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A B S T R A C T 

We use Fermi-LAT data to analyse the faint gamma-ray source located at the centre of the Sagittarius (Sgr) dwarf spheroidal 
galaxy. In the 4FGL-DR3 catalogue, this source is associated with the globular cluster , M54. We in vestigate the spectral energy 

distribution and spatial extension of this source, with the goal of testing two hypotheses: (1) the emission is due to millisecond 

pulsars within M54, or (2) the emission is due to annihilating dark matter from the Sgr halo. For the pulsar interpretation, we 
consider a two-component model which describes both the lower-energy magnetospheric emission and possible high-energy 

emission arising from inverse Compton scattering. We find that this source has a point-like morphology at low energies, consistent 
with magnetospheric emission, and find no evidence for a higher-energy component. For the dark matter interpretation, we find the 
signal fa v ours a dark matter mass of m χ = 29.6 ± 5.8 GeV and an annihilation cross section of σv = (2 . 1 ± 0 . 59) × 10 

−26 cm 

3 s −1 

for the b ̄b channel (or m χ = 8.3 ± 3.8 GeV and σv = (0 . 90 ± 0 . 25) × 10 

−26 cm 

3 s −1 for the τ+ τ− channel), when adopting 

a J -factor of J = 10 

19 . 6 GeV 

2 cm 

−5 . This parameter space is consistent with gamma-ray constraints from other dwarf galaxies 
and with dark matter interpretations of the Galactic Centre Gamma-Ray Excess. 

Key words: astroparticle physics – globular clusters – galaxies: dwarf – dark matter – gamma-rays: general. 
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 I N T RO D U C T I O N  

he Sagittarius (Sgr) dwarf spheroidal (dSph) galaxy is one of the
losest and most luminous satellite galaxies orbiting the Milky Way
MW). This dSph has both a discernible core as well as a long tidal
ail that spans the entirety of the sk y, e xtending more than 100 kpc
Majewski et al. 2003 ; Law et al. 2004 ). The half-light radius of the
ore, ∼1.5 kpc, is among the largest of all dSphs. The kinematics of
he stars within the core region, in combination with models that aim
o match the properties of the tidal tails, provide strong evidence that
he central region of Sgr is dominated by dark matter (DM) (Ibata
t al. 1997 ; Łokas et al. 2010 ; Pe ̃ narrubia et al. 2011 ). 

Sgr is unique amongst MW dSphs (with the exception of Fornax) in
hat it has an associated population of globular clusters (GCs). The

ost prominent GC associated with Sgr is M54, which coincides
ith the centre of the Sgr core. Several other GCs have long been

ssociated with Sgr, including Arp 2, Terzan 7, Terzan 8, Palomar
2, Whiting 1, NGC 2419, and NGC 5824 (Massari, Koppelman &
elmi 2019 ; Kruijssen et al. 2020 ). In addition to these, there is

ecent evidence from the Via Lactea Extended Surv e y (VVVX) near-
nfrared data base for an additional population of GCs associated with
he core of Sgr (Minniti et al. 2021a , b ). Up to 20 new GC candidates
ave been identified in VVVX, several of which are considered to
 E-mail: addye v ans@tamu.edu 

m  

g  

d  

Pub
e high-probability candidates due to their measured o v erdensities
f RR Lyrae stars. Including these new disco v eries, Sgr is now the
Sph with the largest number of associated GCs. 
Multiwavelength observations can provide us with a more detailed

nderstanding of the GC population and DM halo of Sgr. There have
een several studies of the Sgr/M54 region in the X-ray regime, which
uggest that cataclysmic variable stars and low-mass X-ray binaries
re each present within M54 (Ramsay & Wu 2006a ). Although there
ave been similar searches within the dwarf’s main body (Ramsay &
u 2006b ), the number of X-ray sources observed in that region has

een consistent with the expected number of background sources.
amma-ray studies have also been conducted in the Sgr region,

lthough typically as one of several stacked sources in searches for
M annihilation products (Viana et al. 2012 ; Abramowski et al. 2014 ;
ckermann et al. 2014 ; Hooper & Linden 2015 ). Since Sgr has no
etected H I gas associated with its central core (Grcevich & Putman
009 ), the only sources of � 100 MeV gamma-ray emission (other
han DM) would be millisecond pulsars (MSPs). In this way, Sgr is
nique, as it possesses a DM halo that could produce gamma-ray
hotons from DM self-annihilation as well as a population of GCs,
hich are often gamma-ray bright due to their MSP populations

Abdo et al. 2010 ). 
Field MSPs (e.g. those not associated with GCs and in the
ain body of the dSph) could also produce detectable fluxes of

amma-rays. Winter et al. ( 2016 ) used the stellar masses of classical
Sphs to estimate the gamma-ray luminosity functions of their field
© 2023 The Author(s) 
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SP populations. While Sgr was not included in that study, its
tellar mass of ∼4 × 10 8 M � is most similar to that of Fornax’s,
2 × 10 7 M �, which the authors find to be just below the threshold

or detection. This suggests that it may be possible to detect the
amma-ray emission from Sgr’s MSP population with current Fermi- 
AT data. The authors of that study also compare this prediction to

he gamma-ray flux expected from the annihilations of a 30 GeV 

M particle (to b ̄b ) with a cross section of 3 × 10 −26 cm 

3 s −1 . In
his comparison, the authors found that the two predicted fluxes are 
early indistinguishable in the case of F ornax. Giv en its stellar mass,
istance, and DM content, this result implies that Sgr could be visible
ue to MSP emission, DM annihilation, or both. 
While the spectral energy distribution (SED) of the gamma rays 

bserved from MSPs is similar to that predicted from the annihilation 
f ∼20–50 GeV DM particles (Baltz, T aylor & W ai 2007 ; Mirabal
013 ), one can attempt to differentiate between these potential 
ignals by considering their dif ferent morphologies. Gi ven the radius
 ∼50 pc) and distance ( ∼26.5 kpc) of M54 (Kunder & Chaboyer
009 ; Ferguson & Strigari 2020 ; Baumgardt & Vasiliev 2021 ), any
amma-ray emission from this GC would likely be indistinguishable 
rom a point source to Fermi-LAT. In contrast, any gamma-ray 
mission from DM annihilating in Sgr’s halo would be more spatially 
xtended, potentially at a level that could be detected by Fermi, 
epending on the details of the DM distribution. 
The fact that Sgr is one of the nearest dSphs makes it a promising

