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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].

FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and ⌧+⌧� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [34], 112 hours of observations
of the Galactic Center with H.E.S.S. [35], and 157.9 hours of observations of Segue 1 with MAGIC [36]. Pure annihilation
channel limits for the Galactic Center H.E.S.S. observations are taken from Abazajian and Harding [37] and assume an Einasto
Milky Way density profile with ⇢� = 0.389 GeV cm�3. Closed contours and the marker with error bars show the best-fit cross
section and mass from several interpretations of the Galactic center excess [16–19].
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Fig. 1.— Locations of the eight new dwarf galaxy candidates reported here (red triangles) along

with nine previously reported dwarf galaxy candidates in the DES footprint (red circles; Bechtol

et al. 2015; Koposov et al. 2015a; Kim & Jerjen 2015b), five recently discovered dwarf galaxy

candidates located outside the DES footprint (green diamonds; Laevens et al. 2015a; Martin et al.

2015; Kim et al. 2015a; Laevens et al. 2015b), and twenty-seven Milky Way satellite galaxies known

prior to 2015 (blue squares; McConnachie 2012). Systems that have been confirmed as satellite

galaxies are individually labeled. The figure is shown in Galactic coordinates (Mollweide projection)

with the coordinate grid marking the equatorial coordinate system (solid lines for the equator and

zero meridian). The gray scale indicates the logarithmic density of stars with r < 22 from SDSS

and DES. The two-year coverage of DES is ⇠ 5000 deg2 and nearly fills the planned DES footprint

(outlined in red). For comparison, the Pan-STARRS 1 3⇡ survey covers the region of sky with

�2000 > �30� (Laevens et al. 2015b).

Fermi-LAT collaboration 
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Expectations for pulsar emission in dSphs 
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Fig. 4.— Local Group galaxies (McConnachie 2012) and globular clusters (Harris 1996, 2010

edition) occupy distinct regions in the plane of physical half-light radius (azimuthally averaged)

and absolute magnitude. The majority of DES satellite candidates (red triangles and circles) are

more consistent with the locus of Local Group galaxies (blue squares) than with the population

of Galactic globular clusters (black “+”). Other recently reported dwarf galaxy candidates (green

diamonds) include Hydra II (Martin et al. 2015), Triangulum II (Laevens et al. 2015a), Pegasus III

(Kim et al. 2015a), Draco II and Sagittarius II (Laevens et al. 2015b). Several outer halo star

clusters and systems of ambiguous classification are indicated with “⇥” symbols: Koposov 1 and

Koposov 2 (Koposov et al. 2007; Paust et al. 2014), Segue 3 (Belokurov et al. 2010; Fadely et al.

2011; Ortolani et al. 2013), Muñoz 1 (Muñoz et al. 2012), Balbinot 1 (Balbinot et al. 2013),

Laevens 1 (Laevens et al. 2014; Belokurov et al. 2014), Laevens 3 (Laevens et al. 2015b), Kim 1

and Kim 2 (Kim & Jerjen 2015a; Kim et al. 2015b), and DES 1 (Luque et al. 2015). Dashed lines

indicate contours of constant surface brightness at µ = {25, 27.5, 30} mag arcsec�2.
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Figure 4. The results of our likelihood analysis for all models from all three datasets. The colored points show the measured dispersions of each data set, as
shown together in Fig 2. The blue bands show the 1 and 2-sigma regions of the model velocity dispersion values based o� of the MultiNest posterior distributions.
HST data is shown as pink points in the top panel, RV as yellow points in the middle panel, and Gaia as purple points in the bottom panel.

--- ± --- . The J-factor we calculate is larger than that of any
of the known dSphs (Pace & Strigari 2019). A full determination of
the cross sections bounds (or possible signal that may be extracted
from l-cen ) involves implementing this J-factor with its associated
uncertainties into gamma-ray data, and accounting for the possible
gamma-ray emission from MSPs, which is beyond the scope of this
paper.

7 DISCUSSION & CONCLUSIONS

In this paper, we have analyzed the dynamics of the l-cen globular
cluster using the most recent measurements of the internal stellar
line-of-sight velocities and proper motions. We consider two models
for the distribution of the non-luminous dynamical component: an
NFW profile and an exponential profile. We find that for all data sets
and for all density profiles, the dynamics of l-cen provide evidence

for a centrally-concentrated distribution of matter, that is distinct
from the luminous component, with a mass ⇠ 5 ⇥ 106 M� .

