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Gamma-ray emission from the Sagittarius dwarf
spheroidal galaxy due to millisecond pulsars
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The Fermi bubbles are giant, y-ray-emitting lobes emanating from the nucleus of the Milky Way discovered in ~1-100 GeV data
collected by the Large Area Telescope on board the Fermi Gamma-Ray Space Telescope. Previous work has revealed substruc-
ture within the Fermi bubbles that has been interpreted as a signature of collimated outflows from the Galaxy's supermassive
black hole. Here we show via a spatial template analysis that much of the y-ray emission associated with the brightest region of
substructure—the so-called cocoon—is probably due to the Sagittarius dwarf spheroidal galaxy (dSph). This large Milky Way
satellite is viewed through the Fermi bubbles from the position of the Solar System. As a tidally and ram-pressure stripped rem-
nant, the Sagittarius dSph has no ongoing star formation, but we nevertheless demonstrate that the dwarf's millisecond pulsar
population can plausibly supply the y-ray signal that our analysis associates with its stellar template. The measured spectrum
is naturally explained by inverse Compton scattering of cosmic microwave background photons by high-energy electron-posi-
tron pairs injected by millisecond pulsars belonging to the Sagittarius dSph, combined with these objects’ magnetospheric
emission. This finding plausibly suggests that millisecond pulsars produce significant y-ray emission among old stellar popula-
tions, potentially confounding indirect dark-matter searches in regions such as the Galactic Centre, the Andromeda galaxy and

other massive Milky Way dSphs.

(Fermi-LAT; ref.') identified two counterpropagating, collin-

ear y-ray substructures within the Fermi bubbles (refs. >*; Fig.

la): a jet in the northern Galactic hemisphere and cocoon in the
south®. Subsequent, independent analyses® have only confirmed
the existence of the latter. As the cocoon is contained within the
solid angle of the surrounding Fermi bubbles and exhibits a similar
y-ray spectrum, it is natural to propose they share a common origin.
However, the cocoon is also spatially coincident with the core of
the Sagittarius dwarf spheroidal galaxy (Sgr dSph (ref.¢); Fig. 1b),
a satellite of the Milky Way that is in the process of being accreted
and destroyed, as tidal forces gradually strip stars out of its core into
elongated streams’. The chance probability of such an alignment is
low, ~1% (Supplementary Section 1), even before accounting for the
fact that the cocoon and the Sgr dSph have similar shapes and ori-
entations and that the Sgr dSph is both one of the nearest and most
massive (distance d=26.5kpc, mass M=~ 10%solar masses (M,);
refs.®?) Milky Way satellites, with the largest mass divided by dis-
tance squared of any astronomical object not yet detected in y-rays.
We therefore considered emission from the Sgr dSph as an
alternative origin for the cocoon. To test this possibility, we fit-
ted the y-ray emission observed by Fermi-LAT over a region of

Early analysis of data from the Fermi Large Area Telescope

interest (ROI) containing the cocoon via template analysis. In our
baseline model these templates include only known point sources
and sources of Galactic diffuse y-ray emission. We contrasted the
baseline with a baseline + Sgr dSph model that invoked these same
templates plus an additional template constructed to be spatially
coincident with the bright stars of the Sgr dSph (Extended Data Fig. 1
and Supplementary Fig. 1); full details of the fitting procedure are
provided in the Methods and Supplementary Section 3. Choosing
the best-motivated background templates (i.e., those that deliver the
best goodness-of-fit we found in our analysis), we found that the
baseline + Sgr dSph model was preferred at 8.16 significance over
the baseline model. We also repeated the analysis for a wide range
of alternative templates for both Galactic diffuse emission and for
the Sgr dSph (Table 1) and obtained >5¢ detections for all combi-
nations but one. Moreover, even this is an extremely conservative
estimate, because our baseline model uses a structured template for
the Fermi bubbles that absorbs some of the signal that is spatially
coincident with the Sgr dSph into a structure of unknown origin.
If we follow the method recommended by the Fermi collaboration’
and use a flat Fermi bubble template in our analysis, the significance
of our detection of the Sgr dSph is always >140. Despite this, for the
remainder of our analysis we followed the most conservative choice
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Sgr stream
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Fig. 1| The Fermi bubbles, including the cocoon substructure, and the Sgr dSph galaxy. a,c, The y-ray spatial template for the Fermi bubbles® in arbitrary
units with a linear colour scale, highlighting the cocoon. b,d, The angular density of RR Lyrae stars with line-of-sight distances >20 kpc from Gaia Data
Release 2, in arbitrary units with logarithmic scaling. The Sgr dSph, Sgr stream and the Large and Small Magellanic (Mag) Clouds are clearly visible. The
proper motion of the Sgr dSph is upwards. The dashed ellipses in a-d mark the same coordinates in each panel and highlight both the cocoon and the
Sgr dSph. e, Contours of RR Lyrae surface density overlaid on the Fermi bubble template shown as the coloured background. a and b are all-sky views

in Mollweide projection in Galactic coordinates of longitude # and latitude b with east to the left, with the ROl marked by the dotted box; c-e are in a

cylindrical projection and zoom in on the ROI.

by using the structured template in our baseline model. In the
Methods we also show that our analysis passed a series of validation
tests: the residuals between our best-fitting model and the data were
consistent with photon counting statistics (Extended Data Figs. 2
and 3), our pipeline reliably recovered synthetic signals superim-
posed on a realistic background (Extended Data Fig. 4), fits using a
template tracing the stars of the Sgr dSph yielded significantly better
results than fits using purely geometric templates (Supplementary
Table 1) and if we artificially rotated the Sgr dSph template on the
sky, the best-fitting position angle was very close to the actual angle
(Extended Data Fig. 5). By contrast, when we displaced the Sgr
dSph template, we found moderate (4.50 significance) evidence that
the best-fitting position was ~4° from the true position, in a direc-
tion very closely aligned with the dwarf galaxy’s direction of travel
(Extended Data Fig. 5); this plausibly represents a small, but real
and expected (as explained below), physical offset between the stars
and the y-ray emission.