arget for DM searches using gamma rays. Ho we ver, because Sgr is
ocated just below the Galactic Centre and in a region with significant
alactic diffuse gamma-ray emission, it has been the subject of 

elati vely fe w studies searching for the products of DM annihilation,
t least compared to other dSphs (see, ho we ver, Viana et al. ( 2012 );
bramowski et al. ( 2014 )). In addition, the likely non-equilibrium 

ature of Sgr’s dynamical state makes it more difficult to interpret 
ts stellar kinematics and extract a reliable determination of its DM 

istribution. None the less, now that Fermi-LAT has accumulated 
 v er 13 years of data from this region, it is prudent to reconsider Sgr
s a possible gamma-ray source. 

MSPs (and any GCs containing MSPs) produce two distinct 
omponents of gamma-ray emission. The first of these is the radiation 
hat is produced by charged particles traveling along the open 

agnetic field lines of a pulsar. This prompt or ‘magnetospheric’ 
mission peaks at ∼GeV energies with a characteristic log-parabola 
hape. The second component, which dominates at high energies, 
s thought to arise from the inverse Compton scattering (ICS) of
ery high-energy electrons/positrons that escape into the surrounding 
nvironment. Observations by the High Altitude Water Cherenkov 
HAWC) Observatory and the Large High Altitude Air Shower 
bservatory (LHAASO) have shown that young and middle-aged 
ulsars are typically surrounded by bright, spatially-extended, multi- 
eV emitting regions known as ‘TeV haloes’ (Hooper et al. 2017 ;
inden et al. 2017 ; Abeysekara et al. 2020 ; Albert et al. 2021 ). Even
ore recently, it has been shown (at the 99 per cent C.L.) that mil-

isecond pulsars also generate TeV halos (Hooper & Linden 2022 ). 
urther supporting this conclusion, Song et al. ( 2021 ) have recently
onducted an analysis in which the authors detected, at 8.2 σ , a high-
nergy ( > 10 GeV) power-law component of gamma-ray emission 
n the spectra of gamma-ray bright globular clusters. These results 
re most naturally interpreted as evidence for an ICS component in 
ddition to the magnetospheric gamma-ray emission from GCs. The 
atio of the observed luminosities of these two components can vary 
ignificantly among GC’s, in cases being as small as L IC / L γ ≤ 0.07
r as large as L IC / L γ ≥ 6.40, reflecting variations associated with
he beaming of the magnetospheric emission, or potentially arising 
rom additional environmental factors or unaccounted for emission 
echanisms (such as synchrotron or bremsstrahlung). 
The Fermi Collaboration’s most recent source catalogue (4FGL- 

R3) contains a gamma-ray source that is coincident with the spatial
ocation of M54 (Fermi-LAT collaboration et al. 2022 ; and confirmed
y Yuan et al. 2022 ). In addition, Crocker et al. ( 2022 ) have reported
vidence for gamma-ray emission that is approximately 4 ◦ offset 
rom the main body of this dSph. The authors of that study further
escribe this emission as being extended, approximately ∼20 ◦ in 
iameter, and highly statistically significant, ≥5 σ . The reported 
ED of this source has an intensity at ∼1 G e V that is comparable

o that observed at ∼100 GeV (in GeV cm 

−2 s −1 sr −1 units). The
uthors interpret this emission as originating from MSPs, adopting a 
odel that includes both magnetospheric emission and high-energy 

mission arising from ICS. 
In this paper, we analyse the region of the sky centred on the

agittarius dwarf galaxy using Fermi-LAT gamma-ray data. To 
haracterize the gamma-ray emission from within our region of 
nterest (ROI), we test for both point-like and extended emission 
rom the Sgr/M54 region itself and search for unassociated sources 
hat belong to the Sgr system. We confirm the existence of the point
ource associated with M54, as first identified by the Fermi-LAT 

ollaboration, and subsequently search for high-energy ( > 10 GeV) 
mission associated with this source. 

We then test a DM annihilation scenario and derive constraints on
he DM’s annihilation cross section and mass. 

The remainder of this paper is organized as follows. In Section
 , we outline the Fermi-LAT data and software used in our analysis
nd discuss the methodology of our point-like and diffuse-like tests, 
s well as our search for other Sgr-associated point-like sources. In
ection 3 , we discuss the results of our analysis, focusing first on

he GC/MSP interpretation of this emission. We subsequently discuss 
ur results within the context of annihilating DM in Section 4 . Lastly,
e summarize our conclusions in Section 5 . 

 DATA  ANALYSI S  

n this study, we perform both a point source and an extended
ource binned likelihood analysis, centred on M54, using the Fer- 
itools 2.0.8. 1 We utilize FermiPy (Wood et al. 2018 ), which

s a PYTHON -based software package that automates the tools for
ermi-LAT source analysis. For our data selection, we use Pass 
 SOURCE -class photon events with the corresponding instrument 

esponse functions, P8R3 SOURCE V3 . We select both FRONT 
nd BACK converting e vents (e vclass = 128 and evtype = 3),
ith energies in the range 300 MeV to 500 GeV. For our primary

nalysis, we exclude photons with energies below 300 MeV in 
rder to a v oid complications associated with the broader point
pread function (PSF) (Fermi-LAT collaboration et al. 2022 ). We 
se approximately 13.5 years of data, corresponding to mission 
lapsed times between 239 557 417 and 661 506 150 s. We apply
he recommended (DATA QUAL > 0)&&(LAT CONFIG = = 1) 
lter to ensure quality data and a zenith cut of z max = 90 ◦ to filter
ackground gamma-ray contamination from the Earth’s limb. 
We consider a 15 ◦ × 15 ◦ ROI centred on M54. For our likelihood
aximization, we take a 0.1 ◦ angular pixelation and use the MINUIT

ptimizer method within gtlike . We use an input source model
hat includes all sources in the 4FGL-DR3 catalogue (Fermi-LAT 

ollaboration et al. 2022 ) out to a square of 20 ◦ × 20 ◦. Including
MNRAS 524, 4574–4585 (2023) 
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ources beyond the ROI ensures that sources on the edge of the
OI are properly modelled. For the interstellar emission model, we
se the recommended gll iem v07.fits , and for the isotropic
mission we use iso P8R3 SOURCE V3 V1.txt . 