Though our analysis has been performed for an axisymmetric
model, the results for the integrated mass of the non-luminous com-
ponent is in good agreement with previous sphericallly-symmetric
models (Brown et al. 2019). [LS: Statement about variable mass to
light ratio, and variable anisotropy distributions]

From our analysis of Gaia EDR3 tangential velocity data, we pro-
vide a new estimate of the radial distribution of the rotation of l-cen.
For our assumed model, we find a rotational component extending
out to larger radii than was found in previous studies. This rotation
is independent of the assumed mass model, and weakly-dependent
on the existence and the nature of the centrally-concentrated dark
mass component. The di�erent mass model predict di�erences in the
rotation curve at radii smaller than EDR3 is sensitive to. Improved

MNRAS 000, 1–11 (2021)
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Stellar remnant interpretation [Baumgardt et al 2018]



Gamma-rays from omega centauri 

Dark matter interpretation: Brown et al., Reynosa-Cordova et al. 2019

Pulsar interpretation: Dai et al. 2020
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Figure 5. Map of g-ray emission near wCen. Colour scales represent the number of 0.1–100 GeV photons per 0.1� ⇥0.1�
pixel, during the 10-year Fermi mission. Panel a shows all detected photons. The bright region at the bottom left is diffuse
g-ray emission from the Galactic plane. Panel b shows the (statistically insignificant) residuals once all sources of g-rays
except wCen have been modelled and subtracted. The bright excess at the centre are the statistically significant photons
associated with wCen .

where dn/dEg is the differential number of photons reaching the detector (per unit energy, sometimes known as dF/dEg ),
the J-factor encodes the system’s spatial morphology, hsvi is the velocity-averaged annihilation cross section times relative
velocity, h = 2 for self-annihilating DM, mDM is the mass of the DM particle, and dNg/dEg is the number of photons produced
per annihilation. To calculate dNg/dEg , we consider only one benchmark annihilation channel, into b quarks (which, through
hadronization and decay processes, produce photons)‡, based on the Monte Carlo particle physics event generator PYTHIA59,
and tabulated in Cirelli et al. (2011)60.

Assuming that all g-ray emission from wCen is due to DM annihilation, we fit the flux given in equation (12) to the
observed spectral energy distribution, with the DM particle mass mDM and annihilation cross section hsvi as free parameters.
The two parameters act orthogonally: the particle mass essentially determines the energy of peak emission, and the cross
section determines the flux normalisation. We calculate the statistical significance of these fits, including the full posterior
probability distribution of the J-factor propagated from our analysis of stellar kinematics. The best-fit model has c2 = 6.8 in 8
degrees of freedom.

5 Ruling out millisecond pulsars as the source of gamma-ray emission

MSPs are unlikely to be responsible for the g-ray emission from wCen for two reasons. First, the spectral energy distribution
of the g-ray emission does not match that from unambiguously-identified MSPs in our Galactic neighbourhood. We fit
the spectrum of nearby MSPs61, with a free flux normalisation. The best fit model fails to reproduce the falloff in flux at
Eg < 0.3 GeV, and achieves only c2 = 14. Compared to the good fit for DM annihilation, this rules out the MSP spectral model
with p < 0.01.

Second, MSPs also emit strongly in X-rays and radio waves – but none have been confirmed at these wavelengths in
wCen. Observations with the Chandra X-ray Observatory15 identified 40 ‘candidate’ point sources in the region of X-ray
colour-luminosity space (0 < 2.5log([0.5� 1.5keV]/[1.5� 6keV]) < 2, and 1030 < LX (0.5� 6keV) < 1031 ergs�1) where

‡This choice is motivated by the fact that the resulting g-ray spectrum closely resembles the shape of the observed spectral energy distribution. However, it
would in principle be possible to introduce additional channels, with additional free parameters corresponding to the annihilation cross section into the various
channels, and further improve the fit.
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Dark matter limits from Omega Centauri 