The directly measured flux from the Sgr dSph, derived from
our fiducial choice of templates, corresponds to a luminosity of
3.8+£0.6x10°ergs™" (1o error) for y-ray photons in the range from
0.5 to 150 GeV (equivalently ~4Xx10%®ergs™ M,). Over this range,
the spectrum is approximately described by a hard power law
dF,/dE, %E{ *!, where E, denotes photon energy and dF,/dE, is
the number flux of photons due to the source, differential in pho-
ton energy (Fig. 2). There is no evidence for a cutoff at high ener-
gies. We show in Extended Data Fig. 6 that this spectral shape is
qualitatively insensitive to the choice of foreground templates, and
Extended Data Fig. 7 demonstrates that the spectra we recovered for
the various foregrounds within the ROI remain physically plausible
when we introduced a Sgr dSph template.

As our template fits plausibly suggested that there is a real y-ray
emission component tracing the Sgr dSph, a natural next ques-
tion was what mechanism could be responsible for producing it.
The core of the Sgr dSph is the remnant of a once much more
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massive galaxy. Tidal and ram-pressure stripping removed its gas
and caused it to cease forming stars 2-3 Gyr ago'’, although it did
experience punctuated bursts of star formation''—triggered by its
crossings through the Galactic plane'>—up to that time. In the Milky
Way, the dominant source of diffuse y-ray emission is collisions
between (hadronic) cosmic rays and ambient interstellar medium
gas nuclei”, but this mechanism cannot operate in the Sgr dSph,
which lacks both ‘target’ gas with which cosmic rays could interact,
and supernova explosions from young, massive stars to accelerate
hadronic cosmic rays in the first place. Stellar y-ray emission is also
ruled out: while our Sun is a source of ~100GeV y-rays, this emis-
sion is again dominantly due to collisions between hadronic cos-
mic rays from the wider Galaxy and solar gas; y-ray emission from
non-thermal particles accelerated by the Sun itself only extends to
4GeV (ref.'). This leaves two possibilities for the y-ray signal our
template analysis associates with the Sgr dSph: it is created from the
self-annihilation of dark-matter particles in the dwarf’s dark-matter
halo, or by millisecond pulsars (MSPs) deriving from the stars of
the Sgr dSph. The former is unlikely because the y-ray signal largely
traces the stars of the dwarf, while N-body simulations'? show that
the Milky Way’s tidal field will have overwhelmingly dispersed the
progenitor galaxy’s original dark-matter halo into the stream over
its orbital history.

MSPs, by contrast, should follow the same spatial distribution
as the rest of the stellar population, have a spin-down timescale
2 O (Gyr), long enough to be compatible with the most recent
episodes of Sgr dSph star formation, and radiate some part of
their magnetic dipole luminosity into y-rays. However, there are
two significant challenges to this scenario: first, the inferred y-ray
luminosity per unit stellar mass is much larger (210x) for the Sgr
dSph than for some other systems whose detected y-ray emission
is plausibly dominated by MSPs including the Galactic Bulge'"*
and Andromeda®?' (M31), the giant spiral galaxy nearest to the
Milky Way (although it is smaller than that observed for globular
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Fig. 2 | Measured y-ray spectral brightness distributions of the signal
associated with the Sgr dSph template and the surrounding Fermi
bubbles. The dashed black line shows a differential number flux obeying
dNy/dEy o EV_ZJ. These data are as obtained by us in our Fermi-LAT data
analysis described in the Methods. We have converted luminosities to
surface brightnesses, adopting source solid angles of s, 4,,=9.6 X107 sr
and 2., =0.49 sr with the latter set by the 40°x 40° ROI, not the intrinsic
sizes of the bubbles (which are larger than the ROI). Error bars show 1o
errors; for the Sgr dSph, the error bars incorporate both statistical and
systematic errors added in quadrature. The blue curves show the best-fit
combined (magnetospheric + IC; solid) and best-fit magnetospheric
(dashed) spectra.

clusters; see Fig. 3). Second, the hard, < E; > spectrum of the Sgr
dSph (Fig. 2) does not resemble the classic few-gigaelectronvolt
bump (in the spectral energy distribution) of the magnetospheric
y-ray signal detected from individual MSPs or the globular clusters
that host populations of MSPs (for example, ref. »2).

However, both of these challenges can be overcome by consider-
ing how the stellar population and interstellar environment of the
Sgr dSph differ from other systems. With regard to stars, those in
the Sgr dSph are both younger and more metal-poor than those of
M31 or the Galactic Bulge; metal-poor stellar systems are expected
to produce more MSPs per stellar mass*, and ~7—8-Gyr-old MSPs
(the rough age of the Sgr dSph population) are expected to be signif-
icantly brighter than 10—12-Gyr-old ones (the ages of stellar popula-
tions in the Galactic Bulge and the core of M31)". In Supplementary
Section 5 we show that the best-fit value for the y-ray luminosity
of the Sgr dSph is fully consistent with both theoretical predictions
and with observations of other y-ray-emitting old stellar popula-
tions once age and metallicity are taken into account. On the basis
of stellar population synthesis models, we estimate that the y-ray
luminosity of the Sgr dSph is produced by ~650 MSPs.