In a general FermiPy analysis, one defines the model sources
ithin the ROI and then performs multiple likelihood tests to
etermine the best-fitting parameters of the model sources. In this
ase, we define the Test Statistic (TS) as TS = −2 ln ( L 0 / L 1 ) where
 0 represents the likelihood of the null hypothesis and L 1 represents

he likelihood of the alternative. Furthermore, as is typically done,
e assume that Wilks’ Theorem applies such that the log likelihoods

ollow a normal distribution and that the statistical significance (in
tandard devitations) is given by 

√ 

TS . 
In the subsections below, we discuss two approaches to our

nalysis of the M54/Sgr region. Our first approach entails a point
ource analysis of the region to characterize M54 and any other
ossible sources of interest that could be attributed to Sgr. In our
econd approach, we search for evidence of extended emission from
he M54/Sgr system. 

.1 Point source analysis 

e first perform a point source analysis of the region. Our ini-
ial model consists of the aforementioned Fermi-LAT background

odels as well as the 4FGL-DR3 catalogue sources. We keep the
pectral types of all sources fixed to their catalogue values except for
ur source of interest. 
Due to the location of M54 in the sky (just south of the Galactic

entre), the possibility of source contamination, especially at the
ower end of the Fermi-LAT energy sensitivity (see, for example,
allet & Fermi LAT Collaboration ( 2015 )), is a significant complica-

ion. In particular, it is not al w ays straightforw ard to reliably separate
aint or extended sources within the ROI from diffuse background
missions. 

For the spectrum of the gamma-ray emission from M54, we
onsider several parametrizations: 

(i) A simple power law (ICS model), 

d N 

d E 

= N 1 

(
E 

E 0 

)γ1 

, (1) 

here N 1 is the normalization of the flux, E 0 is the scale energy, and
1 is the spectral index. 
(ii) A power law with an exponential cut-off (curvature or mag-

etospheric emission model, CRV), 

d N 

d E 

= N 2 

(
E 

E 0 

)γ2 

exp 

[
−

(
E 

E cut 

)]
, (2) 

here the energy cut-off is an additional parameter, E cut , and N 2 is
he normalization. 

(iii) A two-component model which is a combination of a simple
ower law and magnetospheric emission, 

d N 

d E 

= N 1 

(
E 

E 0 

)γ1 

+ N 2 

(
E 

E 0 

)γ2 

exp 

[
−

(
E 

E cut 

)]
. (3) 

Note that while a log-parabola parametrization is sometimes
dopted for the magnetospheric emission from MSPs and GCs
Fermi-LAT collaboration et al. 2022 ), we’ve chosen to adopt the
orm described abo v e to more easily compare our results to those of
ong et al. ( 2021 ). 
We test the robustness of our two-component model by applying

t to the bright GC, Terzan 5, which is known to produce high-energy
NRAS 524, 4574–4585 (2023) 
mission. We have selected Terzan 5 for this test for several reasons.
irst, Terzan 5, like M54, is one of the most massive GCs in the MW.
t is also thought to be the remnant of a nuclear star cluster at the
entre of a progenitor dwarf galaxy (Ferraro et al. 2009 ), similar to
54. Second, Terzan 5 is the only GC to be detected at very-high-

nergies (H. E. S. S. Collaboration et al. 2011 ), featuring emission
hat extends to at least 10 T eV. T erzan 5 is also included in the
tudy of Song et al. ( 2021 ), in which they detect an ICS component
ith a luminosity that is comparable to that of its CRV component,
 ICS / L CRV = 0.37. 
Once our model has been defined, we proceed to determine the

est-fit normalization for all of the 4FGL catalogue sources, the
iffuse emission components, and the emission from M54. We begin
his process by running the FermiPy method gta.optimize on
he ROI. We then free all of the spectral parameters of the M54
ource(s) and fit them individually using the FermiPy wrapper
f the pyLikelihood fitting routine, gta.fit , while keeping
he background fixed to the best-fitting values found in the original
ptimization. Finally, we run the method gta.sed on our M54
ource(s). With this method, we can determine the TS of different
pectral models for our source. 

In practice, the way we implement a two-component source is by
emoving the 4FGL-DR3 M54 catalogue source and replacing it with
wo sources at the same location, one with a spectral type defined by
quation ( 1 ) and the other with a spectral type defined by equation
 2 ). For the likelihood fits, we first set the spectral parameters of each
ource to match the best-fitting values found by Song et al. ( 2021 )
n their universal fitting method. For the CRV source, these values
re γ 2 = 0.88 and log 10 (E cut ) = 3.28 MeV, while for the power
aw source, we set γ 1 = 2.79. We then allow the normalization
nd spectral parameters to float for each source simultaneously to
etermine their contributions to the total integrated photon flux. 

.2 Unassociated source analysis 

hus far, we have described our analysis of the single, point-like
ource coincident with the core of Sgr. Next, we performed a search
or other sources of gamma-ray emission which could be associated
ith this dSph. As there are no known pulsars in Sgr or M54 (Biggs &
yne 1996 ), and Sgr has no active star formation or gas (Koribalski,
ohnston & Otrupcek 1994 ; Burton & Lockman 1999 ), we compare
he locations of our unassociated point sources to the locations of
gr’s GCs. We search for spatial coincidences by comparing the

ocations of Sgr’s GCs (Goldsbury et al. 2010 ; Minniti et al. 2021a ,
 ) to both sources labeled as unassociated in the 4FGL catalogue, as
ell as unassociated peaks in TS space within the ROI. 
To find unassociated peaks in TS space, we use the FermiPy

unction gta.find sources . In order to identify any possible
ources near the threshold of detection, we set a low threshold of
S ≥ 9. Then, to better constrain the locations of the unassociated
atalogue sources and the newly found sources, we use the function
ta.localize . The best-fitting position for the source of interest

s then updated, which we compare to the locations of known GCs
ithin Sgr. 

