,
each consisting of 10° iterations. The DM density of Ursa
Major III at varying distances from the galactic center, as
determined from 10 member stars, is shown in Fig. 5. In
comparison to Fig. 2, which incorporates data from 11
member stars, the median value in Fig. 5 is lower by one

—-18
10 T
f—e— This work s-wave
—a— This work p-wave
—&— This work Sommerfeld—enhanced
Combined 20 dsphs
F- - Combined 30 dsphs -
UrsaMajorlll with Jfactor=10'

10—20

v—;\ 10—22 i
(2] /
g - P
X 107 .
[ -
\%
10—26 i
—28 | 4
10 -
10 100 1000 10000
mpm(GeV)

(color online) Constraints on local DM annihilation cross-sections at 95% C.L. for the bb (left) and 7+7~ (right) annihilation

channels. The red solid lines marked with circles, triangles, and squares represent the results for s-wave (n =0), p-wave (n=2), and

Sommerfeld-enhanced (n = —1) annihilations, respectively. The dotted, dash-dot-dotted, and dashed lines represent the constraints de-
rived from the combination of 20 dSph observations performed by Fermi-LAT, HAWC, H.E.S.S., MAGIC, and VERITAS collabora-
tions [23], the 30 dSph observations by Fermi-LAT [25], and the Ursa Major III observation by Fermi-LAT with a J-factor of

J =10%! GeVZem™ [32], respectively.

1) The effective J-factor defined in this study is related to the C factor defined in Ref. [36] via J = C, /c? for p-wave annihilation and J = C X ¢ for Sommerfeld-en-
hanced annihilation, where ¢ represents the speed of light. These effective J-factors are consistent with those derived by other studies, that are summarized in Ref. [41].
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order of magnitude. The uncertainties for the DM densit-
ies at the 68% ClIs in this figure are noticeably expanded,
with the lower limits being particularly pronounced. As
reported in Ref. [29], excluding the star with the largest
velocity outlier diminishes the intrinsic velocity disper-
sion from 3.7} km/s to 1.9%] km/s. This suggests a
large uncertainty in the intrinsic velocity dispersion, lead-
ing to a wide range of DM density uncertainties.

After excluding the largest velocity outlier, we con-
ducted a Jeans analysis for the remaining 10 member
stars, obtaining log,,J = 17.723 GeV*cm™ for the s-wave
velocity-independent scenario. This median value is not-
ably lower than that obtained for 11 member stars, and
the associated deviation is significant larger. The J-factor
calculated in this analysis is notably smaller than the
range of ~ 10" —10?2 GeV*cm™ reported by Ref. [28],
which is based on the intrinsic velocity dispersion and the
analytic formula. The intrinsic velocity dispersion as-
sumes all o (R;) in Eq. (8) to be uniform, neglecting the
positional information of member stars in the velocity
distribution. This method differs from the Jeans analysis
conducted in this study, resulting in distinct J-factors.

It is noteworthy that an excessively small J-factor im-
plies a notably low DM density in the galaxy. As dis-
cussed in Ref. [28], the diminished DM density at the
core of Ursa Major III poses a challenge in mitigating the
tidal effects. For an approximate assessment, we used the
Roche criterion to determine the tidal radius r, [60], bey-
ond which the DM density is expected to undergo a sub-
stantial reduction due to the tidal effects:

Maspn(r:) — Myw (Tasph — 71)

e (15)

f dSph )
where Maspn(r) and Myw(r) denote the enclosed masses
of the dSph and Milky Way within a radius of 7, respect-
ively, and rqgspn is the distance between their centers. We
found that a portion of the derived density profiles of
Ursa Major has an angle radius 6, = r,/rqspn less than 0.5°.

10'2

S~ ‘ ‘ Median
~ 68%Cls — —

1010 L

o 108 F
[6]
o
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o
=3
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102

107 107 1072 107" 10°
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Fig. 5. (color online) Similar to Fig. 2, but for Ursa Major III

with 10 member stars, excluding the largest velocity outlier.

Considering an integration angle of min(6,,0.5°), we de-
rived the J factor, obtaining log,,J = 17.7*%3 GeV*cm™,
which encompasses a broader 1o~ boundary. If we disreg-
ard density profiles with a small angle radius 6, < 0.5°, we
can derive a higher J factor, log,,J = 19.2*1{GeVZcm™.

For the analysis involving 10 member stars, the ef-
fective J-factors for p-wave and Sommerfeld-enhanced
annihilations were found to be log,,J = 8.1"+YGeV*cm™
and 22.7*}7 GeV*cm™, respectively. If we impose the re-
quirement that the density profiles possess an angular ra-
dius 6,>0.5°, we can derive effective J factors of
10.2*2¢ GeV?em™ for p-wave annihilation and 23.8*}}
GeVZem™ for Sommerfeld-enhanced annihilation, re-
spectively.

These J-factors result in constraints on the DM anni-
hilation cross-section that are significantly weaker than
those previously obtained from data involving 11 mem-
ber stars by several orders of magnitude, making these
constraints less impactful. It is crucial to emphasize that
the numerical results of the analysis involving 10 mem-
ber stars in this section were derived from a highly lim-
ited set of kinematic data, and warrant further scrutiny
through future observations. Likewise, the tidal effect ne-
cessitates further exploration in subsequent studies.

V. CONCLUSIONS

The dSph Ursa Major Il emerges as a particularly
promising candidate for detecting the y-ray signatures
from DM annihilation. This distinction is attributed to its
close proximity and potential for a high J-factor, pending
confirmation through further measurements. The compos-
ition of DM within this galaxy is significantly influenced
by the precise identification of member stars. Assuming
the inclusion of the 11 observed member stars within
Ursa Major 111, we conducted Jeans analysis to extract the
DM density profiles of this galaxy. A series of profiles
was derived based on the posterior probability derived
from fitting the kinematic data.

Using the derived DM density profiles, we calculated
the J-factor for s-wave annihilation, along with the effect-
ive J-factors for p-wave and Sommerfeld-enhanced anni-
hilation scenarios. Employing the likelihood map of Ursa
Major III, we established constraints on the y-ray flux
from DM annihilation. For the bb and r*7~ annihilation
channels, we set the upper limits on DM annihilation
cross-sections at 95% C.L.. Notably, this dSph provides
extremely stringent constraints, surpassing those derived
from the joint analysis of numerous previously studied
dwarf galaxies. Exploring the velocity-dependent annihil-
ation scenarios yields valuable insights for interpreting
results from DM indirect detection experiments. These
scenarios have the potential to introduce constraints that
diverge from the conventional limits established through
dSph y-ray observations.
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The above results highly depend on the precise de-
termination of the J-factor, with the identification of indi-
vidual stars within Ursa Major III playing a pivotal role
in shaping the final J-factor estimate. The exclusion of a
single member star exhibiting the largest velocity outlier
can lead to a significant reduction in velocity dispersion,
which causes a notable increase in the uncertainty of the
J-factor. In the absence of this outlier, the significantly

low J-factors, characterized by large uncertainties, sub-
stantially relax the constraints on the DM annihilation
cross-section. Future more comprehensive observations
of the member stars comprising this dwarf galaxy hold
promise for refining our understanding of its J-factor.
Such detailed observations will play an important role in
enhancing the precision of the J-factor determination.
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