With regard to environment, note that while the spectrum of
the Sgr dSph does not resemble an MSP magnetospheric signal,
it does resemble inverse Compton emission from the upscatter-
ing (by a cosmic ray electron-positron population; e*) of ambient
light that, for the Sgr dSph, is dominated by the cosmic microwave
background. We also know that MSPs produce e* with energies of
at least a few teraelectronvolts, as these are the particles that ulti-
mately drive the observed gigaelectronvolt MSP y-ray photospheric
emission. Some of these e* will give up all their energy within the
magnetosphere of the MSP. However, given the expected absence
of wind nebulae or supernova remnants surrounding these old,
low-luminosity objects®’, many will freely escape both the magneto-
sphere and MSP environs into the larger Sgr dSph environment™*,
where they can inverse Compton upscatter cosmic microwave back-
ground photons. In an environment like Andromeda or the Galactic
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Fig. 3 | Gamma-ray luminosity L, normalized to stellar mass M, for
various structures whose emission is plausibly dominated by MSPs.
The Sgr magneto. data point shows our best-fit magnetospheric luminosity
per stellar mass (the spectrum shown as the dashed blue curve in Fig. 2)
while the Sgr tot data point is the total measured luminosity associated
with the Sgr dSph template. Globular cluster measurements are from ref.??,
while the remaining data (collated by ref.??) are from ref.”® (nuclear bulge
of the Milky Way (NB)), ref.?° (M31) and ref.”” (Milky Way disk). Error
bars show 1o errors. The horizontal dashed grey lines show the predicted
total y-ray luminosity per unit stellar mass at the nominated efficiencies,
f,r=10.1,0.93, given an MSP spin-down power per unit stellar mass of
2x10%8ergs™' M, as we inferred from ref. %,

Bulge, this inverse Compton signal will be weak (albeit detectable
in the case of the Galactic Bulge according to ref. ), because much
of the escaping e* energy will be lost to synchrotron (rather than
inverse Compton) radiation. In an ultra-gas-poor system like the
Sgr dSph, however, we expect the magnetic field of the interstel-
lar medium to be far weaker than in a gas-rich galaxy (ref.?; also
see Methods) with an energy density significantly smaller than that
in the cosmic microwave background; thus radiative losses from
MSP-escaping e* are overwhelmingly into hard-spectrum inverse
Compton y-rays, rather than (radio to X-ray) synchrotron radia-
tion. Consistent with this explanation, globular clusters—which
are also gas-poor and weakly magnetized—represent another envi-
ronment where MSP-driven y-ray emission sometimes seems to
include a significant inverse Compton component”. We formal-
ize this intuitive argument in the Methods, where we show that
the spectrum of the Sgr dSph is extremely well fitted by a combi-
nation of inverse Compton and magnetospheric radiation with
self-consistently related spectral parameters. This scenario also
explains why the y-ray signal is displaced ~4°, or about 1.9 kpc (right
panel of Extended Data Fig. 5), from the centre of the Sgr dSph; the
dwarf’s northward proper motion* means that this displacement
is backwards along its path. As the Sgr dSph plunges through the
Milky Way halo, the magnetic field around it will be elongated into a
magnetotail oriented backwards along its trajectory, and e* emitted
into the dwarf will be trapped by these magnetic field lines, leading
them to accumulate and emit in a position that trails the Sgr dSph,
exactly as we observe. We offer a more quantitative evaluation of
this scenario in Supplementary Section 4.

There are some caveats to our results that the reader should
note. First, in common with other Fermi-LAT data analyses of dif-
fuse emission from extended regions, it is evident that our model,
although very good, does not reproduce the data accurate down
to the level of Poisson noise over the entire ROI (see discussion in
Supplementary Section 3). Indeed, Extended Data Fig. 3 shows that
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Table 1| Template analysis results comparing the baseline and baseline + Sgr dSph models

Template choices Results
Hadronic/bremsstrahlung Inverse Compton Fermi Sgr dSph — log(LBase) — log(Lase+sgr) TSsource Significance
emission emission bubble model
Default model
HD 3D S Model | 866,680.6 866,633.0 95.2 8o
Alternative background templates
HD 2D A S Model | 866,847.1 866,810.9 723 6.90
HD 2D B S Model | 867,234.9 867,192.1 85.8 7.80
HD 2DC S Model | 866,909.4 866,868.5 81.7 746
Interpolated 3D S Model | 867,595.4 867,567.4 56.0 5.80
GALPROP 3D S Model | 866,690.5 866,640.8 99.5 8.3¢0
Flat Fermi bubble template
HD 3D U Model | 867,271.7 867,060.1 423.2 1910
HD 2D A u Model | 867,284.2 867,122.9 3225 16.50
HD 2D B U Model | 867,624.3 867,464.0 320.7 16.40
HD 2DC U Model | 867,322.7 867,158.2 329.0 16.60
Interpolated 3D U Model | 867,287.4 867,081.2 4124 18.9¢0
GALPROP 3D U Model | 868,214.6 868,040.9 3476 17.26
Alternative Sgr dSph templates
HD 3D S Model Il 866,680.6 866,626.3 108.5 876
HD 3D S Model IlI 866,680.6 866,647.5 66.1 6.40
HD 3D S Model IV 866,680.6 866,678.2 4.8 0.4¢
HD 3D S Model V 866,680.6 866,644.9 71.5 6.76
HD 3D u Model Il 867,271.7 866,970.7 602.1 2320
HD 3D U Model Il 867,271.7 866,994.1 555.3 2220
HD 3D U Model IV 867,271.7 867,152.2 2391 14.06
HD 3D U Model V 867,271.7 866,993.3 556.9 2220

The source templates describing the Sgr dSph are details in the Methods. The log likelihoods L for the baseline model (without the Sgr dSph) and the baseline + Sgr dSph model are given. TSq,,. is the test
statistic with which the baseline + Sgr dSph model was preferred and the corresponding statistical significance of that preference is provided. The improvement in TS from {HD, 3D, U, Model I} to {HD, 3D,
S, Model I} is ATS=854.2, equivalent to 28.0c. Note that Sgr dSph Model IV (which generated a statistically insignificant improvement to the baseline for one particular combination in the last cluster) is

the sparsest stellar template, containing only 675 stars.

there are structured residuals within the ROI, although we note that
the strongest of these are at the edges of the ROI and not coincident
with the Sgr dSph. We do not believe, therefore, that these residu-
als indicate that the detection of the signal connected to the Sgr
dSph stellar template made in our y-ray analysis is spurious, nor
that the spectrum we measured is likely to be in significant error
(see Extended Data Fig. 4). Instead, we suspect that the structured
residuals point to the existence of still-mismodelled substructure
in the Fermi bubbles that is completely unrelated to the Sgr dSph.
Thus, while we argue on the basis of our analysis that much of the
cocoon substructure is probably emission from the Sgr dSph, we do
not claim to explain all Fermi bubble substructure.