.3 Extended source analysis 

rocker et al. ( 2022 ) report the high-significance (up to ∼23 σ )
etection of an extended source with a best-fit location that is
entred ∼4 ◦ from M54. In this study, we also search for extended
mission, focusing on templates that are centred at the location of
he core of Sgr. To this end, we first perform a basic extension test
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Figure 1. Test statistic (TS) map of a zoomed in region of interest centred on 
the Sagittarius/M54 system. The white cross in the centre of the figure repre- 
sents the 4FGL-DR3 catalogue location of the source associated with M54, 
4FGL-J1855.1 −3025. Other white crosses denote sources that have been 
accounted for in the modelling. The cyan circle shows the half-light radius of 
M54. The source coincident with M54 is detected at a level of 

√ 

TS ∼ 4 . 5 –5 . 0 
(see text for details). 
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ith the built-in FermiPy tool, gta.extension , and the 4FGL 

atalogue background models. 2 We test two spatial templates: one 
here the spatial morphology is described by a flat and uniform 

isc, and another where the spatial morphology is described by a 2D
aussian. In each case, we consider templates that are extended 
y up to 1 ◦ in radius. As we did in our point source analysis,
e kept the background and other sources fixed. In Section 4 ,
e consider additional extended templates that are moti v ated by 

cenarios involving annihilating DM. 

 RESULTS  

.1 Detection of the M54 point source 

n Fig. 1 , we show a TS map of a region within our ROI for the
nergy range of [300 MeV, 500 GeV]. The point source coincident 
ith M54 (4FGL-J1855.1-3025) is detected with a TS of 21.9 for

his energy range and with a TS = 24.3 for [100 MeV, 500 GeV],
dopting the log parabola spectral model. Note that this is the TS
hat is obtained after optimizing the spectrum of this source and 
efore performing any other fitting procedures. While the results of 
ur spectral analysis defined in Section 3.2 assume an energy range of
300 MeV, 500 GeV], we note that the 4FGL-DR3 catalogue reports
 TS of ∼26 for the M54 source within the energy range of [100 MeV,
00 GeV]. For this energy range, using the CRV model as defined in
quation ( 2 ) and then only optimizing the ROI, we obtain TS = 23.8,
hile for the ICS model we find TS = 12.4. Note that the positions
f other 4FGL sources are shown as white crosses. In cyan, we show
he half-light radius of M54. 3 
 https:// fermi.gsfc.nasa.gov/ ssc/ data/access/ lat/ BackgroundModels.html 
 ht tps://people.smp.uq.edu.au/HolgerBaumgardt /globular/

i
w
G
a  

T  
.2 Point source spectral energy distributions 

e show the results of our SED analysis of M54 in Fig. 2 for the
nergy range of [300 MeV, 500 GeV]. Fitting with either a single
ower-law source or a single CRV source yields similar results, with
S of 18.9 and 17.50, respectively. While these TS values are slightly

ower than the > 100 MeV analysis quoted in the previous section,
his difference does not qualitatively change any of the subsequent 
nterpretations. The spectral parameters we derive for each model 
re listed in Table 1 . While the curved and power law models give
tatistically similar fits on their own, it is clear that there is no detected
mission abo v e ∼10 GeV and thus there is no ICS component in the
wo-component modelling. 

From this null detection of any ICS component, we can calculate 
n upper limit on the integrated ICS/high-energy flux. Integrating the 
CS flux betweeen [300 MeV, 500 GeV], we find an upper limit for
his component of 1 × 10 −13 erg cm 

−2 s −1 . Comparing this to the flux
bserved in the CRV band, we obtain an upper limit of L ICS / L CRV ≤
.006. 
We can compare our results for Sgr/M54 to the well-studied case

f Terzan 5 (as shown in Fig. 3 ). For Terzan 5, our fit prefers the two-
omponent model, featuring contributions from both CRV and ICS 

t a level given by L ICS / L CRV = 0.71 ± 0.07. We compare our results
o the H.E.S.S. detection of Terzan 5 in Fig. 4 . These measurements
rom H.E.S.S. confirm the presence of a significant ICS component 
rom this source, with a spectral index that is slightly harder than
hat fa v oured by our analysis. 

.3 Search for unassociated sources 

sing gta.find sources , we have identified 20 new sources 
ith TS > 9 within the 15 ◦ × 15 ◦ region centred on Sgr. From there,

fter checking the positions of the unassociated 4FGL sources and 
ewly found sources, we find a total of 13 sources (3 new point
ources and 10 catalogue sources) that are within 1 ◦ of a GC (not
ncluding the M54 source). We show the locations and the TS values
f these sources in Table 2 . 
In Fig. 5 , we show a map of the GCs associated with Sgr, as well as

earby 4FGL catalogue and other point sources. After calculating the 
ocalization of each source within 1 ◦ of a GC, we check if any GCs
ie within the 68 and 95 per cent containment regions of the sources’
ocations. The containment regions for each source are shown as ovals
f corresponding colours (yellow for catalogue sources and red for 
ew point sources). Besides M54, we find two sources that lie within
he localizations of our unassociated sources: 4FGL J1851.3003 
ith Minni326 and 4FGL J1825.5 −2647 with Minni08. Minni08’s 

ssociation with Sgr is inconclusive to date (Minniti et al. 2021a ),
nd has no structural parameters determined thus far (Minniti et al.
021b ). For these reasons, we consider it unlikely that this GC is truly
ssociated with a gamma-ray source. In contrast, Minni326 is one of
he brighter Minni GCs, with an estimated mass of 6 . 8 × 10 3 M �.
f this 4FGL source is associated with Minni326, this implies that

inni326 is simultaneously one of the furthest and least massive 
Cs to be detected in gamma-rays – an unlikely combination. The 
S of this 4FGL sources is ∼30 for the power-law model, and ∼24