Dutta, Kar, LS 2021; Chan and Lee, 2022 Delos and White, 2022
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Gamma-ray view of Sagittarius dSph  
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FIG. 3. Bin-by-bin integrated energy-flux upper limits and expected sensitivities at 95% CL for each dwarf spheroidal galaxy. The expected
sensitivities are calculated from 2000 realistic Monte Carlo simulations of the null hypothesis. The median sensitivity is shown by the dashed
black line while the 68% and 95% containment regions are indicated by the green and yellow bands, respectively.
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Pulsar and dark matter fits 

Addy Evans et al, to appear 



Velocity dependent 
dark matter annihilation 

8 R. J. J. Grand et al.

Figure 6. All-sky maps of the flux density as seen from one Solar position in one full-physics simulation (left) and in its DMO counterpart (right); the dominant
background annihilation signal originates from the smooth component of the halo. It is strongly concentrated towards the galactic centre and is brighter (and
rounder in shape, e.g. Prada et al. 2019) in the full-physics case. Subhalo fluxes are clearly systematically fainter in the full-physics case.

Figure 7. The number of (sub)haloes per “Milky Way” analogue within
8'200 and with annihilation flux 5 exceeding a given fraction of 5", ,
the flux from the smooth component of the galaxy halo, as a function of
that fraction. Each curve is compiled based on 18 “solar” viewing positions
within each of six simulations. Results for our full-physics simulations are
shown in green and for our DMO simulations in black. Thick curves are
for (sub)haloes which are explicitly identified in the simulations, while thin
curves use such (sub)haloes only when +max > 10 km s�1 and extrapolate the
properties of this well-resolved population to much lower +max using Monte
Carlo methods as described in the text. The four colour-coded numbers within
the panel give the total flux (in units of 5", ) from resolved (sub)haloes (the
upper, smaller numbers) and from all (sub)haloes down to the free-streaming
limit (⇠ 10�6"� ; the lower, larger numbers). In the full-physics case, the
dashed curve refers to subhaloes that contain at least some stars. For reference,
# (> 5 / 5MW) = 1 is marked with a grey horizontal line.

Figure 8. Distribution of the angle on the sky subtended by the half-light
radii of subhaloes as a function of their flux relative to that from the smooth
halo component. As before black and green curves correspond to the DMO
and full-physics simulations, and all (sub)haloes within 8'200 are considered
when making the plot. Solid lines give the median value of \50 at each value
of 5 / 5", , while dashed lines give its ±1f points. A vertical tick on each
median line indicates the expected flux of the single brightest subhalo, while
the horizontal line indicates the approximate FWHM of the Fermi-LAT for
detecting objects of this type.

For the full-physics case, we also show a curve which includes only
those subhaloes which contain stars.

In Fig.7, unlike in Fig.5, subhalo fluxes in each of our two en-
sembles (full-physics and DMO) are normalised by the flux of the
smooth halo component in that ensemble rather than by the same

MNRAS 000, 1–11 (2020)

Figure 3. Circular velocity of the two Auriga halos Au2 (blue) and Au22 (magenta) as function of
Galactocentric radius.

Figure 4. Modulus of the DM relative velocity distribution for the two Auriga MW-like halos that
have the smallest (Au2, blue) and largest (Au22, magenta) peak speeds at 2 kpc. The modulus
velocity distributions for the two halos are shown at the same radii as in figure 2.

Notice that to extract the relative DM velocity distributions, we calculate the average
distribution in each radial shell. We have verified the spherically average velocity distributions
we obtained are consistent with those obtained by splitting each radial shell into 8 sections
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Figure 5. Js-factors for the di↵erent velocity-dependent models for Auriga (left panel) and APOS-
TLE (right panel) simulations. For each model, we show the Js-factors for the ten MW-like halos
in the hydrodynamic simulations (blue) and their DMO counterparts (yellow). The black vertical
lines specify the angle  corresponding to the average Power radius for the Auriga and APOSTLE
MW-like halos in the left and right panels, respectively.

models.

The features in the relative velocity distributions explain the relative di↵erences between
the Js-factor of the halos in the hydrodynamic simulations and their DMO counterparts for
a given annihilation cross section model. More generally, in all cases we find that the scaling
of the Js-factors with angle is essentially entirely driven by the DM density profiles, and
that this scaling depends very weakly on the characteristics of the DM relative velocity
distributions. This can be best quantified by considering di↵erent lines-of-sight through a
halo, which correspond to di↵erent values of  , and averaging the DM density and the
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