This point connects to a second caveat: we are aware of no inde-
pendent, multi-wavelength (non y-ray) evidence for the existence
of a well-defined nuclear jet or jets on angular scales comparable
to the Fermi bubbles. Thus, in distinction to the case presented
by the Sgr dSph (where we could construct from independent,
multi-wavelength data a spatial template to incorporate into our
y-ray analysis), we cannot construct any definitive, a priori jet tem-
plate. Although we argue that this is actually a weakness of the jet
hypothesis, it nevertheless is true that we cannot via a formal sta-
tistical analysis rule out the presence of y-ray substructure in the
Fermi bubbles that is connected to a nuclear jet.

Taking note of all the above, there are a number of potential
implications of the discovery of a y-ray signal associated with the
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Sgr dSph stellar template to follow up. First, our results motivate the
introduction of stellar templates into the analysis of data from all
y-ray resolved galaxies (M31 and the Large and Small Magellanic
Clouds) to probe the contribution of MSPs. Such studies may con-
firm (or not) that the relatively strong signal our analysis associ-
ated with the Sgr dSph stellar template can be explained reasonably
via MSP emission (see Supplementary Fig. 3 and Supplementary
Section 6). Second, our study lends support to the argument® that
MSPs contribute significantly to the energy budget of CR e* in gal-
axies with low specific star formation rates. Third, we show in the
Supplementary Information that a direct extrapolation of the Sgr
dSph MSP y-ray luminosity per unit mass to other nearby dSph gal-
axies suggests that they could have considerably larger astrophysi-
cal y-ray signatures than previous estimates; we report our revised
estimates in Supplementary Table 3 for the sample of ref.?. These
signals are large enough that some are potentially detectable via
careful analysis of Pass 8 (15-yr) Fermi-LAT data. Conversely, these
brighter astrophysical signatures represent a larger-than-expected
background with which searches for dark-matter annihilation sig-
nals (due to putative weakly interacting massive particles in the
tens of gigaelectronvolts mass range) must contend, and potentially
swamp dark-matter signals in some nearby dwarfs. We emphasize
that these are not predictions per se, but naive extrapolations that
do not account for peculiarities of the Sgr dSph with respect to other
dSphs that may render it anomalously y-ray efficient (for example,
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its relatively recent star formation). These extrapolations do, never-
theless, motivate further work to pin down in detail how the y-ray
luminosity of an MSP population scales with gross parameters of
the host stars (mass, age, metallicity and so on).

Methods

Our analysis pipeline consists of three steps: (1) data and template selection,
(2) fitting and (3) spectral modelling.

Data and template selection. We used 8 years of LAT data, selecting Pass 8
UltraCleanVeto class events in the energy range from 500 MeV to 177.4 GeV. We
chose the limit at low energy to mitigate both the impact of y-ray leakage from
the Earth’s limb and the increasing width of the point spread function at lower
energies. We spatially binned the data to a resolution of 0.2° and divided it into
15 energy bins; the 13 lowest-energy bins were equally spaced in log energy, while
the 2 highest-energy bins are twice that width to improve the signal-to-noise
ratio. We selected data obtained over the same observation period as that used
in the construction of the Fourth Fermi Catalogue® (4 August 2008 to 2 August
2016). The ROI of our analysis was a square region defined by —45°<b < —5°
and 30°>¢>—10° (Fig. 1). This sky region fully contains the Fermi cocoon
substructure but avoids the Galactic plane (|b| <5°) where uncertainties are
largest. Because the ROI is of modest size, we allowed the Galactic diffuse
emission templates greater freedom to reproduce potential features in the data.
We carried out all data reduction and analysis using the standard FERMITOOLS
V1.0.1 software package (available from https://github.com/fermi-lat/
Fermitools-conda/wiki). We modelled the performance of the LAT with the
P8R3_ULTRACLEANVETO_V2 instrument response functions.

We fitted the spatial distribution of the ROI data as the sum of a series of
templates for different components of the emission. For all the templates we
considered, we defined a baseline model that included only known point and
diffuse emission sources, to which we compared a baseline + Sgr dSph model that
included those templates plus the Sgr dSph. Our baseline models, following the
approach of ref. "', contained the following templates: (1) diffuse isotropic emission,
(2) point sources, (3) emission from the Sun and Moon, (4) Loop I, (5) the Galactic
centre excess, (6) Galactic cosmic ray-driven hadronic and bremsstrahlung
emission, (7) inverse Compton emission and (8) the Fermi bubbles; baseline + Sgr
dSph models also included a Sgr dSph template.