or the case of the curved spectral model. 
As mentioned before, there are no known pulsars in Sgr. While

t is possible that there are other gamma-ray emitting sources 
ithin Sgr, this seems unlikely considering the masses of these 
Cs. The least massive gamma-ray bright GC is GMS-01, with 
 mass of 3 . 5 × 10 4 M �. While one of Sgr’s oldest known GCs,
erzan 8, possesses a slightly higher mass than this, the remainder
MNRAS 524, 4574–4585 (2023) 
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Figure 2. The spectral energy distribution (SED) of M54. The lines represent the best-fit models, and the bands show the 1 σ uncertainties in the model parameters. 
Left: The SED obtained in our two-component analysis, where the black curve represents the best-fit total spectrum (see equation 3 ), and the orange and yellow 

curves represent the components associated with curvature emission (CRV) and inverse Compton scattering (ICS). The ICS component is generally found to be 
negligible in this case, while the CRV component is well-defined. Right: the SED obtained for our one-component analysis (where the emission is considered 
to be either described by equation ( 1 ) or described by equation 2 ). For comparison, we show again in this frame the best-fit two-component model in black. 

Table 1. The best-fitting parameters and their uncertainties for the ICS, CRV, 
and CRV + ICS models. The corresponding SEDs for these fits are shown in 
Figs 2 and 3 . 

Model name Parameters 

M54 

ICS only γ 1 = −2.55 ± 0.21 
N 1 = [3.79 ± 0.96] × 10 −7 cm 

−2 s −1 erg −1 

CRV only γ 2 = −1.63 ± 0.42 
N 2 = [5.10 ± 2.16] × 10 −7 cm 

−2 s −1 erg −1 

E cut = [3.38 ± 2.15] × 10 3 MeV 

CRV + ICS of two-component 
source 

γ 1 : Unconstrained 

N 1 ≤ 2.9 × 10 −8 cm 

−2 s −1 erg −1 

γ 2 = −1.65 ± 0.56 
N 2 = [5.13 ± 4.20] × 10 −7 cm 

−2 s −1 erg −1 

E cut = [3.44 ± 2.33] × 10 3 MeV 

Terzan 5 

ICS only γ 1 = −2.35 ± 0.02 
N 1 = [2.15 ± 0.04] × 10 −5 cm 

−2 s −1 erg −1 

CRV only γ 2 = −1.59 ± 0.04 
N 2 = [2.99 ± 0.092] × 10 −5 cm 

−2 s −1 erg −1 

E cut = [3.63 ± 0.24] × 10 3 MeV 

CRV + ICS of two-component 
source 

γ 1 = −2.35 ± 0.09 

N 1 = [2.45 ± 0.77] × 10 −6 cm 

−2 s −1 erg −1 

γ 2 = −1.54 ± 0.04 
N 2 = [2.81 ± 0.13] × 10 −5 cm 

−2 s −1 erg −1 

E cut = [3.24 ± 0.23] × 10 3 MeV 
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f its ∼20 GCs have masses at or below the mass of GMS-01.
hus, while there are several spatial overlaps between unassociated
amma-ray sources and Sgr GCs, we do not suggest that they are
ssociated. 
NRAS 524, 4574–4585 (2023) 
.4 Extension tests on the M54 source 

e have checked for evidence of extension of the Sgr/M54 source,
nding that the TS does not appreciably impro v e when using an
xtended template. 

 DA R K  MATTER  I NTERPRETATI ON  

p to this point, we have assumed that the point source residing at the
entre of Sgr is associated with the GC, M54. Ho we ver, it is prudent
o also consider a scenario in which the gamma-ray emission from
his dwarf is not from M54, but is instead from DM annihilating
ithin the core of this dSph’s DM halo. The flux of gamma-rays

rom annihilating DM is given by, 

d � 

d E 

= 

1 

8 π

〈 σv〉 
m 

2 
χ

d N 

d E 

× J , (4) 

here m χ is the mass of the DM particle, 〈 σv〉 is the velocity-
eighted annihilation cross section, and d N /d E is the flux density
er annihilation, which depends on the DM’s mass and annihilation
hannel(s). J is what is typically referred to as the ‘astrophysical
iece’ of the abo v e equation because it depends on the density and
orphology of the DM halo, which can be derived from kinematic
easurements. The J -factor is given by: 

 ( θmax ) = 

“
ρ2 

DM 

( r) d 
 d �, (5) 

here 
 is a line-of-sight through the halo and � is the solid angle
ith a radius, θmax . We refer the reader to Pace & Strigari ( 2019 )

or a re vie w of the methodology that we use for calculating J -factors
rom kinematic data. 

We measure the two components of the tangential velocity
ispersion and the radial velocity dispersion of Sgr using data
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Figure 3. As in Fig. 2 , but for the globluar cluster Terzan 5. Unlike M54, this source has distinct contributions from both curvature emission (CRV) and inverse 
Compton scattering (ICS). 

Figure 4. As in Fig. 3 , but including measurements of Terzan 5 from the 
H.E.S.S. Collaboration (H. E. S. S. Collaboration et al. 2011 ). 
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rom Gaia EDR3 (Gaia Collaboration et al. 2021 ) and APOGEE 

R16 (Ahumada et al. 2020 ). We identify 778 Sgr members in
he innermost 125 

′ 
based on stars consistent with the systemic line- 

f-sight velocity, proper motion, and parallax of Sgr (Vasiliev & 

elokurov 2020 ). Adopting an NFW DM profile, 

( r) = 

ρs 

r 
r s 

(
1 + 

r 
r s 

)2 , (6) 

e measure the posterior probability density functions for the scale 
ensity, ρs , and then convert this into a J -factor. We fix the scale
adius to be r s = 1 kpc, which corresponds to the approximate half-
ight radius of Sgr. From this method, we determine the integrated 
 -factor within the half-light radius ( ∼2 ◦ of the Sgr core) to be
og 10 [J(Ge V 

2 cm 

−5 )] = 19.6 ± 0.2. In calculating this quantity, we
ave assumed that the core region of Sgr is in dynamical equilibrium.
f this assumption is not valid, there could be large systematic
ncertainties on the J -factor, beyond those we have quoted above.
e note that our calculated value is different from that obtained

y previous authors (Viana et al. 2012 ), most likely because of the
ifferent data sets used in our analysis. We address this issue in more
etail in the discussion below. 
For a halo with a scale radius of r s ∼ 1 kpc , DM annihilation

n Sgr should be expected to produce a gamma-ray signal that
s detectably extended. Before considering that case, ho we ver, we
rst present our results for the case of point-like emission, as
hown in Fig. 6 for the b ̄b and τ+ τ− annihilation channels. For
he b ̄b channel, we find that this spectrum is best fit by a DM
article with a mass of m χ = 29.6 ± 5.8 GeV and an annihilation
ross section of σv = (2 . 1 ± 0 . 59) × 10 −26 cm 

3 s −1 . For the τ+ τ−

hannel, we find that the fit prefers m X = 8.3 ± 3.8 GeV and
v = (0 . 90 ± 0 . 25) × 10 −26 cm 

3 s −1 . In these cases, we obtain
S = 16.5 ( b ̄b ) and TS = 16.2 ( τ+ τ−). As was the case for the
C models, if we extend our fitting down to 100 MeV we reco v er
 higher TS of 22.9 and 18.3, respectively. In Fig. 7 , we show the
egions of the dark matter parameter space that are fa v oured for
M annihilating to b ̄b . This region, shown in purple, was derived

rom the full covariance matrix in the space of m χ and 〈 σv〉 . Other
esults, including the regions fa v oured by the observed properties of
he Galactic Centre Gamma-Ray Excess, are shown for comparison 
Calore, Cholis & Weniger 2015a ; Daylan et al. 2016 ; Albert et al.
017 ; Cholis et al. 2022 ). 
To consider the possibility of detecting annihilation products from 

n extended DM halo, we construct spatial templates using an NFW
ensity profile to describe the emission, and refer the reader to
ooper & Linden ( 2015 ) for more details regarding the template

onstruction. We define our templates out to a radius of 6 ◦ from the
entre or Sgr, and cut the extended emission off beyond a radius of
 kpc. F or v ery small values of r s , we reco v er the results obtained
or the point-like template, as described abo v e. F or larger values of
 s , ho we ver, we obtain smaller values for the TS. In particular, for
MNRAS 524, 4574–4585 (2023) 
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Table 2. The results of our search for gamma-ray sources within the Sagittarius dwarf galaxy. ‘PS’ denotes the point sources found using gta.find sources , 
while ‘4FGL’ denotes unassociated catalogue sources. We show here all PS and 4FGL sources found within 1 ◦ of a globular cluster within the Sagittarius 
system. We use the locations of the Minni globular clusters as listed in Minniti et al. ( 2021a , b ). The globular clusters which lie within the FermiPy localization 
uncertainties of the sources are shown in bold, and appear in Fig. 5 as green squares. 

Source name l [ ◦] b [ ◦] TS Globular cluster name Distance to globular cluster [ ◦] 

4FGL J1851.0-3003 5.65 −13.11 30.68 Minni148 0.39 
Minni326 0.11 
Minni328 0.80 
Minni332 0.97 
Minni335 0.83 
Minni341 0.80 

M54 0.98 

4FGL J1850.7-3216 4.39 −13.62 73.99 Minni146 0.64 
Minni148 0.96 
Minni325 0.91 
Minni342 0.77 

4FGL J1857.8-3220 4.07 −15.35 103.52 Minni325 0.85 

4FGL J1857.7-2830 7.56 −13.94 9.91 Minni145 0.98 
Minni348 0.82 

PS J1845.0-2939 5.47 −11.77 17.46 Minni324 0.35 
Minni328 0.66 
Minni329 0.38 
Minni332 0.64 
Minni335 0.78 

PS J1851.3-3248 3.08 −14.29 39.03 Minni146 0.88 

PS J1836.7-2829 5.76 −9.63 11.69 Minni01 0.47 
Minni310 0.54 
Minni311 0.57 
Minni312 0.59 

4FGL J1834.9-2819 5.73 −9.18 60.63 Minni01 0.39 
Minni310 0.27 
Minni311 0.47 
Minni312 0.54 

4FGL J1826.2-2830 4.60 −7.59 19.32 Minni02 0.89 

4FGL J1822.0-3146 1.33 −8.26 29.51 Minni03 0.70 

4FGL J1825.5-2647 6.12 −6.66 38.33 Minni08 0.73 

4FGL J1820.7-3217 0.78 −8.22 38.33 Minni03 0.16 

4FGL J1820.7-3217 0.77 −7.74 121.12 Minni03 0.50 
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 s = 0.01, 0.1, and 1 kpc, we find TS values of 12.3, 6.5, and 6.5,
espectively. 4 The fit thus prefers templates that are not significantly
xtended, somewhat disfa v ouring DM interpretations of this signal. 

Up until this point, we have used the fiducial background models
rovided by the Fermi-LAT Collaboration, as described in our
ethods section. These background models include substructure

ssociated with the Fermi Bubbles, which may impact the results
f our analysis as Sagittarius o v erlaps this re gion (Su & Finkbeiner
012 ). Thus, it is imperative that we test other background models
hat do not include o v erlapping substructure. To test the sensitivity
f our results to other background models, we implement Model
 from Calore, Cholis & Weniger ( 2015b ) for this portion of the

nalysis, which we will refer to as the Calore model. We test both
he point source scenario as well as the NFW template scenario as
escribed in the paragraph abo v e. In general, we find that the TS is
NRAS 524, 4574–4585 (2023) 

 Recall that we adopted r s = 1 kpc in deriving the J -factor from stellar 
inematics as described abo v e. 

o  

w  

o  
lightly higher when using the Calore model, with the point source
nalysis giving a TS of 48.7. As before, for very small values of r s ,
e achieve similar results with a TS of 36.5. For larger values of r s ,

he nominal TS value of the source trends higher; however, the fit
o the spectrum is poorly defined by an annihilating DM model. We
herefore conclude that while the significance may increase, there is
o evidence that this source is well-fit by a dark matter scenario or
hat the TS is robust for these large extensions. 