Our templates for the first five emission sources were straightforward, and we
adopted a single template for each of them throughout our analysis. As our data
selection was identical to that used to construct the Fourth Fermi Catalogue, we
adopted the standard isotropic background and point-source models provided
as part of the catalogue™, iso_P8R3_ULTRACLEANVETO_V2_vl.txt and
gll_psc_v20.fit, respectively; the latter includes 177 y-ray point sources within our
ROI. We similarly adopted the standard Sun and Moon templates provided. For
the foreground structure Loop I, we adopted the model of ref. . Finally, given that
the low-latitude boundary of our ROI overlaps with the spatial tail of the Galactic
centre excess, we included the ‘Boxy Bulge’ template of ref. **, which has been
shown'*""® to provide a good description of the observed Galactic centre excess
away from the nuclear Bulge region (which is outside our ROI). The inclusion of
this template in our ROI model had only a small impact on our results.

The remaining templates required more care. The dominant source of y-rays
within the ROI is hadronic and bremsstrahlung emission resulting from the
interaction of Milky Way cosmic ray protons and electrons with interstellar
gas; the emission rate is proportional to the product of the gas density and the
cosmic ray flux. We modelled this distribution using three alternative approaches.
Our preferred approach followed that described in ref. '°. We assumed that
the spatial distribution of y-ray emission traces the gas distribution from the
hydrodynamical model of ref. **, which gave a more realistic description of the
inner Galaxy than alternatives. To normalize the emission, we divided the Galaxy
into four rings spanning the radial ranges 0-3.5kpc, 3.5-8.0kpc, 8.0-10.0kpc and
10.0-50.0 kpc, within which we treated the emission per unit gas mass in each of
our 15 energy bins as a constant to be fitted. We refer to the template produced
in this way as the HD model. Our first alternative was to use the same procedure
of dividing the Galaxy into rings but describe the gas distribution within those
rings using a template constructed from interpolated maps of Galactic H1 and
H,, following the approach described in appendix B of ref. **; we refer to this as
the Interpolated approach. Our third alternative, the GALPROP model, is the
SA50 model described by ref. *, which prescribes the full-sky hadronic cosmic ray
emission distribution.

We similarly needed a model for diffuse, Galactic inverse Compton emission—
the second largest source of background —which is a product of the cosmic ray
electron flux and the interstellar radiation field (ISRF). As with hadronic emission,
we considered four alternative distributions. Our default choice was the SA50
model described by ref. *°, which includes 3D models for the ISRF*". We therefore
refer to this as the 3D model. However, unlike in ref. *, we used this model only
to obtain the spatial distribution of the emission, not its normalization or energy
dependence. Instead, we obtained these in the same way as for our baseline
hadronic emission model; that is, we divided the Galaxy into four rings and left the
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total amount of emission in each ring at each energy as a free parameter to be fitted
to the data; this approach reduced the sensitivity of our results to uncertainties in
the electron injection spectrum and ISRF normalization. Our three alternatives to
this are models 2D A, 2D B and 2D C, which correspond to models A, B and C as
described by ref. **, which model inverse Compton emission over the full sky under
a variety of assumptions about cosmic ray injection and propagation, but rely on a
2D model for the ISRE.

The final component of our baseline template was a model for the Fermi
bubbles themselves, which are one of the strongest sources of foreground emission
in high-latitude regions of the ROL The Fermi bubbles are themselves defined as
highly statistically significant and spatially coherent residuals in the inner Galaxy
that remain once other sources are modelled out in all-sky y-ray analyses. The
Fermi bubbles are not reliably traced by emission at any other wavelength, so we
do not have an a priori model with which to guide the construction of a spatial
template of these structures. However, one characteristic that renders the Fermi
bubbles distinct from other large-angular-scale diffuse y-ray structures is their
hard y-ray spectrum. Indeed, the state-of-the-art, structured spatial template for
them generated by the Fermi Collaboration’—the templates one would normally
employ in large-ROI, inner-Galaxy Fermi-LAT analyses—were constructed using a
spectral component analysis. That study recovered a number of regions of apparent
substructure within the solid angle of the Fermi bubbles, most notably substructure
overlapping the previously discovered** ‘cocoon, which (as we have discussed
here) is largely coincident with the Sgr dSph. Of course, a potential issue with
constructing a phenomenological, spectrally defined model for the Fermi bubbles
is that, if there happens to be an extended, spectrally similar source coincident
with the Fermi bubbles, it will tend to be incorporated into the template. For this
reason, ref.’ suggested using a flat Fermi bubble template when searching for new
structures. Despite this proposal, our default analysis used the more conservative
choice of a structured Fermi bubble template. However, we also ran tests using
an unstructured template for comparison, and to understand the systematic
uncertainties associated with the choice of template. We refer to these two cases as
the U (Unstructured) and S (Structured) Fermi bubble templates, respectively.

Finally, our baseline + Sgr dSph models required a template for the Sgr dSph.
Our templates traced the distribution of bright stars in the dwarf, which we
constructed from five alternative stellar catalogues, all based on different selections
from Gaia Data Release 2. We refer to the resulting templates as models I-V and
show them in Extended Data Fig. 1. Full details of how we constructed each of
these templates are provided in Supplementary Section 2. Model I, our default
choice, came from the catalogue of 2.26 X 10° Sgr dSph candidate member stars
from ref. ¥; the majority of the catalogue consists of red clump stars. Model I used
the catalogue of RR Lyrae stars in the Sagittarius Stream from ref. *, of which we
have selected a sample of 2,369 stars whose kinematics are consistent with being
members of the Sgr dSph itself. Model IIT used the catalogue of 1.31x 10* RR
Lyrae stars belonging to the Sgr dSph provided by ref. *’. Finally, models IV and V
come from the nGC3 and Strip catalogues of RR Lyrae stars from ref. *'; the former
contains 675 stars with higher purity but lower completeness, while the latter
contains 4,812 stars of higher completeness but lower purity.

Fitting procedure. Our fitting method followed that introduced in refs. '*'* and
treated each of the 15 energy bins as independent, thereby removing the need

to assume any particular spectral shape for each component and allowing the
spectra to be determined solely by the data. Our data to be fitted consisted of the
observed y-ray photon counts in each spatial pixel i and energy bin #, which we
denote @, .., where n ranges from 1 to 15, and the index i runs over the positions
(¢, b)) of all spatial pixels within the ROI. For a given choice of template, the
corresponding model-predicted y-ray counts were @, ;mod = ¥ NcRyiPeis
where N, is defined below, R,; is the instrument response for each pixel and
energy bin (computed assuming an E~2 spectrum within the bin), and @, is the
value of template component ¢ evaluated at pixel i; for baseline models, we had a
total of eight components, while for the baseline + Sgr dSph models, we had nine.
Note that @_; is a function of i but not of #; that is, we assumed that the spatial
distribution of each template component was the same at all energies, except for
the inverse Compton templates, for which an energy-dependent morphology was
predicted by our GALPROP simulations. Without loss of generality, we further
normalized each template component as @, =1, for which N, is simply the
total number of photons contributed by component ¢ in energy bin # integrated
over the full ROJ; the values of N, were the parameters to be fitted. We found the
best fit by maximizing the usual Poisson likelihood function:

g, =>"

i

D iobs e Primod
n,i,mod
Puimoa® "™ )

‘pn,i,obs !

using the pylikelihood routine, the standard maximum likelihood method in
FermiTools. Note that as each energy bin # is independent, we carried out the
likelihood maximization bin-by-bin.

We performed all fits in pairs, one for a baseline model containing only
known emission sources, and one for a baseline + Sgr dSph model containing
the same known sources plus a component tracing the Sgr dSph. The set of
paired fits we performed in this manner is shown in Table 1. We compared the

1321


https://github.com/fermi-lat/Fermitools-conda/wiki
https://github.com/fermi-lat/Fermitools-conda/wiki
http://www.nature.com/natureastronomy

ARTICLES

NATURE ASTRONOMY

quality of these baseline and baseline + Sgr dSph fits by defining the test statistic
TSy = —21n(LyBase/LnBasetsgr ) the total test statistic for all energy bins is simply
TS=Y,TS,. We could assign a P value to a particular value of the TS by noting
that baseline + Sgr dSph models have 15 additional degrees of freedom compared
with the baseline models: the value of N, for the component ¢ corresponding

to the Sgr dSph, evaluated at each of the 15 energy bins. In this case, the mixture
distribution formula gives'®:

N N

p(TS) =27V {5(TS) +>° ( ) gi(TS)}, 0
n=1 n

where N=15 is the difference in the number of degrees of freedom, ( Zl) is the

binomial coefficient, & is the Dirac delta function and y? is the usual * distribution
with n degrees of freedom. The corresponding statistical significance (in o units) is'":

Number of 6 = \/InverseCDF (;ﬁ, CDE [P(TS), fs]), 3)

where (InverseCDF) CDF is the (inverse) cumulative distribution function and the
first argument of each of these functions is the distribution function, the second

is the value at which the CDF is evaluated, and the total TS is denoted by TS. For

15 extra degrees of freedom, a 50 detection corresponds to TS =46.1 (additional
details of these formulae are given in supplementary section 2 of ref. '°.) We report
values of Lpases Lpase+sgr» T'S and the significance level for all the templates we used
in Table 1.

The final step in our fitting chain was to assess the uncertainties. For our
default choice of baseline + Sgr dSph model (first row in Table 1), our maximum
likelihood analysis returned the central value A% on the total y-ray flux in the
nth energy bin attributed to the Sgr dSph and also yielded an uncertainty a‘ji\e,-f,n
on this quantity. This represents the statistical error arising from measurement
uncertainties. However, there are also systematic uncertainties stemming from our
imperfect knowledge of the templates characterizing the other emission sources.
To estimate these, we examined the five alternative models listed in Table 1 as
‘Alternative background templates; for which we used different templates for the
hadronic plus bremsstrahlung and inverse Compton backgrounds. Each of these
models m also returned a central value V" and an uncertainty o'y, , on the Sgr
dSph flux. We used the uncertainty-weighted dispersion of these models as an
estimate of the systematic uncertainty (for example, ref. **):

1 —2 2
PV ——— P YOV E O )
\/Zm(%) L (o) )

where the sums run over the m=6— 1 alternative models. We took the total
uncertainty on the Sgr dSph flux in each energy bin to be a quadrature sum of
the systematic and statistical uncertainties; that is, (af\ef:;‘“ P o (o"}\e/—f)n)2 + SN
We plotted the central values and uncertainties of the fluxes for the default model
derived in this manner in Fig. 2.

We carried out several validation tests of this pipeline, which we describe in the
Supplementary Information.

Spectral modelling. We modelled the observed Sgr dSph y-ray spectrum as a
combination of prompt magnetospheric MSP emission and inverse Compton
emission from e* escaping MSP magnetospheres. We constructed this model as
follows. The prompt component was due to curvature radiation from e* within
MSP magnetospheres. The e* energy distribution can be approximated as an
exponentially truncated power law*>*:

dN, + E
Tt e (£, ®

e cutet

and curvature radiation from these particles has a rate of photon emission per unit
energy per unit time:

ANy, prompt a Ey

dE, N (Lyprompt) E, exp < Ecuprompt ) > (6)
where the superscript dot on the left hand side indicates a quantity differential
with respect to time, E, is the photon energy, A (L, prompt) is @ normalization factor
chosen so that the prompt component has total luminosity L, ;.o the index a is
related to that of the e* distribution by a= (yys — 1)/3 and the photon cutoff energy
is related to the e* cutoff energy by*:

3hic (Eyot \° P, —“1/E__+\?
E _ cut,e ~ 2.0 GeV < c ) cut,e 7
cut prompt ZpC( e ) "\ 30km 3TeV 2

where m, is the electron mass, p, is the radius of curvature of the magnetic field
lines, c the velocity of light and / the reduced PlancK’s constant. Given the relatively
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small magnetospheres, we expect p_ to be a small multiple of the ~10km neutron
star characteristic radius; henceforth, we set p.=30km. Empirically, L, ,omp: is ~10%
of the total MSP spin-down power*.