Finally, since Sagittarius is located very near the Galactic Centre,
t is possible that diffuse emission from the smooth Milky Way dark
atter halo makes a significant contribution to the gamma-ray signal

owards the direction of Sagittarius. To test this, we take a standard
FW model for the Milky Way halo, with r s = 20 kpc and a local dark
atter density of 0.3 GeV cm 

−3 . With these model parameters, the
ntegrated J -factor for the MW DM halo emission within a 2 ◦ radius
f Sgr is 2 . 2 × 10 20 GeV 

2 cm 

−5 . While this value is higher than what
e obtain for the Sgr/M54 source, the emission is more diffuse o v er
ur ROI. To determine this impact of the diffuse DM emission on our
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Figure 5. A map of the Sgr region. The blue points denote the location of Minni globular clusters associated with Sgr (Minniti et al. 2021a , b ), and the 
blue stars denote the previously known globular clusters within our ROI (Goldsbury et al. 2010 ). The red points represent the locations of the sources found 
using FermiPy’s gta.find sources function, while yellow points are the locations of 4FGL-DR3 sources. The ovals represent the 1 and 2 σ positional 
uncertainties on the locations as calculated from the gta.localization method. The green squares show the three globular clusters that hav e o v erlap with 
any of these sources, M54, Minni 326, and Minni 08. In black, we show the half-light radius of Sgr (Ferguson & Strigari 2020 ). The TS values for all of the 
Fermi-LAT sources shown are given in Table 2 . 
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ource, we generate a new background template to describe the MW 

oreground emission and employ this in our models. We construct 
he MW foreground template in a similar manner to the Fermi-LAT 

iffuse isotropic background, but in this case the isotropic emission 
s defined by our best-fitting DM annihilation spectrum with a J -
actor of 2 . 2 × 10 20 GeV 

2 cm 

−5 . With the addition of this isotropic
omponent, the TS of the Sgr/M54 does not appreciably change and 
e conclude that the MW foreground emission has little impact on 
ur results. Further testing of the contribution from the MW DM halo
nvolv es e xamining the range of DM distributions consistent with the

W data, which is beyond the scope of this work. 

 DISCUSSION  A N D  C O N C L U S I O N  

n this paper, we have analysed the core of the Sagittarius dwarf
pheroidal galaxy using data from Fermi-LAT. We have confirmed 
he existence of point-like emission from this region, which is associ-
ted with the globular cluster, M54, in the 4FGL-DR3 catalogue. We 
nd no evidence for emission from this source at energies � 10 GeV.
f this emission originates from MSPs, this result suggests that it
s produced largely at the pulsars’ magnetosphere, and not through 
nverse Compton scattering. We also search for other possible point 
ources of gamma-ray emission associated with the Sgr system. 

hile we have discovered spatial overlap between unidentified point 
ources in the Fermi-LAT data and Sgr GCs, we do not suggest they
re associated due to the large distance to and small sizes of the
Cs. We also consider a dark matter interpretation of this data and
eri ve v alues for the particle mass and annihilation cross section that
rovide a good fit to this signal. Testing both the b ̄b and τ+ τ−

hannels, we find best-fitting masses and cross sections, which are 
onsistent with the Galactic Centre Gamma-Ray Excess and with 
revious constraints from observations of other dwarf galaxies. 

.1 Globular cluster interpretation 

n Figs 8 and 9 , we compare the characteristics of M54 to those of 35
ther gamma-ray bright GCs, highlighting those with a gamma-ray 
uminosity of L γ ≥ 10 35 erg s −1 (Terzan 5, NGC 6388, NGC 6316,
GC 6440, M62, and NGC 6441), and indicating which are known

o contain pulsars. 5 In Fig. 8 , we plot the gamma-ray luminosities
MNRAS 524, 4574–4585 (2023) 
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Figure 6. The SED of Sgr/M54 assuming that the gamma-ray emission is due to annihilating dark matter for the b ̄b and τ+ τ− channels. We show three lines 
for each channel: The solid tan line shows the annihilation spectrum of the best-fitting mass and annihilation cross section, σv, based on the global fit to the 
source. The two dashed lines show the annihilation spectrum of the lower and upper edges of the 1 σ uncertainty of the fits. We have adopted a J -factor of 
10 19.6 GeV 

2 cm 

−5 . 
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f these GCs against their stellar encounter rate (as reported by
ahramian et al. ( 2013 )) and their distance from the Solar system.
he encounter rate depends on the core density and core radius of

he GC such that a more compact GC will have a higher encounter
ate and thus a higher number of binary interactions. This quantity
as been shown to correlate with the predicted (observed) number of
illisecond pulsars (X-ray binaries) within the cluster, e.g. Gendre,
arret & Webb ( 2003 ); de Menezes, Cafardo & Nemmen ( 2019 ).

n Bahramian et al. ( 2013 ), the stellar encounter rates are estimated
rom the observed surface brightness profiles of the systems. Upon
eprojection of the surface brightness profiles, a luminosity density
unction can be derived. From this, the encounter rate of a GC is
efined as, 

 e = 

∫ 

ρ2 ( r) 

σc 
d V , (7) 

here ρ is the stellar density profile of the cluster and σ c is the
elocity dispersion at the core radius. From this figure, we see that
he observed gamma-ray luminosity of M54 is unsurprising in light
f its large stellar encounter rate. This fact fa v ours the hypothesis that
his source’s gamma-ray emission originates from MSPs. In the right-
and panel of Fig. 8 , we see that if this source is indeed associated
ith M54, then this is the most distant GC to have been detected
y Fermi-LAT. We also note that M54 has one of the highest X-ray
uxes of all globular clusters (Ramsay & Wu 2006a ), suggesting a
igh number of X-ray binaries, the progenitor systems of MSPs. 
One might expect that the most massive GCs, such as ω Cen,

ould have the highest gamma-ray luminosities. This, ho we ver, is
ot necessarily the case. From Fig. 9 , we see that while all of the
amma-ray bright GCs have high masses, densities, and magnitudes,
here are several other GCs with similar properties that have not
een detected by Fermi-LAT. In fact, there are other GCs with stellar
asses as large as ∼10 6 M � that are not gamma-ray bright, including
NRAS 524, 4574–4585 (2023) 
GC 2419, Liller 1 (see, ho we ver, Tam et al. ( 2011 )), NGC 5824,
nd NGC 6273. 