A larger proportion of the spin-down power goes into a wind of e* escaping the
magnetosphere. In the ultra-low-density environment of the Sgr dSph, ionization
and bremmstrahlung losses for this population (which occur at a rate proportional
to the gas density) are negligible. Synchrotron losses, which scale as the magnetic
energy density, will also be negligible; as noted in the main text, observed magnetic
fields in dwarf galaxies are very weak”, and we can also set a firm upper limit on
the Sgr dSph magnetic field strength simply by noting that the magnetic pressure
cannot exceed the gravitational pressure provided by the stars as, if it did, that
magnetic field and the gas to which it is attached would blow out of the galaxy in a
dynamical time. The gravitational pressure is P~ (1/2)G2?, where X=M/nR? is the
surface density and G the gravitational constant, and using our fiducial numbers
M=10°*M, and R=2.6kpc gives an upper limit on the magnetic energy density
0.06 eV cm™; non-zero gas or cosmic ray pressure would lower this estimate even
further. This is a factor of four smaller than the energy density of the cosmic
microwave background, implying that synchrotron losses comprise at most 20% of
losses, and can therefore be neglected.

This analysis implies that the only significant loss mechanism for these e* is
inverse Compton emission, resulting in a steady-state e* energy distribution:

dNei /4 Eei
T x B exp (-5 , (8)

cutet

where y =y — 1. We computed the IC photon distribution produced by these
particles following ref. !, assuming that the ISRF of the Sgr dSph is the sum of
the cosmic microwave background and two subdominant contributions, one
consisting of light escaping from the Milky Way and the other a dilute stellar
blackbody radiation field due to the stars of the dwarf. We estimated the Milky
Way contribution to the photon field at position of the dwarf using GALPROP?,
which predicted a total energy density of 0.095eV cm~ (compared with

0.26 eV cm™ for the cosmic microwave background), comprised of five dilute
black bodies with colour temperatures and dilution factors {T},4, k} as follows:
{40K, 1.4x 107}, {430K,3.0x 101}, {3,400 K, 4.3 x 104}, {6,400 K, 4.0 X 10~'5}
and {26,000 K, 8.0 X 10~'*}. We characterized the intrinsic light field of the dwarf
as having a colour temperature of 3,500 K and dilution factor of 7.0 x 107"
(giving an energy density of 0.005 eV cm™>; these choices are those expected for a
spherical region of radius 2.6 kpc and stellar luminosity 2 X 10°L, the approximate
parameters of the Sgr dSph). This yields an inverse Compton spectrum:

dN,
digjlllc = N (Ly,IC) F (Y’ Ecut,ei ) 4 (9)
where N (Ly,IC) is again a normalization chosen to ensure that the total inverse
Compton luminosity is L, ., and F (y, E ot ) is the functional form given by
equation (14) of ref. !, which depends on the e* spectral index y and E_ -

Combining the prompt and inverse Compton components, we can therefore
write the complete emission spectrum as:

aky

Ey
T N (Ly prompt) Ej exp (- T —

)+ A () F 1 Bt 10
cut,prompt
This model is characterized by four free parameters: the total prompt plus
inverse Compton luminosity L, ;= Ly prompe + Ly the ratio of the prompt and
inverse Compton luminosities f= L, ,omp/ Ly the spectral index a of the prompt
component (which in turn fixes the other two spectral indices 7y and y) and the
cutoff energy for the prompt component E,yomy (Which then fixes E_ 1). Note
that we made the simplest assumption that & and E promp are uniform across the
MSP population. In reality, there may be a distribution of these properties but
the parameteric form of equation (5) provides a good description, in general,
of both individual MSP spectra and the aggregate spectra of globular cluster
MSP populations™.
We fitted the observed Sgr dSph spectrum to this model using a standard
¢’ minimization, using the combined statistical plus systematic uncertainty.
We obtained an excellent fit: the minimum y* is 7.7 for 15 (data points) —4
(fit parameters) =11 degrees of freedom or a reduced y* of 0.70. We report the
best-fitting parameters in Supplementary Table 2 and plot the result best-fit spectra
over the data in Fig. 2; we show the best-fit estimate (with +1c confidence regions)
for the magnetospheric luminosity per stellar mass of the Sgr dSph MSPs in Fig. 3.
We also carried out an additional consistency check, by comparing our
best-fit parameters describing the prompt emission (@ and E p,omp) to direct
measurements of the prompt component from nearby, resolved MSPs*>* and to
measurements of globular clusters, whose emission is probably dominated by
unresolved MSPs*. We carried out this comparison in Supplementary Fig. 2, where
we show joint confidence intervals on @ and E.; promy: from our fit. We constructed
confidence intervals for a and E, from observations using the sample of ref. 2,

cut,prompt

who fitted the prompt emission from 40 globular clusters and 110 individually

y,tot
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resolved MSPs. We drew 100,000 Monte Carlo samples from these fits, treating
the stated uncertainties as Gaussian, and constructed contours in the (E ., prompe @)
plane containing 68%, 95% and 99% of the sample points. As the plot shows, the
confidence region from our fit is fully consistent with the confidence regions from
the observations, indicating that our best-fit parameters are fully consistent with
those typically observed for MSPs and globular clusters.

Data availability

All data analysed in this study are publicly available. Fermi-LAT data are available
from https://fermi.gsfc.nasa.gov/ssc/data/ and Gaia data are available from https://
gea.esac.esa.int/archive/. The statistical pipeline, astrophysical templates and
gamma-ray observations necessary to reproduce our main results are publicly
available via Zenodo at https://doi.org/10.5281/zenodo.6210967.

Code availability

Fermi-LAT data used in our study were reduced and analysed using the standard
FERMITOOLS V1.0.1 software package available from https://github.com/fermi-lat/
Fermitools-conda/wiki. The performance of the Fermi-LAT was modelled with the
P8R3_ULTRACLEANVETO_V2 instrument response functions. Spectral analysis
and fitting were performed using custom MATHEMATICA code created by the
authors, which is available from RMC upon reasonable request.
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Extended Data Fig. 1| The stellar density templates for the Sgr dSph used in this study. Each map has been normalized, so the units are arbitrary;
the color scale is logarithmic. Morphological differences among the templates are due to different stellar candidates (red clump or RR Lyrae), search
algorithms, and search target (the dwarf remnant or the stream). Data sources are as follows: Model |, ref. 8, Model I, ref. %%, Model IIl, ref. “°; Model IV
and Model V, ref. “!. Detailed descriptions of these templates are given in the S.I. sec. 2.
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Extended Data Fig. 2 | Goodness of fit computation for the best-fitting baseline + Sgr dSph model. These use our preferred set of templates (first entry
in Table 1). In each of the 15 panels, one for each of the energy bins in our analysis pipeline, the blue histograms show the distribution of - In L values
produced in 100 Monte Carlo trials where we use our pipeline to fit a mock data set produced by drawing photons from the same set of templates used

in the fit; orange dashed vertical lines show the 68% confidence range of this distribution, and black dashed vertical lines show the mean. Under the
hypothesis that our best-fitting model for the real Fermi observations is a true representation of the data, and that disagreements between the model

and the data are solely the result of photon counting statistics, the log-likelihood values for our best-fitting model should be drawn from the distributions
shown by the blue histograms. For comparison, the red vertical line shows the actual measured log likelihoods for our best fit. The fact that these
measured values are well within the range spanned by the Monte Carlo trials indicates that we cannot rule out this hypothesis, indicating that our model is
as good a fit to the data as could be expected given the finite number of photons that Fermi has observed.
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Extended Data Fig. 3 | Measured photon counts (left), best-fit baseline + Sgr dSph model (middle), and the fractional residuals (Data - Model)/Model
(right). The images were constructed by summing the corresponding energy bins over the energy ranges displayed on top of each panel: [0.5, 1.0] GeV,
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former two, while the latter is determined by the angular resolution of the gas maps). The spectrum of baseline + Sgr dSph model components shown here
can be seen in Fig. ??. The 4FGL*° y-ray point sources included in the baseline model are represented by the red circles.
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Extended Data Fig. 4 | Results from our template mismatch tests. Each of the coloured lines shows the results of a test where we generate synthetic data
with one set of templates, and attempt to recover the Sgr dSph in those data using a different set. In the upper two panels, the horizontal axis shows the
true, energy-integrated Sgr dSph photon flux in the synthetic data, while the vertical axis shows the value (with 1o statistical error bars) retrieved by our
pipeline; the black dashed lines indicate perfect recovery of the input, and the vertical bands show the photon flux we measure for the Sgr dSph in the real
Fermi data. In the bottom two panels we plot the recovered energy flux in each energy bin (with 1o statistical error bars), for the case where the injected
photon flux most closely matches the real Sgr dSph flux; the black dashed line again shows perfect recovery of the injected signal. The left panels show
experiments where we mismatch the Galactic hadronic and IC templates, while the right panels show experiments where we mismatch the FB templates;

see Methods for details.
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Extended Data Fig. 5 | Results of our rotation and translation tests. Left: change in TS when repeating the analysis using the default baseline + Sgr dSph
model, but with the Sgr dSph rotated about its centre by the indicated angle (blue points); TS values > O indicate an improved fit (dashed grey line),

with TS = 46.1 corresponding to a 5¢ -significant improvement (red dashed line). Centre: same as the left panel, but for tests with the Sgr dSph template
rotated about the Milky Way centre, rather than its own centre. Right: tests for translation of the Sgr dSph template. The true position of the Sgr dSph
centre is the center of the plot, and the colour in each pixel indicates the change in TS if we displace the Sgr dSph centre to the indicated position; the
maximum shown, at a displacement Ab~ — 4, has TS = 40.8, corresponding to 4.5¢ significance. For comparison, white contours show the original,
unshifted Sgr dSph template, and the green arrow shows the direction anti-parallel to the Sgr dSph’s proper motion, back along its past trajectory; red
arrows show the projection of the green arrow in the * and b directions.
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Extended Data Fig. 6 | Sgr dSph spectra derived from template analysis using different Galactic diffuse emission models. In all cases the spectrum
shown is the flux averaged over the entire RO, not the flux within the footprint of the Sgr dSph template. The fiducial model is our default choice (first
entry in Table 1), while other lines correspond to alternate foregrounds - models 2D A (red), 2D B (black), and 2D C (blue) for the Galactic IC foreground,
and models Interpolated (dark green) and GALPROP 3D-gas (light green) for the Galactic hadronic + bremsstrahlung foreground. The error bars display 1o
statistical errors. See Table 1 and text for details.
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Extended Data Fig. 7 | Contribution of each template component to the y-ray spectrum averaged over the entire ROI, for our default baseline + Sgr
dSph model. Components shown are as follows: zO + brems is the Galactic hadronic plus bremsstrahlung foreground, ICS is the Galactic inverse Compton
foreground, 4FGL indicates point sources from the 4th Fermi catalogue, Fermi Bubbles indicates the structured Fermi Bubble template, isotropic is the
isotropic y-ray background, ‘other’ includes the Sun and Moon, Loop |, and the Galactic Centre Excess, and Sgr stream indicates the Sgr dSph. The error
bars display 1o statistical errors.
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