Our analysis has not identified any evidence of emission abo v e
0 GeV from M54. This could be considered surprising in light of
he fact that TeV haloes appear to be a universal feature of young
nd middle-aged pulsars (Hooper et al. 2017 ; Linden et al. 2017 ;
beysekara et al. 2020 ; Albert et al. 2021 ), and perhaps millisecond
ulsars as well (Hooper & Linden 2022 ). As previously discussed,
erzan 5 is the only GC that has been robustly detected at TeV-scale
nergies. The morphology of this emission is not entirely understood,
o we ver, as it extends beyond the tidal radius of this source and
eyond the point spread function of H.E.S.S. Moreo v er, this TeV
mission is offset from the centre of the cluster by ∼4 arcminutes.
ith future telescopes, such as the Cherenkov Telescope Array, it
ay be possible to detect the extended TeV-scale emission from the
SP populations within GCs (Sudoh, Linden & Beacom 2019 ). 

.2 Dark matter interpretation 

n Fig. 7 , we show the DM parameter space that could explain the
pectrum and intensity of the gamma-ray emission observed from
he direction of M54. These results are consistent with the measured
haracteristics of the Galactic Centre Gamma-Ray Excess, and with
ll existing constraints. 

There are several systematic uncertainties that one should keep
n mind when considering these results. First, we have adopted a
 -factor of 10 19.6 GeV 

2 cm 

−5 for Sgr. To calculate such a J -factor
equires a Jeans analysis of the stellar kinematics, which relies on the
ssumption that the system in question is in dynamical equilibrium.
his is not obviously true in the case of Sgr. In Wang et al. ( 2022 ),

he authors identify Sgr-like systems in the AURIGA simulations and
est the accuracy of Jeans modelling to extract the actual mass of the
Sph. The authors found that the masses of Sgr-like systems were
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Figure 7. The regions of dark matter parameter space which provide a good fit to the gamma-ray flux observed from the core of the Sgr dwarf galaxy 
(purple), under the assumption that all of this emission originates from dark matter annihilation, and adopting a J -factor of 10 19.6 GeV 

2 cm 

−5 . For the contours 
corresponding to the results of this work, the dark lines represent the 68 and 95 per cent containment regions. The black dashed line is the annihilation cross 
section that is predicted for a thermal relic (Steigman, Dasgupta & Beacom 2012 ). The brown dashed line denotes the upper limit on the dark matter annihilation 
cross section from the null results of searches for gamma-ray emission from Milky Way dwarf galaxies (Albert et al. 2017 ). The remaining contours show 2 σ
fits to the Galactic Centre Gamma-Ray Excess (Calore et al. 2015a ; Daylan et al. 2016 ; Cholis et al. 2022 ). All results shown in this figure are for the case of 
dark matter annihilations to b ̄b . 
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ystematically underestimated if the Jeans analysis was performed 
ithin the inner 200–300 pc of the dSph. Extrapolating this to a

arger radius would suggest an o v erestimation of the J -factor for the
nalysis performed in this study. The value of the scale radius of Sgr’s
M halo is also an important source of uncertainty. In this analysis,
e have adopted a value of r s = 1 kpc , which matches the half-light

adius of this system. Ho we ver, the Jeans analysis still allows for
he possibility that r s could be larger. If this is the case, fits to the
inematic data would prefer lower halo densities and thus smaller 
alues of Sgr’s J -factor. 

Another interesting feature of M54 is its large central velocity 
ispersion (Ibata et al. 2009 ), which could indicate the presence of
 significant fraction of dark mass near the core of this GC. These
igh-velocity dispersions were originally attributed to a possible 
ntermediate mass black hole candidate; see, ho we ver, the most recent 
nalysis of Wrobel, Greene & Ho ( 2011 ). Other possibilities include
he dark mass being a population of stellar remnants that have sunk
o the core of the system due to mass se gre gation (Kremer et al.
020 ) or the central cusp of Sgr’s DM halo (Carlberg & Grillmair
022 ). Carlberg & Grillmair ( 2022 ) have argued that tidal effects may
ave greatly disturbed Sgr’s DM halo, leaving only the innermost 
300 pc relatively unperturbed. This could explain why the gamma- 

ay emission from this source is approximately point-like, showing 
o signs of spatial extension. 
Dedicated pulsar searches in the radio band, as well as searches for

amma-ray pulsations, could shed significant light on the nature of 
he Sgr/M54 system. Recently, Yuan et al. ( 2022 ) performed a study
f a number of bright gamma-ray GCs, including M54. The authors
earched for pulsations in Fermi-LAT data and found no evidence for
ime-dependent variations in M54’s flux. As more data is acquired by
ermi-LAT, it may be possible to detect pulsations associated with 

he M54 source. Dedicated radio searches, such as with the Square
ilometer Array, may also find pulsars in either the main body of
gr or within M54 (Keane et al. 2015 ). 
MNRAS 524, 4574–4585 (2023) 
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M

Figure 8. A comparison of M54 to other gamma-ray bright globular clusters. We denote GCs with (without) known pulsars by a dark red diamond (off-white 
circle). The left-hand panel shows the gamma-ray luminosity versus stellar encounter rate (see text for details), normalized such that NGC104 has an encounter 
rate of 1000. The right-hand panel shows the distance to the globular clusters from the Sun. 

Figure 9. A comparison of all Milky Way GC masses and their V -band magnitudes (left-hand panel) as well as their core densities (right-hand panel). All 
v alues sho wn are from the Baumgardt Globular Cluster Database. Gamma-ray bright GCs are shown as in Fig. 8 and our sub-population of high gamma-ray 
luminosity GCs are denoted by a blue outline around the marker. We also show which GCs are within 5 kpc of the Galactic Centre with the star symbol. Grey 
points on the figure denote GCs which have not been detected in gamma-rays. 
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